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ABSTRACT

Voice and video calls are part of most people’s everyday life. These are examples
of technology being used to mediate social interaction between humans. Virtual
and augmented reality technologies (VR and AR) play an increasing role in new
applications for mediated social interaction. VR and AR can be used to improve
upon conventional communication technologies by creating an increased sense of
being together in a shared (virtual) space. For interactions where user’s physical
surroundings are important, mixed reality (MR) can offer further improvements by
integrating the physical world into the experience. Another addition can be artificial
virtual humans that are controlled by the application, but that can be interacted
with using language and gestures. Examples are VR training systemswith intelligent
virtual humans that allow for practicing skills such as effective negotiation or public
speaking. MR telepresence systems allow for people to solve complex problems
remotely that previously required physical presence.

In this thesis, we have explored different and novel forms of mediated social interac-
tions that are using these technologies. We have looked at how they could play out
in the future, in a number of different contexts. These included (simulated) face-to-
face interactions with (virtual) humans, social conflict situations, as well as remote
collaboration tasks with other humans. Besides interactions with artificial virtual
humans, and interactions with virtual avatars that embody real humans, we have
also explored the concept of interacting with humans that are embodying the mind
of artificial actors.

Most research was conducted in the form of lab studies, using working prototypes.
Wehave employedqualitative andquantitativemethods for evaluation, anda variety
of measures across these studies. These measures included physiological responses,
how participants perceived the interaction, how they perceived other interlocutors,
their feeling of immersion and their perception of social presence with other actors.

The varied findings across these studies are reflected upon through the lens of a
conceptual, science-fiction-inspired telepresence system: the SoIC-TV. By develop-
ing this concept throughout the thesis, we illustrate how in the future, mediated
interactionexperienceusingMRtechnologymight transformbeyondwhat is familiar
both from co-located and present technology-mediated interactions.
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PART I

INTRODUCTION





1
TECHNOLOGY, SCIENCE FICTION & DREAMS

Anewcamera sensor is released that trackshumanpose andmotion. AVirtual Reality
(VR) headset comes out with a plugin to be used with the game engine I am already
familiar with. Software for easy tracking of Augmented Reality (AR) markers, and
rendering of AR content on mobile devices is published. When I started studying
and working in the field of HCI (Human Computer Interaction), several hallmark
products such as the Kinect sensor, the Oculus Rift headset, or the Vuforia AR engine
followed each other. Not specialized hardware, but customer-ready products which
were also friendly to work with for any amateur developer or student with some
limited programming knowledge. These releases still spark my imagination, getting
me to think about what I can now build or experience that I could not before.



CHAPTER 1. TECHNOLOGY, SCIENCE FICTION & DREAMS

Figure 1.1. The Star Trek Holodeck (left) and StarWars Holograms.

Figure 1.2. Combining Pepper’s Ghost illusion with marker-based AR to build my
first holographic display.

Thinking back, the first applications I wanted to try and realize with these new tech-
nologies were often modeled on those that were already planted in our heads from
the world of science fiction media. For example, the desire to explore holographic
displays, such asmy first DIY attempt shown in Figure 1.2, was certainly informed by
R2D2’s famous hologram in StarWars (Figure 1.1).

These explorations were most satisfactory when they would achieve something
beyond their intended, out-of-the-box use, perhaps by misusing them or recom-
bining them with something else. This happened on a regular basis during our
weeklyWorkSPACE workshops in the SmartXP-Lab, where me and a couple of other
enthusiasts would explore these VR and AR technologies.

For example, the first generation of VR headsets only allowed for a seated or standing
interaction, as the headset’s translation through space could not yet be tracked. But
everybody knows, for a realHolo-Deck (Figure 1.1), you need to be able towalk around
in it! During one of the first WorkSPACE workshops, we combined the rotation-
only headset to with the lab’s Motion Capture stage, capable of tracking an object’s
position through an entire room using small reflective markers, and feeding that
informationback to thegameengine. This allowedus towalk aroundwhateverworld
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Figure 1.3. First Virtual Human I placed in AR, using a pattern printed on a pillar as a
3Dmarker for tracking the tablet’s camera extrinsics at ‘room scale’ (Oct.
2013)

we could build out of colored cubes and cylinderswithin 10minutes. That generation
of headsets also came without any type of sensor to track movements of the hands.
Soweaddedmoremarkers to a cardboard tube,which could bepickedup andused as
a Lightsaber in VR, and be used to push over and bat around all those colored cubes.

Now, in hindsight, it seems as if during this time, we almost gaplessly indulged
in recreating all the most iconic concepts from our childhood science fiction media
consumption. Often, it was not about replicating these concepts in complex or
complete ways, but just building out enough to obtain a grasp of the essential
experience, before the next NullPointerException1 would ruin it again. What does
it feel like to stand in front of a full sized virtual human (Figure 1.3)? What does it feel
to have it respond to my own motion (Figure 1.4)? What does it feel like to have an
out-of-body experience (Figure 1.5)?

Certainly, I am far from the first to realize that my ideas are inspired by media and
science fiction. This is also not unusual for the field of Human Computer Interaction.
Jordan et al. surveyed publications in a popular venue for HCI research for mentions

1A common type of runtime error caused by amistake in a program, usually resulting in an abrupt
end of the entire application.
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Figure 1.4. Virtual Ragdoll that would respond to hand movements based on an
inverse kinematics rig, installationmade for BYOB Twente 2016

Figure 1.5. Using a combination of point cloud sensors that allow for looped record-
ings, the wearer of the HMD could virtually stand behind themselves.
Here, we tried to use this out-of-body experience to create a full-body
Rubber Hand Illusion, during the 4TU Hectic Haptics Hackathon, March
2018
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1.1. A DREAM: SOIC-TV

of Sci-Fi concepts, finding increasingnumbers since the 2010s, and expecting implicit
inspiration to be even higher (Jordan et al., 2018).

As perhaps illustrated by my personal examples above, Mixed Reality (MR, com-
prising Augmented, AR, and Virtual Reality, VR) technology is a field in which this
inspirationmay bemost vivid. It is a highly visualmedium. One could argue thatMR
technology has roots in those two, perhaps most salient science fiction inventions
already mentioned above; The Holodeck from Star Trek, and the Holograms in Star
Wars (see Figure 1.1). The HoloDeck in Star Trek is primarily used for training
simulations, but also for leisure and relaxation. The holograms in Star Wars are 3D
projections of recorded and live data alike, used for communication with others, as
well as for examining complex data such as maps or starship blueprints.

The work in this thesis was driven by the desire to explore the boundaries of MR
technology for use in mediated social interactions, similar to those that would also
be possible on a HoloDeck or with holograms. In hindsight, many of the interesting
questions that we ended up facing in the works discussed in this thesis are not only
rooted in these popular examples of science fiction, but also in a piece of science
fiction that my promotor, Dirk, and I invented at the beginning of my time as a PhD
student. This inventionwas theSoIC-TV,which Iwill present in the followingchapter.
Throughout this thesis, I will reexamine questions raised by this invention, and also
flesh out and extend the concept with the new things learnined along the way.

1.1 A DREAM: SOIC-TV
Perhaps you’ve seen an illustration of a person wearing a TV on their shoulders in
place of a head. I’m not sure of the original source of this idea. It seems to represent
some trope of mindless consumerism, or consumption of media. It is often shown
wearing a black suit and tie. So perhaps it represents corporations or politicians,
broadcasting messages to the masses (see Figure 1.6)?

Maybe one of these images got stuck in Dirk’s head before he revealed to me that, in
a recent dream, he had an encounter with a TV wearing person, and was talking to
them, or at least talking to a person’s face that was shown on the TV. Dirk was so
kind as to provide a retelling of this dream for us:

Atfive o’clock in the afternoon theworkshop on embodied dialogue agents at the
DesignLab of the University of Twente would end. As usual, I did not attend
the content part because of other duties but just went there for the drinks to
meet upwith people. I entered the room and talked to the organizers about how
things went and looked at the attendants who were now mingling with each

7
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Figure 1.6. Men in suits wearing TVs on their heads

other at the drinks. I waved to some and indicated that I would talk to them
later. Then I saw a familiar face talking with other familiar faces in a small
group and thought “Is this really Gerard?” It was a long time since I had seen
him and there was something peculiar about his appearance.

After my chat with the organizers, I moved in with the crowd and went up to
talk to whom I thought must be Gerard. When I approached him, it became
clear what it was that had appeared a bit strange. Instead of Gerard’s head
there was an old-fashioned television on his shoulders on which his face was
talking to me. I asked him how he was doing and what had happened. He told
me that he had been involved in an accident as amotor cyclist and his head was
cut off. Fortunately, he was lucky that they were able to download his mind and
replace his head by this television. I was not surprised at all as this remindedme
of Steve Austin, the six-million-dollar astronaut about whom I had seen many
documentaries when I was young2.

He guessed that I was not able to recognize him before because they had built
in face aging software and as it was now already more than five years since
we met last time he must be looking much older now. I asked him whether it
was comfortable wearing the television on his shoulders. He told me it was no
problem at all, except when he wanted to sleep. Turning his body and head
while in bed was a bit of a nuisance. Fortunately, he told me, he could take his
head off in the evening and put it on again when he woke up.

Taking both my supervisor and his dreams very seriously, I was open to engage in a
brainstorm on how to make this experience a reality. With just a couple of days to
go until the next Intelligent Virtual Agents (IVA) conference would start, we quickly

2https://youtu.be/0CPJ-AbCsT8 The Six Million Dollar Man Opening and Closing Theme
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1.1. A DREAM: SOIC-TV

Figure 1.7. The SoIC-TV, configured to pass through the inside-facing camera onto
the main screen to show the wearer’s face.

cameupwithaname, registered thedomain3, andbuilt aprototype, sowecould show
it off at the IVA demo session.

1.1.1 THE PROTOTYPE
The prototype consists of a tablet and a smartphone taped back to back inside the
front of a cardboard box,with the tablet screen facing outwards and the phone screen
facing towards the “wearer”. There are cutouts for both the cameras of the phone and
tablet to face the outside, and the cameras facing the inside had wide-angle lenses
attached to them. This allows for various experiences both for bystanders and for the
wearer.

The inward-facing smartphone screen is typically used as a window to the outside
world for the wearer, showing the outward facing camera image. This can be done
by just turning on the camera app of the smartphone. In a more advanced version,
we could also overlay AR content on this screen, ormessages and instructions from a
remote user.

The outward facing tablet screen can be used to show various content to bystanders.
Most trivially, it could show slideshows or movie clips for the entertainment of
bystanders. Typically, itwouldbeused to run a videoconferencing software, showing
the face of the remote caller on the screen, and showing the outward facing tablet
camera image to the remote caller.

If needed, the SoIC-TV wearer can also be shown on the front facing screen by
displaying the camera image from the inward-facing tablet camera, preferablywith a

3http://so-i-c.tv/
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CHAPTER 1. TECHNOLOGY, SCIENCE FICTION & DREAMS

Figure 1.8. Aflyer that explains how to build your own (simplified version of a) SoIC-
TV

wide angle lens attachment, due to the requiredfield of view in the tight TV enclosure.
At the IVA demo workshop, we have also used it to show the face of an Embodied
Conversational Agent, which bystanders could interact with.

Our vision for this prototype went beyond what could truly be achieved with it,
which iswhere the science-fiction-dream-turned-realitynowturnsback into science-
fiction: A website was built praising this technological revolution, describing its
various use cases and validating it with some fictional testimonials.

For example, oneuser (“Q”) solved anargumentwith their partner using the SoIC-TV,
writing:

10



1.1. A DREAM: SOIC-TV

“My wife and I always argued about what to watch on TV. She likes nature
movies and I like fantasy. Now we put on nature movies on my screen and
fantasy on hers. As I watch my movie, I also see how she is really enjoying hers,
and she becomes part of my fantasy.”

Over the years, we have often referenced back to the idea of the SoIC-TV, and
developed it further. Next we will discuss two envisioned applications of the system.

1.1.2 SOIC-TV AS A TELEPRESENCE SERVICE
Telepresence technology makes it possible to visit a remote location without phys-
ically traveling there. Besides creating the feeling of really being there, telepresence
technology aims to provide an experience that affords better communication and
even collaboration between visitors and those who are being visited. A common
implementation of this uses telepresence robots, allowing visitors to even drive
around in the remote space instead of being constrained to a single location, such
as with a stationary teleconferencing setup.

One envisioned application of the SoIC-TV was to act as a more human alternative
to telepresence robots. Users of the service could rent a SoIC-TV near the location of
a remote social meeting that they want to attend. We draw an analogy tomobility as
a service applications, such as Uber or Lyft. Using the same terminology, the SoIC-TV
owner and service provider is the driver, and the customer, or remote visitor is the
passenger.

With this service, the passenger is represented at the remote location with a more
human-like appearance thanwith a telepresence robot – at least from the neck down.
What ismore, several of the shortcomings of telepresence robots are avoided. A SoIC-
TV driver can easily take stairs or other small obstacles, and can navigate through
crowds in a safe, socially acceptable way. Drivers even have fully articulated arms for
object manipulation – they can even shake hands on behalf of the passenger!

A human driver may also be more aware of how to behave in a given social setting,
adapting their posture and non-verbal behavior differently at a cocktail party than at
a funeral. Through the interface inside the SoIC-TV, visible only to the driver, further
instructions on how to act or behave could be shown on behalf of the passenger. For
example, the passenger could indicate to the driver where to walk next, either in the
form of a general direction, or using language to encode more complex instructions,
such as: “hide behind that pillar!”, which are orders that robotsmay not always be able
to interpret and realize correctly.

11



CHAPTER 1. TECHNOLOGY, SCIENCE FICTION & DREAMS

Figure 1.9. A SoIC-TV driver trying to get to work.

1.1.3 SOIC-TV AS A SERVICE FOR MACHINES
As an extension of the telepresence idea, we can also conceive of machines employing
SoIC-TV drivers’ services to achieve their goals. While the development of robots
that can fulfill all tasks that humans can accomplish with their bodies may be far
off, AI software for specific, specialized tasks has long been a reality - even for social
contexts. Personal assistant AIs, for example, can already make appointments on
behalf of a user, calling a local restaurant with a computer generated voice, acting
out a conversational protocol to book a table.

We can imagine that there are situations where a phone call alone is not enough to
achieve a given goal, where requirements are physical presence, the ability tomanip-
ulate objects, and the ability to recognize and adapt to complex social interactions.

With the SoIC-TV, an advanced Auctioning AI could bid at auctions that requires
buyers to be physically present, and use hand signs to bid. Using the interface inside
the SoIC-TVdescribed above, theAIwould instruct the driver onwhen tobid andhow
much, following an optimal strategy based on auction theory. What’smore, after the
auction, the AI can instruct the driver to package and post the auctioned items to the
AI’s storage facility, fromwhere it could be resold at a later point.

1.1.4 SCIENCE FICTION SCENARIOS RAISE QUESTIONS
The SoIC-TV, while functional for demonstration purposes, served as a device to
generate amultitude of fictional scenarios and ideas, such as the ones just described.
These scenarios also caused us to formulate some questions regarding the implica-
tions of a device like the SoIC-TV – perhaps more wearable, and less obtrusive than
the headmounted TV – to those who wear it and interact with it.

What is the experience for the wearer when acting as a driver for the passenger in
social interactions? To what extent does it feel that one is yielding control over their

12



1.2. THESIS SUMMARY

own body to the passenger, be it a human or a machine? To what extent do they feel
involved in the interaction, how would they describe their role? Do passenger and
driver collaborate, or is the driver amere vessel?

What about the perspective of passengers? Are they concerned about how they are
being representedby the driver? After all, it’s different fromrenting anUber andbeing
concerned about the Uber drivers driving style – which isn’t something that other
users of the road would attribute to the Uber’s passenger. In the case of the SoIC-TV,
those around the drivermight perceive the relationship between driver and passenger
differently.

Going back to the example of a machine using the SoIC-TV service, depending on
how the interface is designed for the driver’s instructions, the driver might not even
be aware that the instructions are coming from amachine. In the scenarios sketched
above, the passengers would typically have to portray themselves somehow on the
SoIC-TV screen. Perhaps an AI would use a character, or even an animated virtual
head of a human. However, consider a less comical scenario, where it’s not a literal
TV on the driver’s head. When a more covert system is used to relay an AI-passengers’
instructions to the driver, those around the driver might also never become aware
that they are talking to an AI. The driver is lending their credibility as a human to the
machine.

1.1.5 CONCLUSIONS
Before we start with the main part of this thesis, I should mention that the SoIC-TV
and the questions generated surrounding the experiences it may afford were not the
primary subject of this thesis. However, much of the research we will discuss was
motivated by the desire to explore novel experiences in mediated social interaction
given what we could afford to realize with combinations of new technology and
existing knowledge. Still, the SoIC-TVwill return in relevance throughout this thesis,
and maybe helps in finding the incidental answer to the multitude of questions that
were raised in this section, or find new applications and features that make the SoIC-
TV an evenmore compelling product in the future.

1.2 THESIS SUMMARY
People use technology to engage in social interactions in both private life and work
settings. Talking on the phone or using video conferencing software are examples
of technology mediated social interactions. What’s more, technology can be used to
mediate social interactionswithmachines, in the formof chatbots and virtual charac-
ters. In this thesis, we have explored different forms of social interactions mediated

13



CHAPTER 1. TECHNOLOGY, SCIENCE FICTION & DREAMS

through mixed reality (MR) technology, such as virtual and augmented reality (VR
& AR), with both human and virtual human (VH) interaction partners. Interaction
contexts addressed are simulations of co-located (i.e. face-to-face) interactions and
remote collaboration tasks using telepresence (i.e. using MR to mediate interaction
over distance). We have employed qualitative and quantitative methods, and a
variety ofmeasures across these studies. Measures included physiological responses,
how participants perceived the interaction, how they perceived other interlocutors,
their perception of social presence, and immersion. The varied findings across
these studies are reflected upon through the lens of a conceptual, science-fiction-
inspired telepresence system: the SoIC-TV. By developing this concept throughout
the thesis, we illustrate how in the future, mediated interaction experience using
MR technology might transform beyond what is familiar both from co-located and
present technology-mediated interactions. Following is a summary of themainparts
of the thesis.

Our first focuswas on the experience of being face-to-facewith VHs in shared virtual
spaces. We looked at appropriate social distance and eye-contact as social norms
that interlocutors maintain during an interaction. The first study employed a VR
setup where participants were able to walk freely in a room-scale environment. Two
VHs engaged in a simulated social interactionwith the participant. Theymaintained
either normal amounts of mutual gaze and interpersonal distance, or verged into
staring at the participant and standing too close to the participant. We measured
both perception and attitude towards these VHs as well as behavioral responses
during these manipulations in terms of head orientation and distance between
participants and VH. We found that these violations elicit responses in participants’
own behavior similar to what we would expect from collocated human-human
interaction. We also investigated how this affects the overall perception of and
attitude towards these VHs, and concluded that even in simulated, or mediated
experiences social norms apply. In a second study, rather than violating social norms
through the VH’s non-verbal behavior, we looked at changes in the conversation
topics initiated by the VH to something more personal, intimate and stressful –
creating a context with a quality that may not directly violate social norms, but
something that would be unexpected to talk about with a VH. For this study, we
extended the apparatus used to include physiological measures as well as a better
measure for gaze behavior. While therewere someminor effects on the physiological
responses when the discussed topic became more serious, gaze behavior was not
significantly affected. A more in-depth qualitative analysis however gave some
interesting insights into how participants felt about having this type of conversation
with a machine or VH.

In the second part of this thesis, we change the type of interaction from mediating
social interactionwith VHs in VR tomediating interactions through avatars between
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remotehumans inmixed reality. Here,we investigateuser experiencewhenengaging
in collaborative social interaction over distance using different user interfaces. More
specifically, our focus is on remote expert, local novice scenarios. We surveyed
existing work on designing such systems and implemented our own system with
variations on certain design aspects, such as the interfaces to engagewith the remote
location, the presentation of the remote location and the representation (avatar) of
the interlocutors in the remote environments. Twouser studies have been conducted
with this system. In the first one, we evaluated the effect of the design aspects on
the relevant user experience metrics and performance in a collaborative puzzle task.
In the second study we looked at how such a system may perform in life critical
circumstances: In a design fiction scenario, a first responder has to learn CPR in an
emergency situation using an AR system. We found that an embodied presence in
AR can not only give better instructions, but might also make the experience less
stressful for thefirst responder thanwhenbeing coachedbyadisembodiedvoice over
the phone.

Where the first two parts focus on mediating social interaction with virtual humans
or avatars of remote real humans, the final part is blurring these concepts together.
We built an apparatus called the Multimodal Echoborg that allows VH to engage in
social interactions through the human body of a confederate instead of through their
virtual embodiment -unbeknownst toother interactants. In anexploratory study,we
looked at how this machine-controlled confederate is perceived, compared to when
the machine is embodied through a virtual human. While most participants did not
suspect our deception, they did start to speculatewhether our confederate had some
form of personality disorder. We discuss the merits of such a system as a research
tool for embodied conversational agent research and reflect onwhatwe have learned
about how our SoIC-TV science-fiction scenario may play out in reality.

Finally, we take a broader view on our work and discuss our contributions to and
future directions of the field of mediated social interactions in mixed reality.
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PART II

FACE-TO-FACE IN VIRTUAL SPACE:
INTIMATE ENCOUNTERS WITH VIRTUAL HUMANS





2
PERSONAL SPACE INVADERS

In this chapter1 we investigate the effects of the changing dynamics in mutual gaze
and interpersonal distance when interacting with virtual characters in shared envi-
ronments. The distance humans keep between themselves and others in different
social settings is moderated by a number of factors, such as how close they feel
to each other, and the context of the interaction. While revisiting this chapter
throughout the year 2020, it got a different twist from when we first investigated it:
most public health institutions throughout the world issued recommendations for

1Based on our paper J. Kolkmeier, J. Vroon, andD.Heylen (2016). “Interactingwith virtual agents in
shared space: Single and joint effects of gaze and proxemics”. In: International Conference on Intelligent
Virtual Agents. Springer, pages 1–14.



CHAPTER 2. PERSONAL SPACE INVADERS

social distancing. The goal was to reduce airborne transmission of the Coronavirus by
maintaining increased physical distance in public and private encounters.

Especially for those in high risk groups, social distancing would often mean social
isolation. And while effective in reducing transmissions, some concerns were raised
that there may be unforeseen negative side effects to social distancing. Technology
has quickly stepped in to compensate for the lack of face-to-face social experiences,
and for many, both their professional and personal life got colored by the daily
“Zoom”2 calls. The technology that was accessible to everyone in 2020 was still
limited to videoconferencing.

In this chapter however, we look at social interactions where all participants inhabit
a shared virtual space through the use of virtual reality technology. In particular,
we are interested in the social norms that hold in this virtual space when engaging
in a social interaction with virtual characters. We investigated how characters are
perceived that violate these norms in a user study. We study how humans respond
behaviorally, and how this affects mutual gaze behavior, a known modulator of the
perception of social distance.

2.1 A MODEL OF SOCIAL USE OF SPACE
A classical model for how humans perceive and manage interpersonal distance was
introduced by Hall’s studies on Proxemics (Hall, 1969). It describes four zones of
interaction distance and relates them to different kinds of interaction when implicit
cultural and social norms are adhered to.

The four zones are the intimate, personal, social, and public zones with sizes shown in
Figure 2.1. The intimate zone is reserved for interactions like touching, hugging,while
thepersonal zone is reserved for interactionswith good friends and family. The social
zone is where most interactions with acquaintances happen, and the public zone is
reserved for public speaking.

Of course in social situations it may not always be possible to arrange oneself in
these preferred distances for the given interaction: on a crowded street or in a packed
elevator, it becomes acceptable to stand closer. Imagine, however, someone starting
to stare at you while being packed in an elevator - this would make the ride much
more uncomfortable than it may already be. There has long been speculation in
the social psychology literature that the proxemic model is not a static model but is
moderated by othermodalities and by the context of an interaction. The Equilibrium
theory (ET, Argyle and Dean, 1965) makes predictions on the relationship between

2zoom.com, a videoconferencing service that became increasingly popular during the COVID-19
pandemic in 2020
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2.2. A PLAUSIBLE EXPERIENCE

Figure 2.1. Interpersonal distance zones and their radii used in Hall’s model

social distance, eye-contact behavior and the level of intimacy between those that
share space. For example, high levels of perceived intimacy induced by reduced
interpersonal distance can be compensated by regulative behaviors, such as averting
gaze or by increasing interpersonal distance through a change in posture or position.

This theory has been tested and extended in various studieswith varyingmethodolo-
gies and results supporting its general validity (Coutts andSchneider, 1976; Patterson,
1977; Rosenfeld et al., 1984). ET has been revisited in virtual reality in a prior study
by Bailenson, Blascovich, et al., where first evidence was found that the theory also
applies to interactions between humans and virtual agents (Bailenson, Blascovich, et
al., 2001).

2.2 A PLAUSIBLE EXPERIENCE
But why is it worth investigating social distancing behavior in VR in the first place?
On what basis do we speculate that virtual characters – or virtual avatars of other
humans for that matter – can even violate what we think is the correct interpersonal
distance and amount of eye contact? After all, they are made up out of polygons that
are rasterized to pixels, shown on the display of a wearable headset, without any
effect on the physical space that the user is actually inhabiting.

In his seminal work, Slater asks why users “tend to respond realistically to situations
and events portrayed within [VR]” (Slater, 2009). He proposes that users respond
realistically to events that transpire in immersive virtual reality systemsbasedon two
contributing components. First, the sense of being in the environment mediated by
the VR technology, or the place illusion (PI). Second the sense of what is depicted in
that environment is actually occurring, or the plausibility illusion (Psi). Slater further
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CHAPTER 2. PERSONAL SPACE INVADERS

proposes that if both of these illusions occur, or are at least not being constrained
by the system, users will respond realistically to what is transpiring in the virtual
environment (Slater, 2009).

Slater defines PI as “[...] the strong illusion of being in a place in spite of the sure
knowledge that you are not there” (Slater, 2009). Here the place is not limited
to any specific experience, it could entail a virtual reality experience but also the
experienceof teleoperatinga robot. Themainconstraint forPI is the level towhich the
system is responsive to actions of the user that should change the perception of the
environment, or that should change the environment itself. For example, if the user
rotates or translates their head, the system should update the rendering to render
the virtualworld accordingly. The stimuli the systemgenerates should be contingent
on the users’ actions that are “meaningful in terms of perception within the virtual
environment depicted” Slater, 2009. Slater calls these the sensorimotor contingencies
(SC). The amount and fidelity of the SCs that a system supports is an objective
propertyof that system, andcanbeused to classify thedegreeof immersion the system
affords. Again, the most basic SC in VR systems is that the virtual world is rendered
and displayed to the user consistentlywith how their own perspectivewould change
in the physical world, i.e. with how they rotate and translate their head through
space. Similarly, spatial audio and haptic feedback can be implemented consistently
as to afford an increasingly immersive experience. Slater further qualifies the difference
between immersion and PI: “immersion provides the boundarieswithinwhich PI can
occur”. While the immersiveness of a system is an inherent property that does not
change within or between users of the system, the level of PI may very well depend
on how the user interacts with the system. For example, examining objects up close
may increase or decrease the PI depending on the rendering resolution of the system.
Different users will encounter more or fewer of the boundaries of what the system
can afford depending on how they use the system, and thus will experience different
levels of PI.

The second component that Slater describes is the plausibility illusion, which he
defines as the “illusion that what is apparently happening is really happening (even
though you know for sure it is not)”. Slater proposes that the experience become
plausible, i.e. more real, if events in the virtual environment refer directly to the user.
Virtual characters, for example, that respond to the behavior of the user, make the
experiencemore real: “since you are as real as can be, and this external sensed world
appears to be addressing you, the reality of that external world is itself enhanced”
(Slater, 2009). Slater further qualifies that “Psi does not require physical realism”,
citing a number of experiments that show how interactions with virtual characters
- however simple - elicit similar responses in participants to what we would expect
from a real version of the experience.
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Concluding, neither being transported into a remote space nor rendering an artificial
embodied agent or avatar into a user’s local space means that they are physically
there. However, responding “as if they were there, and real” would indicate that a
plausible VR environment with interactive social embodied agents would have real
implications on the interaction and perception of these actors. We thus hypothesize
that the social space related behaviors displayed by characters in a shared virtual
space will elicit realistic responses in the user, and thus follow the predictions of
models that have been created in the context of co-located interactions of humans,
such as the equilibrium theory model.

2.3 INTERPERSONAL SPACE & GAZE SIMULATOR
To investigate interpersonal distance and eye contact further, we developed an ap-
paratus that allows us to simulate a small social experience with three actors - the
user together with two virtual avatars - in a shared space big enough to walk around
in. To summarize, using the tracked position and rotation of the user’s head, or the
head transform3, we can both drive the position of our virtual avatars to maintain a
desired interpersonal position, having them gaze towards the user’s head or away
from it, and also estimate themovement and gaze direction of the user in response to
the behaviors of the virtual avatars.

2.3.1 SETUP
The apparatus was installed in our lab, shown in Figure 2.2. An Oculus Rift DK2
head mounted display (HMD) is tethered to the experiment PC which is situated
in the truss. The tether is 2.6 meters in length from the top center of the room.
Since this work was done before consumer VR equipment came with room-scale
tracking technology, we used a NaturalPoint OptiTrack with six IR cameras to track
the translation of the VR headset. This way, free movement and tracking is possible
in most of the 4 by 5meters truss area, the extreme corners being the exception.

The room displayed in the virtual environment was a generic apartment asset with
a bigger empty space next to the living room area, which was mapped onto the
experiment space. A transparent 3Dmodel of the trusswas placed in correspondence
with its real-world position and dimensions to give users a reference in VR of where
they were situated in the physical world (see Figure 2.2).

3Yes, this what the first part of the thesis title is referring to!
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Figure 2.2. Left: the physical room. Right: the virtual room.

2.3.2 VIRTUAL AGENTS
The virtual agents used in this setup were generated using the Unity Multipurpose
Avatar system (UMA, Ribeiro, 2015). The avatars were generated from the same base
mesh to look very similar, but slight adjustments were made to face, hair and attire.
To conform to the characters from the scenario described in the next section, both
agents were chosen to bemale.

To control for possible effects of the size of the agents, a scaling function was added
that would scale the agents to have the same size as the current user (based on the
height of the headset while participants are standing). The animation of the two
agents was driven by the following three components.

PoseComponent Walking and stepping animationswere realized usingUnity3Ds
Mecanim animation blend-tree system4. A blend tree allows one to procedurally
blend animations together. For example, it can be used to blend between forward
and sidewards step animations to generate a diagonal step.

Gaze Component Using inverse kinematics, the head orientation can be con-
trolled to have the agent look at various targets, such as at the user’s or another
agent’s eyes. For this, the FinalIK5 inverse kinematics plugin for Unity3D was used.
FinalIK allows one to give different weights to rotation of chest, head and eyes
towards a target.

Proxemics and Locomotion Component Using a blend tree, we can blend from
the rest animation into awalking animation. This component is drivenby amodel for
the desired group formation, which will be described in more detail in Section 2.4.1.

4http://docs.unity3d.com/Manual/AnimationOverview.html
5root-motion.com/final-ik.html
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2.4. USER STUDY

Figure 2.3. Agent gaze and positioning behavior.

2.4 USER STUDY
Using the components described in the previous section, we carried out a user
study regarding user’s responses various gaze and proxemics related behaviors of the
agents.

We introduced Equilibrium Theory (ET) in Section 2.1 as a model for the relationship
between social distance, eye-contact behavior and the level of intimacy between
those that share space (Argyle and Dean, 1965). In summary, interlocutors regulate
the amount of eye contact and the position between each other (by moving or
leaning) to establish a desired level of intimacy.

In this studywe draw fromET tomake predictions on the outcome of a simulated so-
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cial interaction ina room-scaleVRsetup. Participants engaged, as listeners, in a social
interaction with two virtual embodied agents that vary in their use of mutual gaze
and social distancing behaviors. These manipulations of agent behavior occurred
several times throughout the interaction, and we measured how users responded
to these manipulations in terms of their own behavior, i.e., if they regulate their
interpersonal distance or amount of eye-contact. We call this regulation the user
response.

Based on the ET,we hypothesized that after a change in the behavior of an agent that
impacts the intimacy level of the situation - for example coming closer to the user -
the human userwould perform compensation behaviors - for example stepping back
or averting gaze - to maintain the same level of intimacy.

2.4.1 AGENT BEHAVIORS
We defined the behavior of each agent as a combination of gaze and proxemic
behaviors. For gaze, we defined behaviors with neutral (G0), high (G+), and low (G–)
intimacy. Similarly, we defined proxemic behaviors with neutral (P0), high (P+), and
low (P–) intimacy.

The precise manifestations of these behaviors were based on a pilot study with
colleagues (n=5) that were aware of the study goals. Participants were placed in a
prototype of the experiment apparatuswith a virtual agent. The experimenter let the
agent alternate between different prepared versions of each behavior, interviewing
the participant on how they perceived the behavior of the agent in terms of intimacy
compared to the other realizations.

For proxemic behaviors, we let the agent move across the zones in Hall’s model. We
found that keeping a distance of 75 cm between users and agents was perceived as
neutral (P0). Decreasing the distance to 40 cm was perceived as noticeably more
intimate (chosen for P+, see Figure 2.3c). This coincides with Hall’s intimate space and
the distance used in Kastanis and Slater (2012). At a distance of 110 cm the agent was
found to be noticeably less intimate and was used for P– (see Figure 2.3d).

For gaze, we found that having the agent switch between gazing at the user and
averting its gaze in random intervals between 2 and 5 seconds was perceived as
neutral (G0). Participants found it more intimate when the agent would always
respond with mutual gaze if directed gaze at the agent by the user was detected
(chosen for G+, see Figure 2.3a). In this version of gaze behavior, the agentwould also
prolong that gaze for 1.5 seconds even after directed mutual gaze was interrupted by
the user. Note that this version was chosen over a version where the agent would
continuously direct its gaze at the user, as this was perceived as ‘creepy’. Conversely,
for G–, we selected a behavior where the agentwould always avert its gaze if directed
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(a) (b) (c) (d)

Figure 2.4. The dynamic locomotion and social distance model. Agents can be
configured to track a target position on a predefined group configuration
- here shown is an equilateral triangle (a). The group formation remains
relative to the user position (red circle), even if the user moves (b).
To manipulate interpersonal distance, the agents’ target positions can
additionally be interpolated along the triangle’s legs (c and d). During
suchmanipulations the formation will not track the users movements.

gaze by the user was detected (see Figure 2.3b), which was found to be less intimate
than the neutral version by the participants.

For the finalmanipulations in the experiment, we chose six combinations of the gaze
andproxemicbehaviors describedabovewhere oneor bothmodalitieswoulddeviate
from the neutral behavior (G0P0) in terms of increasing and decreasing intimacy:
G–P–, G0P–, G–P0, and G+P0, G0P+, G+P+.

2.4.2 BEHAVIORAL MEASURES
As our behavioral measure, we compute the change in amount of eye-contact and
the magnitude of interpersonal distance between user and agent before and after
an agent performs a manipulation. The Gaze Response RG of a user is the change in
their head angle towards the agent. This may be looking more towards the agent
(smaller angle) or looking more away from it (larger angle). We call compensating
displacement of the user’s whole or upper body the Proxemic Response RP of the user.
This may be moving away from the agent (positive response) or towards an agent
(negative response) 6.

6The use of negative and positive purely refers to the reduction or increase of distance, and is not
meant to carry any other valuation, i.e. whether these responses are good or bad
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2.4.3 HYPOTHESES
We formulated our hypotheses as predictions of user’s behavioral responses to differ-
ent gaze and proxemic behaviors exhibited by a virtual agent. Our main hypothesis
is:

H1 Users regulate their gaze and interpersonal distance during interaction differ-
ently towards agents that exhibit either high or low intimacy behaviors.

Wemade predictions of the single and joint effects of the behaviors that the high and
low intimacy agents exhibit based on the ET:

H1a Increasing proximity of the agent (G0P+) will be compensated for by the
user with a more positive RP (moving away) – compared to a smaller,
possibly negative RP (moving closer) when agents perform G0P–.

H1b Increasing gaze of the agent towards the user (G+P0) will be compen-
sated for by the user with higher RG towards the agent (looking away)
– compared to smaller RG when agents perform G–P0.

H1c Besides RP, also different levels of RG will be observed in response to
G0P+ and G0P– manipulations.

H1d Besides RG, also different levels of RP will be observed in response to
G+P0 and G–P0 manipulations.

H1e Whenthe twonon-contradictingbehaviorsare combined, user’s responses
will ‘add up’, i.e. RP toG+P+ is higher than toG0P+andRG toG+P+ is lower
than to G+P0, etc.

The assumptions of the ET is that a perceived intimacy level is mediating changes
in behavior. We therefore checked if our manipulations would also be reflected
in the user’s of the agent’s personality and perceived interpersonal attitudes. Our
hypothesis was:

H2 Users rate agents that exhibit high intimacy behaviors higher on items related
to intimacy.

These hypotheses were tested using the setup described in Section 2.3. We included
intimacy of the agent as a within subject variable. One agent had the high intimacy
manipulations assigned, the other had low intimacy manipulations. They did not
change their assigned role during the experiment. This choicewasmade to be able to
compare how the different more and less intimate behaviors would affect the user’s
perception of the agent (H2).
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2.4.4 TASK & SCENARIO
Participantswere not told that the experimentwas about examining theirmovement
and gaze behavior. Instead, they were given a listening task to focus on, based on a
scenario that the two agents would act out. The scenario was taken from the 1957
movie 12 AngryMen. In thismovie, 12malemembers of a jury have a discussion about
whether they were presented sufficient evidence during the court case to sentence
the defendant to death. Audio clips of speech segments were extracted from parts of
the movie. To prevent dominance mediated by voice to be a factor in the perception
of the agents, segments were selected where the argument was less heated. This
resulted in 30 clips arguing for ‘not guilty’ (avg. length=11.49s) and 29 clips arguing
for ‘guilty’ (avg. length=11.51s) side of the argument. The clips were spoken by the
agents chronologically, alternating between the sides of the arguments tomake up a
consistent conversation between the agents (total duration=12m). It was suggested
to the participant that the two agents would each attempt various ‘strategies’ in
order to convince the participant of their side of an argument. The task given to
the participant was to listen carefully, as they would be asked for their decision
afterwards.

2.4.5 AGENT BEHAVIOR MANIPULATIONS
During the experiment, the agents formed a group with the user by positioning
themselves on the base corners of an equilateral triangle. The length of the triangle’s
legs was 75 cm, corresponding to the neutral distance found in the pilot study. The
triangle did not rotate with the user. It always faced the long side of the room. The
angle of the user’s corner was 60 degrees, which was to ensure that when the user
centered their view between the agents, both were in view.

Agents would change their gaze and proxemic behaviors at moments that coincided
with the dialog turns from the scenario. The behavior changed for the entirety of
the turn. This resulted in episodes of different agent behavior. At the beginning of
every seconddialog turn, both agentswould employ theneutralbehavior to ‘reset’ the
group formation (neutral episode, see Figure 2.4b). On every other turn, exactly one
of the two agents manipulated its behavior (manipulation episodes), by performing
one of the three behavior combinations that corresponded with its assigned agent
intimacy. For example, the ‘high’ agent chose fromG+P0, G0P+ andG+P+ - asdescribed
in Section 2.4.1. Each of the three assigned behavior combinations were shown
exactly four times throughout the experiment, in randomized order.

Whichof the twoagentswouldmanipulate itsbehaviorduringmanipulationepisodes
was alternated in turns. Since these depended on the dialog turns, the between
subject variable ‘talking agent’ was unintentionally introduced: Within subjects, one
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of the agents changed its level of intimacy onlywhen it was also the currently talking
agent, whereas the other changed its level of intimacy onlywhen it was not currently
talking. Whether it was the ‘high’ or the ‘low’ agent that manipulated only during
talking was randomized between subjects.

2.4.6 PARTICIPANTS
Thirty five participants were convenience-sampled from students and staff, all of
whom were completely naive to the study’s goals. They were between 19 and 30
years old (Mean = 21.4). Five were female. Of the 35, two were discarded from the
data. One decided to stop the experiment early because of motion sickness, and
anothermisunderstood the instructions, continuouslymoving around and exploring
the room also during the main experiment.

2.4.7 BEHAVIORAL MEASURES
During the experiment we recorded the participants’ and agents’ head positions and
orientations in the virtual world using the tracking system of the VR setup. We
continuously calculated the distance between the user’s head and the individual
agents’ heads as well as the angle of the user’s gaze away from the individual agents
(see Section 2.4.2).

We observed significant outliers in the proxemic responses of the remaining 33 par-
ticipants. By reviewing video material and experiment notes, some of these outliers
were found to be strong responses at the beginning of the experiment. Towards
the end of experiment runs, outliers were also found to be caused by participants
stepping around agents when ‘cornered’ by them at the bounds of the tracking area.
Although these changes in position seem motivated by the intimate situation, they
diverged significantly from the typical proxemic response in other episodes, where
participantswould either lean or take one or two small steps. From the analysis were
excluded all episodes where RP was bigger than 50 cm (n=6).

2.4.8 QUESTIONNAIRE
In addition to the behavioral measures, we were interested in participants’ percep-
tion of the agents’ personalities. A 13 item agent-personality questionnaire which
has been successfully used before to measure perception of personality and inter-
personal attitudes in both human (Guadagno and Cialdini, 2002) and virtual hu-
man (Guadagno, Blascovich, et al., 2007; Huisman, Kolkmeier, and Heylen, 2014a)
communication partners was used. One extra item on politeness was added (Maat,
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Figure 2.5. Histograms of RG for episodes where the manipulating agent is the
talking agent and is not the talking agent.

Truong, et al., 2010), and one for ‘intimacy’. For each agent, identified by a picture,
participants would indicate their agreement with the item on a 7-point Likert-scale.
Scores of the intimacy related constructmeasured by this questionnairewere used to
answer H2.

2.4.9 DATA ANALYSIS
The experiment was designed so that we could compare the effects of the six agent
manipulations as a six level within-subject factor ‘Agent Intimacy’ on the two user
measures RG and RP. However, due to the introduction of the talking agent as a
between subject variable (see Section 2.4.5), this approach would not be sound, as
one might expect the talking agent to gain more attention than the non talking
agent, biasing the gaze response. Indeed, we found that users would typically look
towards the currently talking agent (Figure 2.5). Consequently, we chose to focus
on comparing participants’ gaze responses only inside the group of agents that
manipulated their behavior during their own turn of speech, and only allow for
comparison of RP regardless of the talking agent variable.

2.5 RESULTS
In Table 2.1 we present the mean RP and RG of all participants and episodes where
the manipulating agent was also the talking agent. The measurements violate the
assumption of sphericity and normality for both measures at many levels, there-
fore, under the assumption that the between subject variable talking agent does not
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Manip. Mean RG
(SD) in ◦

Mean RP
(SD) in cm n outliers

G+P+ 30.17 (6.41) 8.56 (11.70) 55 1
G0P+ 28.57 (7.38) 8.43 (13.89) 53 2
G+P0 27.01 (7.73) 0.36 (9.50) 56 0
G–P0 25.23 (6.16) -0.37 (5.79) 75 1
G0P– 25.16 (7.56) -2.97 (8.89) 76 0
G–P– 23.52 (5.72) -3.48 (6.51) 74 2

Table 2.1. Mean gaze response RG and proxemic response RP per agentmanipulation
fromall episodeswhere themanipulating agentwas also the talking agent.
SD = Standard Deviation.

represent a bias (for the RP measures), we used the non-parametric Friedman and
Wilcoxon signed-rank tests to test our hypotheses.

BEHAVIORAL MEASURES

To test for significance,weperformed tests for eachof the twomeasuresRG andRP. As
explained in Section 2.4.9, we only allow comparison between all six manipulations
to examine the difference between RP regardless of the talking agent. Then we per-
formed tests comparing only pairs of high and low manipulations respectively, and
only when the manipulating agent was also the talking agent (to reveal differences
without the bias it introduces). Since here, we are not comparing high and low
intimacy agent, these do only allow to test aspects of H1e.

As described above, the agent would act out each manipulation four times during
the experiment. The non-parametric test compares pairs of responses to these
manipulations. To not artificially inflate our sample size, we compared only one of
the four participant responses. These samples however can only be compared when
they are not paired with removed outliers. In our data, as described in Section 2.4.7,
outlierswereobserved in thefirst and second instanceof eachmanipulation, possibly
because of a novelty effect, aswell as in the fourth, because of the effect of the borders
of the experiment area (participants being ‘cornered’). Responses during the third
instance of each manipulation contain no outliers. Therefore, the responses to the
third instance of eachmanipulationwere used for comparison in the non-parametric
tests.

Differences between all six manipulations A Friedman test revealed that there
was a statistically significant difference in displacement magnitude (H1a,d,e) as a
response to different levels of agent behavior intimacy, χ2(5)=32.84, p <.001. A
Wilcoxon signed-rank test showed that in the 33 participants, the displacementmag-
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nitude in response to G0P+ behaviors was significantly more positive (i.e.: moving
away) than that to G0P– (Z=-3.368, p=.001).

Differences between high manipulations (H1e) A Friedman test revealed that
there was a statistically significant difference in response displacement magnitude
between the high-intimacy behaviors, χ2(2)=7.00, p=.030. A Wilcoxon signed-rank
test showed that in the 14 participants where the high agent manipulated its be-
haviors while also being the talking agent, the displacement magnitude in response
to G+P+ episodes was significantly greater than the displacement magnitude in
response to G+P0 (Z=-2.542, p=.011). In the same population, between the pair of
G+P0 and G0P+ manipulations, we found that the former would elicit significantly
less positive displacement magnitude (Z=-2.229, p=.026) than the latter, meaning
that those in G+P0 would move away significantly less. The difference between the
pair of G+P+ and G0P+ behavior was not found to be significant (Z=-.910, p=.363). No
significant difference in gaze angle was revealed (χ2(2)=2.29, p=0.319).

Differences between low manipulations (H1e) Between the low intimacy be-
haviors, a Friedman test did not reveal a significant difference in displacement
magnitude response of the 19 participants where the low agent manipulated its
behaviors while also being the talking agent (χ2(2)=2.95, p=0.229). No further tests
comparing the individual pairs were performed.

The Friedman test, however, did reveal that there was a marginally significant dif-
ference in the participant gaze response between the low behaviors (χ2(2)=6.42,
p=.040). Upon inspection, it appears the difference is due to asymmetry of the
difference of the pairs, excluding it from further examination with the Wilcoxon
signed-rank test. A sign test revealed no significant difference.

AGENT PERSONALITY QUESTIONNAIRE

To identify intimacy related constructs in the agent personality questionnaire (H2),
we performed a principal component analysis with Varimax rotation and Kaiser
normalization on the 15 items. Three factors were identified that explain 69.15% of
the variance (Table 2.2). The factors ‘Warmth’ and ‘Trustworthiness’ are similar to
those found in a previous study using a similar questionnaire (Huisman, Kolkmeier,
andHeylen, 2014a), a new third factor emergedwith the items ‘intimate’, ‘interesting’
and ‘confident’. We name this new factor ‘Intimacy’.

For each respondent,we calculated factor scores given to the twoagents by averaging
out those items that were associated with the respective factors. We performed
repeatedmeasures ANOVAwith the intimacy of the agent (high or low) as the within
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Factor Item Factor loading
Warmth Friendly .88
(α = .92) Approachable .83

Warm .83
Likeable .82
Polite .79
Modest .79

Trustworthiness Informed .82
(α = .87) Credible .82

Competent .76
Honest .71
Trustworthy .58
Sincere .56

Intimacy Intimate .78
(α = .57) Interesting .68

Confident .66

Table 2.2. Three factors identified in PCA and their corresponding item factor
loadings. For each factor, Cronbach’s alpha is reported.

subjects variable and agent side, the talking agent, and agent appearance as between
subject variables, and the three computed factor scores as measures.

We found a main effect for the intimacy behavior of the agents on ‘Warmth’ (F(1,24)
= 21.45, p <.01) and ‘Intimacy’ (F(1,24) = 6.61, p <.05). No interaction effects of
agent appearance and agent side were found on either of the scores. There was
however an interaction effect for the talking agent on ‘Intimacy’ scores (F(1,24)=4.31,
p <.05). Pairwise comparison revealed that participants scored the agent with low
intimacy higher on ‘Warmth’ related items than the high intimate agent (mW

L =4.97
vs mW

H =3.57). ‘Intimacy’ scores align with the intimacy behavior of the agents.
Participants scored theagentwith low intimacy lower (mL

I =4.14) than theagentwith
high intimacy (mH

I =4.90). For the interaction effect of the talking agent, pairwise
comparison revealed that the high and low agents score similarly on intimacy scores
when they are not the talking agent. However, when talking during the manipu-
lation, the high agent scores higher on intimacy (mH×T

I =5.25) than the low agent
(mL×T

I =3.86).

2.6 DISCUSSION
We found a number of differences in the behavioral response to the different agent
behaviors (H1). While the overall means are in line with the predictions made based
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on the ET (H1a-e), there is a high variance in the responses and only some could be
supported with statistical significance.

We found that agents exhibiting higher proximity did cause participants to step
away significantly more than agents exhibiting low proximity, where participants
tended to step more towards the retreating agent (H1a). As for the predicted effects
of G+P0, G–P0 on RG (H1b), we could not find significant differences.

In contrast to Bailenson, Blascovich, et al. (2001), our study did not find a notable
effect of different agent gaze behaviors on the proxemic response (H1d). This may
be explained by their use of a more sensitive measure (minimum distance rather
than themean), and thedifferent interactionbetweenagentandparticipant (walking
around rather than listening). Another possible explanation could be a ceiling effect
of how comfortable individuals were with moving in the iVR setup - possibly also
depending on whether they were already at the edge of the tracking area. This
interpretation is also in linewith the personality scores of the high agent. Scoreswere
low on ‘Warmth’, which had loadings of the ‘politeness’ and ‘friendliness’ items.

If a smaller displacement was not sufficient to compensate intimacy, we would
expect the remainder to be compensated with gaze. Given the approximatemeasure
of gaze, such compensationmay not have been sufficiently capturedwith the current
apparatus.

Some joint effects were found. Participants stepped away more when both gaze and
proxemic behaviors were manipulated in a high-intimate fashion, compared to the
responses to only high gaze manipulation, supporting some aspects of H1e. Lastly,
we found that indeed, participants rated the high agent higher on intimacy related
items, supporting H2.

LIMITATIONS & RECOMMENDATIONS

We recommend some changes to the experimental protocol to those that aim to
replicate the experiment or adapt aspects of this study design. The extent to which
head direction can serve as a proxy for eye-gaze is questionable. Slight gaze aver-
sions away from the agent’s face may only be captured with true eye-gaze tracking
inside the headset. The two agent design may mitigate this shortcoming as more
head movement is required when gaze is averted from one agent to another. For
single agent designs however, actual eye-gaze tracking is recommended. For group
interactions, we recommend being aware of the effect of the talking agent on the
gaze of dialog partners that we observed, as participants might not notice stimuli by
non-talking agents in the group. In this study, the introduction of the talking agent
variable was a limitation as it complicated the analysis. Advantages of single agent
designs are better generalizability of the findings as compared to the group setting in
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the present work. It is further suggested to examine the effects of the high and low
agent by implementing an agent with mixed intimacy behaviors.

CONCLUSIONS

Proxemic and gaze behaviors deserve attention when designing virtual humans in
immersive VR settings where users and agents share the same space. On the one
hand, these behaviors can affect how users position themselves in the space, and
given the spatial restrictions that most virtual (and physical) spaces have, the desire
to change space may not always be possible to satisfy, which may lead to extreme
responses, such as the outliers we observed. What is more, proxemic behaviors also
affect how the agent’s personality is perceived,whichmay change the outcomeof the
interaction in other undesired ways. This ET-inspired approach is a useful tool for
human-agent interaction design and analysis in shared spaces. It may benefit from
advances in VR technology such as in-headset gaze estimation and physiological
sensors, which may be used to reveal more on the interaction between proxemics,
gaze and intimacy.
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3
A VIRTUAL SOCIAL CONFLICT

In the previous chapter, we established how experiences with virtual characters in
VR can be perceived as plausible to the point that users’ behavior is, in some facets
at least, consistent with what we would expect from co-located interactions. We
used the Equilibrium Theory (ET)model to predict this response – an increase of the
intimacy of the situation, by virtue of the agent stepping closer, was compensated
by re-establishing a more comfortable interpersonal distance. There, we focussed
onmanipulations of the intimacy levels through non-verbal behavior cues by the VH,
while keeping the subject of the interaction consistent in terms of its level of intimacy.

Argyle and Dean however also considered that compensation behavior would occur
in social interactions when the intimacy level of the subject changed, that is to
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say, when a sensitive topic is discussed or a conflict arises. This has informed the
design of the study discussed in this Chapter1, where we will look at whether we
can mediate an interaction that is perceived as plausible and stressful through the
content of the interaction alone (i.e., what the agent is saying) - as opposed to the
purenon-verbal stimuli usedby theVH in the studydiscussed in theprevious chapter.
We are assuming that if the content of the interaction is increasing in intimacy (or
stressfullness), we will observe behavioral responses that compensate for it.

There are few examples of research on VHs intentionally inducing stress in humans.
Blankendaal et al. compare how people react differently to aggressive (virtual) hu-
mans (Blankendaal et al., 2015). Bosse et al. have employed aggressive virtual bad
guys to investigate whether threats received by the VH were taken more seriously if
participants believed that the VH could cause harm to them in the real world (Bosse
et al., 2018).

For the studywe are discussing in this chapter however, we are not looking to induce
an increased level of stress by the non-verbal behavior of the agent, or by a potential
threat of physical consequences. Instead, we are looking to induce stress through the
content of the conversationwith the ECA, by raising a social conflict in the dialogue. A
social conflict is a process in which there is a perceived mismatch between one’s and another
person’s (or people’s) beliefs or interests (De Dreu, Van Dierendonck, and Dijkstra, 2004).
The study presented in this chapterwas framed in an applied context; investigating a
possible VR “social conflict training application” for teachers in academia, featuring
an embodied conversational agent.

Participants of our study were chosen to be PhD students and teachers with some
experience supervising students. This allowed us to design an experiment apparatus
where the dialogue would converge towards invoking a relatable social conflict for
the population of participants. There is a variety of social conflicts that teachers in
academia face in their day-to-day work life (Findlen, 2000), and the type of conflicts
thatwe chose for our experiment is grade disputes, where student and teacherdisagree
on what is a fair grade for delivered work - a particularly common type of social
conflict encountered by teaching professionals (Carless, 2006).

In this study, to improve on the apparatus in the previous study, we included an in-
headset eye-tracker to measure gaze behavior, rather than using head orientation
as a proxy for gaze. As an additional control for elicited stress levels, we also
included physiological measures, which we expected to reveal an increase in arousal
if the agent could plausibly induce an increased stress level. A suite of subjective

1Based on our papers J. Kolkmeier, M. Lee, andD. Heylen (2017). “Moral conflicts in VR: Addressing
grade disputes with a virtual trainer”. In: International Conference on Intelligent Virtual Agents. Springer,
pages 231–234; and M. Lee, J. Kolkmeier, et al. (2021). “Who Makes Your Heart Beat? What Makes You
Sweat? Social Conflict in Virtual Reality for Educators”. In: Frontiers in Psychology 12
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questionnaires on agent perception aswell as an interview on the experience and the
concept of virtual trainers in academia was administered post-experiment.

Summarizing the results, we were not able to find differences in gaze patterns be-
tween conflict and non-conflict parts of the experiment. In terms of physical re-
sponses, the analysis only allowed for limited conclusions on the effect of the conflict
aspect of thedialogue. Anexploratory follow-upanalysis on theadditional subjective
agent perception revealed some interesting correlations, suggesting agency and au-
tonomy beliefs about the virtual trainer may be reflected in physiological responses.
Finally, we also discuss some insights gained from a qualitative analysis on the post-
experiment interviews on how the conversation with the agent was perceived by
participants.

3.1 USER STUDY
We invited participants to have a conversation with a virtual human (VH) about
their experience as teachers in academia. At one point in this conversation, a fictive
grading dispute by an anonymous former student of the participant was raised
by the VH. Our primary aim of this user study was to see if a VH could plausibly
induce increased levels of stress through dialogue alone, by evoking a social conflict
situation. Since conventionally, VHs or other (conversational) agents in HCI are
seen and designed as helpful and polite, we were also interested in qualitatively
investigating how participants perceived the conversation when the VH started
evoking the social conflict, which is an accusatory act, containing some (indirect)
blame towards the participant. To address these questions,we collected quantitative
dataon thebehavioral responses in termsof participants’ gazebehavior, basedon the
insights gained in the study discussed in the previous chapter.

Social conflicts involve emotional and physiological responses that manifest in car-
diac and electrodermal activity (Hardy and Smith, 1988; Kreibig, 2010). There are
examples of researchmeasuring these physiological activities in response to environ-
mental stressors inVR(e.g., Garauet al., 2005;Meehanetal., 2002), andalsoexamples
of research where the stressors are virtual humans with aggressive behavior (the
aforementionedworks of Blankendaal et al., 2015 and Bosse et al., 2018). In our study,
we have measured Heart Rate (HR), Heart Rate Variability (HRV), Skin Conductance
Level (SCL) and Skin Conductance Response (SCR) as indicators for how stressful the
social conflict was perceived.

In addition, quantitative subjective measures in the form of post-experiment ques-
tionnaires on the agent perception as well as qualitative data from transcribed post-
experiment interviews were used. This constitutes a mixed-methods approach with
concurrent triangulation (Creswell et al., 2008).
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3.1.1 METHODOLOGY
To create a conversation that features a social conflict as described in the research
question, we used a virtually embodied conversational agent controlled through
using the Wizard-of-Oz (WOz, Dahlbäck, Jönsson, and Ahrenberg, 1993) method.
There were a set of agent utterances prepared to be triggered - unbeknownst to
the participant - by the researcher to maintain a conversation. The utterances
are designed to allow for a dialogue with three different stages. First a small talk
conversation about the participant’s day, then a conversation about the participant’s
professional experience as a teacher or supervisor, andfinally the conflict stage,where
the VH will bring up the grade dispute as a social conflict. The conflict stage is
described in more detail in Section 3.1.2.

Thus, the experiment features one within-subject variable, the Stage of the conver-
sation. Stage had three levels, small-talk, teaching and conflict. Stages were kept in
the order as they would naturally occur in a conversation - that is, starting with
the conflict stage and then switching to small-talk would seem unnatural and might
otherwise influence the perception of the VH. For purposes of the physiological
signals, a breathing exercise was included, which is treated as a fourth level in some
analyses.

Themain dependent variables we are looking at in our analysis are the physiological
and behavioral responses per stage, specifically heart rate, heart rate variability and
electrodermal activity as well as the gaze behavior, measured by the amount of eye
contact made with the agent per stage (see Section 3.2 for more details).

Additionally, we administered a set of questionnaires regarding the participant’s
experience as a teaching professional, regarding their perception of the agent and
of the overall interaction. More details about the procedure of the experiment, how
the dialogue was wizarded and the post-experiment questionnaire are discussed in
Section 3.1.5.

3.1.2 THE CONFLICT STAGE
The objective of the dialogue in the conflict stage was to evoke a social conflict
through the dialogue, a grading conflict with a student in particular. We decided
to have the VH evoke, in a plausible way for the participant, a grade conflict that
supposedly occurred involving the participant and an anonymous former student.
To initiate this conflict, we first had the agent change the subject from teaching in
general to grading: So, let’s talk more about grading. Followed by two more utterances
introducing the conflict: We have some records from the exam committee about a previous
student of yours, and There is actually one student who was unsatisfied with the grade they
were given. A number of follow-up questions were included, intended for different
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responses the participant may give. For example, if participant would inquire about
more information, or would just remain silent, the agent would follow up with
According to the student, you did not give timely feedback. If a participant expressed
outright refusal of the possibility that there was a complaint, we had prepared
utterances to continue discussing the hypothetical, such as,Would you change a grade
of this student if your supervision was an issue?.

While this dialogue may not represent a first-hand social conflict, but rather talking
about it by proxy, it featuresmany potential components involved. A former student
that disputes the grade they were given is introduced, and accusations about the
participant’s poor professional behavior are relayed towards them. As such this
conflict dialogue should represent a stimulus suitable for investigating the role of
behavioral and physiological signals in social conflicts discussed with VH.

3.1.3 APPARATUS
The experiment apparatus consists of a virtual environment built in Unity, featur-
ing a VH. The VH2 was driven by ASAP-Realizer state-of-the-art behavior realizer
(Kolkmeier, Bruijnes, Reidsma, and Heylen, 2017; Van Welbergen, Yaghoubzadeh,
and Kopp, 2014), through our ASAP Realizer to Unity bridge (Kolkmeier, Bruijnes,
Reidsma, and Heylen, 2017). Participants wore the Fove VR-headset to access the
virtual environment, where they were seated opposite the VH (see Figure 3.1).

The VH used no hand gestures and kept a neutral facial expression throughout the
interaction, meaning not overly positive or negative in behavior to focus on the
content of the conversation as the driver of social conflict. Speechwas realized using
MaryTTS3. The utterances used by the VH were pre-defined and could be triggered
by the experimenters (see procedure in Section 3.1.5). A Logitech webcam recorded
video and audio of the participants from a frontal perspective. Participants eye-gaze
in the virtual world was captured with the integrated eye-tracker of the FOVE HMD
used in theVRsetup. Forphysiologicalmeasurementsofheart rate andelectrodermal
activity, the BioSemi ActiveTwo systemwas used.

3.1.4 PARTICIPANTS
After receiving ethical clearance, we recruited 42 participants from the University
of Twente (n = 20) and the Eindhoven University of Technology (n = 22) through
snowball sampling by mainly targeting PhD students with teaching duties. Their

2Created with the Unity Multipurpose Avatar system: https://github.com/umasteeringgroup/
UMA

3http://mary.dfki.de/
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Table 3.1. Some of the Agent’s utterances in the WOz setup per part of the
conversation.

Part Utterances
Small talk What are you currently working on?; Could you describe a typical work day?
How are you?; What are you currently working on?

Could you describe a typical work day?
Teaching Have you given lectures?; Can you tell me more about a recent student project?;

How do you feel about being in a teaching position?
Can you tell memore about a recent student project?
How do you feel about being in a teaching position?

Conflict According to the student you did not give timely feedback.; Have you had such
complaints from students before?
Would you change a grade of this student if your supervision was an issue?
Have you had such complaints from students before?

average age was 31 and 12 were women. Participants were naive to the experiment
subject of grading conflicts, and we did not recruit based on prior experiences with
those conflicts. Six participants revealed in the exit-interviews that they had such
experiences in real-life, prior to the experiment.

3.1.5 PROCEDURE AND DATA COLLECTION
Before the study, participants read and signed the informed consent form that stated
that theywould talk about studentswith aVHand that their participationwas volun-
tary. When participants were directed to the study set-up, an experimenter attached
the electrodes for physiological measures, helped with putting on the headset, and
performed the required calibration for the in-headset eye-tracking system. Next,
participants were given instructions that the VH would begin the discussion after a
breathing exercise. After the first breathing exercise of 120s, the conversation with
the VHwould begin.

Fromhere on, VHutteranceswerewizarded by the experimenters froma separate area.
For each Stage of the conversation there was a different set of predefined utterances
(see Table 3.1). First small-talk, then teaching, and finally the conflict stage. Here, the
VH asked for permission to talk about an anonymous, former student who voiced a
complaint. The VH claimed that the student was unhappy about the received grade
and blamed the participant. The wizard was not allowed to use utterances from an
earlier stage. Utterances within a stagewere selected in a semi-structuredway. Each
stagewas sustained for 2-3minutes each. Onaverage, thefirst stage endedup shorter
than the other two (Small Talk M = 112 s, SD = 30 s; Teaching M = 187 s, SD = 54 s;
Conflict M = 199 s, SD = 54 s)4.

4M=Mean, SD = Standard Deviation
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Figure 3.1. The experiment setup (left). The participant is immersed in a virtual
office that matches the real room, with the VH located across the desk
(shown right).

In addition to the stage specific utterances, there were some generic utterances like
“why is that?”, “yes”, or “no” to drive the conversational flow. All utterances were
logged with a time stamp. In the analysis, stages were segmented based on the first
use of an utterance specific to each stage.

The VH ended the discussion by thanking participants, communicating that the
researcher will be back after a breathing exercise, and saying good-bye. Afterwards,
all equipment for audio, video, VR and physiological measures were removed. We
also assured participants that no actual students’ complaints were involved in the
study. Next, participants completed a questionnaire on demographics, their subjec-
tive stress levels for the past fewdays (Hashimoto,Mojaverian, andKim, 2012; Suzuki,
1997), items on the perceived warmth and competence of the agent (e.g., I thought
the dialogue partner was approachable; Guadagno, Blascovich, et al., 2007; Huisman,
Kolkmeier, and Heylen, 2014b; Kolkmeier, Vroon, and Heylen, 2016). We also asked
if they found the conversation with the VH stressful and if they would find similar
conversations with an actual university exam board or a student stressful (modified
scale (Mezo et al., 2005)). They then partook in semi-structured interviews on their
teaching philosophy, how they felt about the VH and the conversation, the VH’s
negative assessment about them, and what they thought about the VH for training
purposes.

3.2 ANALYSIS
We looked into potential outliers, failed recordings, and artifacts first. From the post-
experiment questionnaires, no participant indicated heart related problems and the
sample did not report to be highly stressed overall; the average subjective stress level
wasat0.72ona4-point scale from0to3 (SD=0.46,MIN=0.00,MAX=1.56)according
to the stress response scale (Suzuki, 1997).
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From the total sample (n = 42), 8 were excluded from physiological analyses due
to failed ECG recordings, likely due to conductivity failure of the electrodes, as
manifested in either completely (n=5) orpartially (n=3)missingdata andprolonged
sections showing artifacts5. From the remaining sample (n = 34), 2more participants
were excluded from EDA analyzes (SCL and SCR) for the same reason; failure of
the skin conductance electrodes. We have audio recordings from 28 post-study
interviews that were transcribed; 1 participant did not partake in the interview and
recordings were not successful for the rest. When relevant, interview notes for all
participants were referred to for analysis, alongside videos.

Gaze Behavior We obtained participants’ eye-gaze through the in-headset eye-
tracker of the HMD at 30Hz. We used the approach described by Diaz et al. to detect
gaze shifts and fixations (see Figure 3.4). Due to the lower sample rate of our data,
we selected smaller kernels for reducing noise in the gaze signal and for producing
the exaggerated valleys before and after gaze shifts in the filtered gaze velocity signal.
We further filled in gaps of gaze data during blinks with the nearest values before
and after the blink. Thisway, when gaze is shiftedwhile eyes are closed, the shift will
still be detected. Using the independent data from the left and right eye trackers, we
excluded gaze shifts that were not observed on both eyes at the same time.

Gaze fixations are determined as segments between identified gaze shifts. We com-
pute the fixation durations as time spent gazing at the agents or elsewhere by thresh-
olding the angle between vector of the participants gaze and the vector towards the
center of theVH’s head. A threshold value of15◦was chosenbasedon thehistograms
of the gaze angles, where two peaks could be identified, one around 0◦-15◦ and
another around 20◦-30◦. We compute a gaze proportion of time measure in a given
segment of the interaction by dividing the total duration of all gaze fixations in by the
total durationof the gazefixations that occurredunder the15◦ threshold (i.e. that are
directed at the VH head) within that segment. A gaze durationmeasure for a segment
of the interaction was computed by calculating the mean duration of all fixations on
the VH’s head within that segment.

Following the rational based on the Equilibrium Theory, as elaborated in Chapter 2,
our hypothesis was that participants’ gaze behavior would be increasingly avoidant
between thenon-conflict and conflict parts of thedialog, due thepersonal, accusative
nature of the scenario. However, we expected gaze to also be significantly affected by
whether the participant was listening or speaking themselves. Thus, the gaze data
has been segmented and labeled based on the speech activity of the participant and
agent, that is to say, based on who has the turn of speech. Agent speech activity

5Potential causes for these failures were experimenter error in applying the sensors or due to
unexpectedmovements of the participants interfering with the setup.
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has been extracted from the VH behavior realizer logs, while participant speech
activity was extracted by thresholding the voice activity from the participant audio
recordings.

Physiological Responses We computed heart rate variability per stage using the
Kubios HRV analysis software (Tarvainen et al., 2014). The skin conductance data
was processed using using Ledalab (Benedek and Kaernbach, 2010) using the Con-
tinuous Decomposition Analysis technique to decompose skin conductance into it’s
tonic (longer term skin conductance level, SCL) and phasic (short term peak skin
conductance responses, SCR) components. For SCL, we average the level over the
durationof the stage. ToobtainanSCRmeasure,wenormalize thenumberofdetected
peaks by the duration of the stage.

To formulate a hypothesis on how our manipulation affects physiological response,
we looked at prior research on physiological responses to events in VR. It seems
that skin conductance responds to the overall level of stressfullness of a virtual
environment (i.e. Blankendaal et al., 2015; Bosse et al., 2018), while HR may be more
sensitive to particular events (i.e. Blankendaal et al., 2015; Garau et al., 2005; Meehan
et al., 2002), specifically the VH’s social behaviors (Garau et al., 2005). The conflict
stage of the VH dialogue consists of several small events (i.e. the confrontational,
accusatory utterances) following each other. We hypothesized that there would
be an increase in all four measures of physiological activity in the conflict stage
compared to the previous two stages.

We analyzed the physiological data in three ways. First, by looking at average
levels over the stage of the conversation (see Table 3.2). Second, by looking at
individual trajectories of changes onaper-utterancebasis (see Figure 3.5). Finally,we
explored correlations between physiological data and participant responses to post-
experiment survey data.

3.3 RESULTS

3.3.1 GAZE BEHAVIOR
When the VH was talking, participants mostly looked directly at the VH (M=.93,
SD=.10), whereas during their own turn, participants also spent some proportion of
the time averting their gaze, (M=.67, SD=.21). When the VHwas talking, participants
also had longer continuous fixations on the agent’s face (M=4.33s, SD=2.40s). During
their own turn, fixations on the VHwere shorter (M=1.86s, SD=1.14s). Comparing the
means between the three topics of conversation of the conversation however, we find
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(a)During agent turns (b)During own turns

Figure 3.2. Proportions of time in turns spent byparticipants fixatedon theVH’s face
(rather than averting gaze).

little difference. A repeated measures ANOVA with a Greenhouse-Geisser correction
confirmed this for both the proportion and durationmeasures.

In Figure 3.2, the proportion of time measure is shown, representing the time partici-
pants held gaze focused at theVH’s face, during the agent’s turn and the participant’s
own turn. As expected,when theVHwas talking, participantsmostly seemed to have
looked directly at the agent (over the entire conversation: M=.93, SD=.10), whereas
during their own turn, participants also spent some proportion of the time averting
their gaze, (over entire conversation: M=.67, SD=.21), notably there were greater
differences between participants.

Figure 3.3 shows the distribution of the average duration of participants’ fixations
on the agent’s face before averting gaze. When the VH was talking, participants
appear to have had longer continuous fixations at the VH’s face (over the entire
conv.:M=4.33s, SD=2.40s). During their own turn, fixations on theVHappear shorter,
before averting gaze again (over entire conv.: M=1.86s, SD=1.14s). Our distributions
indicate that the differences between the three topics of conversation are very small.
A repeated measures ANOVA with a Greenhouse-Geisser correction confirmed that
there was no significant difference between three stages in Table 3.1. No pairwise
comparisons were made.

3.3.2 PHYSIOLOGICAL RESPONSE
We observed a significant effect of stage for all physiological measures according to
within-subjects repeatedmeasures analyses of variance (ANOVA),HR: F(3, 33) = 11.99,
p <.001; HRV: F(3,33) = 3.71, p = .014; SCL: F(3, 33) = 26.45, p <.001; SCR: F(3, 33)
= 15.13, p <.001 (individual level differences are nested within-stage level analysis).
Pairwise comparisons then showed that formostmeasures, the difference is between
the baseline and each respective stage (Table 3.2). Only for HR and SCL were there
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(a)During agent turns (b)During own turns

Figure 3.3. The average duration of participants’ fixations on the VH’s face before
averting their gaze in three parts of the experiment dialog.

Figure 3.4. Identifying Gaze Shifts using the method from Diaz et al. (2013). The
velocity and acceleration are derived from the change in eye-gaze
direction over time. Zero crossings in the acceleration curve are
considered as centers for gaze shifts if the velocity at the same point
exceeds a threshold. After convoluting the velocity signal with a kernel
function that produces negative valleys near gaze shifts, the borders of
the start andend timesof gaze shifts aredeterminedat the closestnearby
zero crossings in the velocity signal.
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significant differences between the other stages. HR decreased significantly between
Small Talk and Conflict by an estimated 2.45 beats per minute (SE = .93 bpm, p
= .045), although also the difference manifested for the most part between Small
Talk and Teaching near significance (est. decrease of 2.45 bpm; p = .085). SCL
increased significantly by an estimated 0.487 µS (MicroSiemens) between small talk
and Conflict (SE = 0.156 µS, p = .0003).

3.3.3 EXPLORATORY ANALYSIS
To investigate the variance in our physiological measures, we explored correlations
with how the interaction and the agent were perceived, and with demographic data.
To this end,we averaged the physiologicalmeasures across all stages andnormalized
them by the baseline measurements from the breathing exercise.

Highest correlations between the normalized physiological measures and subjective
measures were found between HRV and the perceived level of the VH’s autonomy.
Although this negative correlation was not significant (r = -.35, p = .058), the tenden-
cies suggest that those with higher normalized HRV reported they believed the VH
was controlled by a human (instead of by a computer). Normalized SCL moderately
negatively correlated with the extent to which participants reported that such a
situationwouldbestressful to themina real encounter, again though, this correlation
was not significant (r = -.32, p = .085). The normalized HR was weakly linked to
participants’ self-report of finding the conversation with VH to be stressful, but was
not statistically significant (r = .29, p= .12). Other self-report anddemographics items
such as gender or perceived interpersonal attitudes such as agent perceived warmth
did not correlate with the normalized physiological measures.

DESCRIPTIVE ANALYSIS

The above analyses are based on averages of physiological signal over the time of the
different types of conversation stage. We wondered if perhaps individual utterances
in the conflict stage had induced stronger physiological reactions. In the following,
we lookat local changesonaper-utterance level by visualizingHR response trajectory
density over the time around theutterance (see Figure 3.5). Darker areas indicate that
responses of many participants followed a similar trajectory of change. In addition,
two participants’ trajectory lines are plotted to highlight individual differences.

No utterances shorter than 2 seconds were included (e.g., “yes”). Not all utterances
were used for all participants to preserve conversational naturalness. For example,
utterance U03 was not used with either one of the two highlighted participants.
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Figure 3.5. Density of changes in HR after hearing agent utterances over time, in
seconds, per utterance. Utterance end-times are aligned at x=0. Quantile
regression lines are shown as gray dashed lines, at 75%, 50%, and 25%
from top to bottom (RQSS method, Koenker, 2019). For illustrative
purposes, trajectories of two individually examined participants are
shownas linesfitwith local regression for theirmeasured change inheart
rate.

49



CHAPTER 3. A VIRTUAL SOCIAL CONFLICT

Table 3.2. Pairwise comparison of physio measures by stage (Tukey adjusted P-
values). The four stages are B=Baseline, S=Small Talk, T=Teaching and
C=Conflict. Estimated marginal means from the models are in the first
column.
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We identified three trends in the density of HR changes around individual utterances
in Figure 3.5. First, HR peaks occurred at different points in time: Some peaks are
located around the time where participants started answering, while other peaks
formed alreadywhile the VHwas still talking (e.g. “according to the student, you did
not give timely feedback”, U13). Second, patterns of HR increase and decrease follow
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different patterns per statement and between participants. While some conflict
utterances indicate overall upwards trends for the majority of responses (e.g. U11),
other conflict utterances feature overall downwards trends (e.g. U15). Lowering
HR responses are not uncommon even in emotionally loaded responses, and may
be associated with people redirecting their attention to the new stimuli or thinking
process (Koruth et al., 2015; Lang et al., 1993) and some emotions decelerate the HR
(e.g., suspense or fear Kreibig, 2010). Third, we also notice that statements outside
of the conflict stage elicited increases in HR (e.g. U01 for the P39, and U03 with an
upwards trend for the overall responses). So overall, it seems that there is large
individual variance in participants, perhaps based on their own background and
experiences on the topics covered per stage. Thismakes it difficult to identify, at least
visually, clear patterns in local HR changes based on the type of utterance, orwhether
it addresses a conflict situation.

VIDEO ANALYSIS

As a final attempt to explore possible patterns in the data further, we decided to
look back at the video data at specific moments with participants that exhibited
particularly large changes in HR around utterances. Four participants in particular
contributed a sizeable number of the highly ranked utterances (40/112 utterances
= 35.7%): P24, 32, 39, and 40 (P39 is also shown in Figure 3.5). Three of the four
participants dealt with the conflict utterances with denial (e.g. “that’s impossible
because I always give time”, P40), and one accepted the possibility but was not
particularly bothered (“that’s too bad. I suppose life happens”, P32). Two of these
participants also indicatedpost-experiment that they felt discomfortwith the system
either due to problems with eye-sight in the HMD (P40), leading to often adjusting
the headset, or due to difficulty with understanding the VH’s speech synthesis (P32).
Except for P39, none of these four participants indicated feeling particularly stressed
about discussing the grade dispute with the VH.

Overall, we find again little clear patterns in this analysis. Some changes may be
attributed to discomfort, but it is also notable that also self-described stress levels
do consistently correlate with the observed data.

3.3.4 THEMATIC ANALYSIS
A thematic analysis was conducted on the participants’ responses during the exper-
iment and the post-experiment interview. In the following, we provide a summary
of the two main themes relevant for this work, regarding perception of the VH and
the perceived immersion during the interaction. A more extensive version of this
analysis, also discussing the themes on cross-cultural differences in how the VHwas
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perceived, as well as themes on the potential integrations of similar systems in real
work environments can be found in our paper (M. Lee et al., 2021).

Ourfirst identified themewas thatExpectinghuman-likeness leads tonegative evaluation.
From the interviews, we found a number of reasons why participants evaluated the
agent negatively. One reason was that participants did find that the VH was not
perceived as empathetic, based on anobserved lack of facial expressions. Rather than
perceiving them as neutral, some noted that expressions looked cold or “mad” (P18).
Another reason participants gave for negative evaluations was their uncertainty
about the identity of the VH. P32 noted: “I have no information about whether my
answers are simply being recorded or whether they’re actually influencing the next
question; whether it is in fact a conversation, or just filling in of a virtual form with
my transcribed responses”. P26 likened the VH to a “confrontational GIF”, and noted
that “sometimes I felt that it’s stupid to talk to an avatar because I wasn’t sure to
who I was talking”. In other words, participants were attempting to consolidate the
human appearance with both what it may be (i.e. a capable conversational machine,
or perhapsmerely an embodiedQ&A form) andwho it would represent (i.e. if it was
truly actingonbehalf of the examcommittee). Finally, negative evaluationswerealso
attributed to the technical implementation of the VH and the VR environment. Some,
as already noted above, found it difficult to listen to the VH due to the quality of the
speech synthesis. One participant even noted that it was like being “interviewed by
an ATM”. P40 also noted that also the visual style was distracting, stating that the
“environment is fictitious but [...] you notice this more because the graphics are not
high end [...], which interrupts (the) conversation a lot”.

Even though participants reported on the limitations of the VH in terms of realism,
we also identified a second theme on how realistic and immersed participants felt
about the overall conversation with the action. The theme is that Immersion refers to
situational or conversational realism, which can be decoupled from how “real” an environ-
ment or an agent looks. Especially those participantswho expected the VH to be purely
machine-like were more positive on the overall experience during the experiment,
allowing that human-like conversations could be had even though it was clearly a
machine. Somenoted that itwas easier to talk about these kinds of conflict situations
with a VH, as they “are virtual so I’m more open to talk about anything. But based
on the assumption that they are not real” (P25). P28 went even further, stating that
“It feels like that you can talk more about it. You feel more relaxed to talk more
because it’s fake. Not the conversation, I mean the whole situation can be like in a
dream [...]”. Others noted that they felt more engaged in the interaction precisely
because it was about a conflict situation. They felt put on the spot as they were able
to relate to past experiences regarding the content of the conversation, such as P19,
who shared during their interaction with the VH that: “there was a student group
that was unsatisfied with their grade we gave indeed. [...] um, we have a, it was a
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sort of misinterpretation or miscommunication [...] between the supervision team
because I didn’t supervise them all by myself”. Others again noted that the precise
momentwhen the conflict situationwas brought upmade themmore engaged in the
interaction, even though they were not able to remember an actual prior experience
of a grade conflict: “even if you know it’s a hypothetical situation, you don’t want to
be put on a spot like that. [...] I would feel pretty bad if the student did not find the
grade fair, even in a hypothetical situation” (P03). Similarly, P01 brought up that the
relatability of the context of the conversation caused them to get immersed: “At first,
it was hard to take the VH seriously. You’re really out of your context. At the same
time when the VH raises questions that some people are not happy with you, then
the problem becomes more realistic. So all of a sudden it became very immersive for
me to talk with the VH because it doesn’t really matter anymore (that it is virtual),
and the problem becomes real and I have to pay attention and be serious”.

3.4 DISCUSSION
We have looked in a number of ways at how our participants reacted to a grading
dispute, a professional conflict, as evoked in an interviewwith our VH.

3.4.1 GAZE BEHAVIOR
Based on the work discussed in the previous chapter, we hypothesized that partic-
ipants would show a change in gaze behavior once the subject of the conversation
would switch to the conflict situation. Although we couldn’t definitely demonstrate
this effect in that previous experiment, we expected it was due to the lack of a fine-
grained eye-tracker. Additionally, we expected such a response to be exaggerated in a
seated interaction, where increases in perceived intimacy could not be compensated
by increasing interpersonal distance. In our measures, we expected increased fre-
quency of gaze aversion and overall less eye contact with the agent when addressing
the conflict. The present analysis however did not reveal any significant differences
between the non-conflict and conflict related parts of the conversation.

This may indicate that our manipulation may not have been successful for par-
ticipants, meaning the VH was unable to believably evoke the conflict situation
through the dialogue. To understand whether this was the case, we next discuss
participants’ physiological responses as well as how they perceived the interaction,
as quantified by the questionnaire responses and by looking at their responses in the
post-experiment interviews.

53



CHAPTER 3. A VIRTUAL SOCIAL CONFLICT

3.4.2 PHYSIOLOGICAL DATA
While we found significant main effects of conversational stage on some physio-
logical measures, we must be careful when interpreting them due to the lack of
counterbalancing their order in our study design. For example, the level of skin
conductance, being related to the activity of sweat glands, is known to drift upwards
over time, due to sensors covering the skin. This favors our hypothesis as the conflict
stage isplaced towards theendofour interaction. What ismore, although the conflict
stage measured higher than Small Talk on the HR and SCR measures, so does the
teaching stage, whichwe did not expect to be stress inducing. Thus, similarly aswith
the gaze behavior, based on the physiological responses alone, we cannot conclude
that participants found the parts of the conversation where the VH evoked the social
conflict to be stressful.

To examine this more, we followed up with the exploratory analysis, looking at
possible correlation of the physiological responses with subjective measures. First,
wenote the correlationbetweenHRVand theperceivedautonomyof theagent,which
was unexpected. One explanation can be that people who believed that the agent
was controlled by a human, such as the experimenter or perhaps someone from the
exam committee, could trigger them to feel observed, influencing people’s HRV. A
more expected result was the positive correlation between normalized HR and how
stressful the interaction was perceived. Interestingly, this was not in line with the
decrease in overall heart rate towards the end of the interaction, further suggesting
that order effects may be at play.

We further visualized local trends in changes of heart rate during the times after
specific utterances and analyzed them descriptively, to examine whether possible
effects might have been diluted by the averaging of per-stage measures. Although
there were apparent differences in the trends between utterances, there was no
pattern that would indicate that those agent utterances that were used to introduce
the conflict, or used to relay the blame of the issuewere responded to differently than
to those utterances that were part of the less loaded parts of the interaction.

Finally, how participants perceive and respond to individual utterances may depend
on the individual, as toucheduponby in the exploratory correlationanalysis. Another
possible concern is that the manipulation was not successful in increasing the per-
ceived intimacy. It may be that discussing grade conflicts simply wasn’t inherently
stressful to our participants, or that they were able to rationalize away a complaint
from an anonymous student as being made up - especially when this is being brought
up by a VH instead of a real human.

Unlike the purely non-verbalmanipulationsmade by the VHs in this study discussed
in Chapter 2, the (stressful) content of the conversation may have been processed
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more cognitively, causing the plausibility illusion to break. As discussed in the the-
matic analysis, some did find the VH lacking realism, others explicitly noted that
exactly the real, serious and relatable topic of thegradingwaswhat got themengaged
and put on the spot during the conversation with the agent.

3.4.3 LIMITATIONS AND FUTURE WORK
There are also some more limitations to the study design and analysis that need to
be considered. A more rigorous study design with counterbalancing of conditions
and more exact control of stimuli duration is required to be able to derive better
quantitative insights from the physiological measures. In the future, other sources
of social signals could be included in the measurements. For one, facial expressions
are important for conveying people’s opinions, comments, and conversational turn-
taking (Poggi, D’Errico, and Vincze, 2013). While this was still a technical limitation
at the time of conducting this study, recently facial expression recognition has even
made its way into consumer hardware6.

A lack of a human-human experimental condition or pre-study is another weakness
of the present research, as we may first want to confirmwhether participants would
have plausibly reacted to the social conflict if evoked by a human interviewer, rather
than by the VH,whichwould speak towardswhether themanipulation, or rather the
stress stimulus, was designed appropriately.

Concluding, we have explored whether evoking social conflicts through the content
of a dialogue with a VH causes changes in humans’ behavior and physiological
responses. Concluding from the results, we can’t quantitatively support that a social
conflict involving the participant invokedmerely through the content of the dialogue
of a VH causes participants to show the behavioral and physiological responses
that we expected based on the social models we used to formulate our hypothesis.
Going back to the predictions of Equilibrium Theory, even if only one of the two
expected outcomes of gaze aversion or physiological markers for increased levels of
stress would have been observed, it would be compatible. Averting gaze would be a
means of reducing the perceived increase in intimacy, and thus we should not have
measured increasedphysiological responses. Similarly, if an increase in gaze aversion
has not occurred, the increased stressfulness content of the conversation should
have been observed in the physiological data. However, we did not find significant
changes in linewith these hypotheses in either physiological or behavioralmeasures,
and we have discussed a number of possible explanations for this, also potentially
including the limitations of the study design.

6See for example https://www.vive.com/eu/accessory/facial-tracker/
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4
DON’T SHOOT THE MESSENGER

In the introductory chapter, we introduced the SoIC-TV, a system for social telepres-
ence. On the basis of this system,we sketched out a number of areaswheremediated
social interaction technologymay play perhaps unexpected roles in the future. In the
remainderof this thesis,wewill attempt to connectback to theSoIC-TV, andsee if any
previously raised questions can be answered with what was learned in the studies
covered.

Although we designed the interaction in the previous chapter to feature a social
conflict primarily for the sake of investigating how participants would respond, and
the fact that the agent is virtually embodied and co-located is a necessity for being
able to use gaze as a measure, the resulting apparatus and the experience that it
affords also served as an interesting case study to capture howparticipants feel about
such a system in general, that is, if it was employed in practice. Let us consider one of
the potential envisioneduse cases of the virtual human as amediator: The possibility
that the VH is employed by the exam committee to mediate an issue with a teacher
on their behalf. In the following, we explore how this would relate to the SoIC-TV
universe.

The SoIC-TV services for telepresence (see Section 7.1 and Section 1.1.3) are different
from the virtual human mediator in several ways. In the case of the “telepresence
as a service scenarios”, a human is being employed by either a machine or another
human to engage in a social interaction, or to achieve some task in the real world.
In the studies reported on in the previous two Chapters however, the VH is an
embodied machine, featuring a human-like appearance, and co-located in a virtual
environment.

Now, would someone feel more comfortable as a student discussing a grade dispute
with a supervisor, if they were using a SoIC-TV?Would it be better or worse to break
up with a romantic partner using the SoIC-TV, or using an SMS? Could it be used in
conflict situationswhereonepartywants to remainanonymous, yetdesires toengage
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in the argument in a real-time, interactive fashion?

The thematic analysis described in Section 3.3.4 captures some interesting findings
on how participants responded to the experience during and after the experiment.
While some participants questioned whether the machine could be empathetic (be-
yond surface appearance) andhave true understanding of the conflict at hand, others
remarked that this lack of capabilities iswhatwouldmake it easier to talk about such
conflicts in the first place, others remarked that raising the social conflict is what
made the interaction feel “real” in the first place, and reportdd that their emotional
state was affected immediately after the conflict was introduced.

A person engaging in a social conflict through the SoIC-TV service (i.e. as a passenger)
may enjoy not having to directly confront the other, especially if it was possible to
stay anonymous. The reaction of the other party in the conflict may be mixed, at
least based on what we learned in our analysis. If the topic is serious and important,
theymight engagewith it in a seriousmanner. Theymay even also prefer the level of
anonymity that the passenger enjoys, and being aware that they are working out the
conflict through a neutral mediator (the driver).

We have also sketched scenarios where theremight be amachine in the loop, renting
the SoIC-TV driver, and in this case, attempting to resolve the social conflict. Partici-
pants in the previous study raised that theywouldn’t like being judged by amachine,
so this scenario might be problematic, depending on how the driver is perceived. In
general, participants raised concerns about recognizing the identity of the VH - not
just in the contextof the lab setting, that is to say,whether theagentwascontrolledby
the experimenter or not, but also uncertainties onwhether the VHmight actually act
onbehalf of anauthority. Confusionabout the identity of the SoIC-TV drivermay lead
tonegative consequences,when theproverbialmessengerof badnews is confused for
the source. The aforementioned mediated break-up situation might play out bad for
the driver.

In the next part of the thesis, we focus more on technology mediated social interac-
tions between humans.
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5
MIXED REALITY REMOTE COLLABORATION SYSTEMS

Up to this point of the thesis, we used VR technology to create experiences of social
interactions with machines, embodied by virtual humans. As sketched out in the
SoIC-TV scenarios in the introduction, VR technology may also be employed to
mediate social interactions between humans, for example to enable interactions
between two humans in different physical locations. This is what we will focus on
in this part of the thesis. In particular, we will look at interactions where humans
use technology to interact over distance to collaborate remotely on a given task. What
is more, we will employ mixed reality technology, allowing the mediation of social
interaction to include a user’s physical space as well.

In the remainder of this chapter, we will introduce these new aspects in a bit more
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detail. Then, in the following chapter, we will introduce our own novel mixed reality
telepresence system, discussing its design and implementation. In Chapters 7 to 9,
wewill present two user studies conductedwith this system and a followup analysis
on the main measure of interest – social presence – combining the findings from both
studies.

5.1 MIXED REALITY REMOTE COLLABORATION
Since humans are not capable of telepathic communication, we use technology to
facilitate real-time communication over distance when solving problems. Although
a telephone call may suffice for some tasks, more complex tasks may benefit from
richer interfaces. For example, repairing a car engine may be difficult for a novice
purely based on verbal instructions from an expert on a phone. Identifying one of the
many parts of an engine may be easier if the remote expert could point towards the
part, rather than attempting to verbally describe it, and trusting that the novice has
identified the correct part for themselves. In the following Chapter, wewill illustrate
more benefits of using mixed reality technology in these contexts, such as allowing
themediation of pointing gestures, in away that is similar to co-located interactions.

One core aspect that probably every remote collaboration system features is that it
allows users to feel either present in a shared virtual environment, or, as in the case of
physical tasks, feel present in the remote environment. Since our focus is on physical
tasks, we will first introduce the latter case of telepresence.

Telepresence technology makes it possible to visit a remote location without phys-
ically traveling there. Besides creating the feeling of really being there, telepresence
technology aims to provide an experience that affords better communication and
even collaboration between visitors and visitees.

The ultimate telepresence system would empower a visitor to perceive, traverse and
manipulate the remote environment as if they were really there. At the same time,
it would allow the visitor to make their presence, attentions and intentions known
to others in the remote environment - as if they were really there. Various parts of
this complete experience have already been explored to enable certain applications
that benefit from specific aspects of being there. For example, during a telepresence
museum visit, the visitor wants to choose their own perspective of the exhibits and
choose their own pace for traversing the large area of the museum, as for example in
the TOURBOT andWebFAIR projects (Trahanias et al., 2005). On the other hand, for
remote collaborationon tasks, navigationof such largeunconfinedspacesmaybe less
important. Instead, users benefit from being able to perceive actions and intentions
from other users through channels that cover multiple modalities, and from being
able to manipulate virtual entities, such as in the work of Regenbrecht et al. (2004).
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Current research towards telepresence systems can be divided into two categories;
conferencing telepresence systems,where the focus lies onmaking remotepeople feel
presentwith eachother, and collaborative telepresence systems that, besidesmaking
people feel present together also focus on making them feel present in the remote
environment.

In conferencing telepresence systems, the focus lies on supporting conversations
betweenpeople byproviding tools tobetter express themselves compared to a simple
phone call, for example, by offering high-quality audio and high-definition life-size
video (Feldmann et al., 2010) or stereoscopic displays (Maimone and Fuchs, 2011). A
typical application of those systems is often found in conferencing over distance for
companies but also in social contexts such as (video-)callingwith friends and family.
Conferencing telepresence is mostly implemented in a symmetrical fashion, which
means that at both remote locations people are captured and visualized in the same
way, as there is normally no reason to bias the system in favor of somebody by, for
example, giving one user access to tools the other doesn’t have; all participants are
regarded equal.

MixedReality (MR)RemoteCollaboration systemson theotherhandallowphysically
dislocated users to be virtually co-located. The systemmust afford collaboration be-
tweenpeople by virtually transporting a remote visitor into the visitee’s environment.
One example is ShowMe (Amores, Benavides, andMaes, 2015). Here a remote expert
receives a live video stream of the first person view of a local user. The hands of the
expert are captured using a depth camera. The local user sees the same view of their
local environment that is streamed to the remote expert, however, with the hands
of the expert rendered transparently into this view. Such mixed reality telepresence
approaches are not limited to physically dislocated situations of visitors and visitees,
value can also be created for interactants that are already physically co-located. For
example, DollhouseVR allows for a playful interaction between a user in VR and non-
VR user, by beaming the VR user (doll) into a virtual doll-house. On a table-like
screen, the non-VR user can see a top-down view of the virtual dollhouse, with a
representation of the doll. Meanwhile, when looking up through the open roof, the
doll can see a camera feed of the non-VR user’s face, using a camera connected to
the table-like screen. This creates an impression for the VR user of being a small doll,
while the non-VR user joins the interaction with a god-like representation, from the
perspective of the doll (Ibayashi et al., 2015).

Collaborative telepresence systems are often asymmetrical (Steed et al., 2012). Just as
in the example mentioned in the introduction about calling in an expert for reparing
a car engine, or having a specialist remotely called in for the investigation of a crime
scene (Poelman et al., 2012), the remote callers expertise is what’s required at the
location in question. The asymmetry is not just manifested in the users’ experience,
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but usually goes along with who needs access to what information. The remote
expert needs access to the environment of the novice but not the other way around.
The visitee, for example, needs helpwith their car or with the crime scene they are at,
while the environment of the visitor is of less interest to the visitee. The visitor needs
to engage with and feel present in the visitee’s environment, while the visitee needs
to understand actions, instructions from the visitor to perform the task at hand.

5.2 CONCLUSION
Collaborative telepresence systems can employ mixed reality technology to allow
remote users to work on tasks involving physical space. Scenarios where this is
particularly useful are scenarios where there is an asymmetry in the relationship
between the users, the access to the information about the physical space, and the
modalities that the systems need to mediate for efficient communication between
the users.

We specifically focus on this type of asymmetric scenarios in the research discussed
in the following chapters. First, in the next chapter, we present the design and
implementation of our ownnovelmixed reality collaboration system suited for these
scenarios. Drawing from existing work, we present a toolkit that we developed and
used for the user studies in the following chapters. The first user study focuses
on evaluating how certain design aspects of a mixed reality telepresence system
affects usability, performance, and social communication. For this user study, we
conceived a puzzle task, where a remote assistant is virtually called in to support the
physical user with amixed-reality escape room. For the second user study on remote
collaboration in mixed reality, we conceived a design-fiction scenario around an
emergency situation requiring a novice to administer cardiopulmonary resuscitation
(CPR) in a world where Augmented Reality displays are pervasive technology. Thus,
the emergency-line dispatcher would not just give instructions by voice, but would
also have virtual access to the emergency location and would be virtually visible to
the novice in an AR overlay. Here, we again look into what the added values of such
a system could be in terms of usability, performance and interaction quality when
compared to a phone-bound CPR dispatcher.
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6
OPENIMPRESS: IMMERSIVE PRESENCE SYSTEM

In this chapter1 we describe the design and implementation of OpenIMPRESS, our
open source2 immersive presence system toolkit that we developed for building and
researching mixed reality (MR) remote collaboration systems. It uses off-the-shelf
MR hardware available to anyone with a small to medium budget, to afford interac-
tions between physically dislocated users in collaboration and support scenarios.

The scenarios we will focus on are those asymmetric scenarios described in the
previous chapter. In this context, we assign specific names for the different users and
their roles in the system. Users who are physically present at the site that is being
visited (the on-site location), we call On-Site Operator (OSO). Users not physically
present in this environment, but only virtually froma remote location,we call Remote
Operator (RO). Again, in these scenarios the visitor (RO) typically gains access to the
physical environment of the visitee (OSO). This on-site location is of interest to both
the RO and the OSO. The RO’s physical environment (the remote location) is not so;
however, the RO’s actions and instructions directed towards the OSO are.

The basic OpenIMPRESS system is shown in Figure 6.1. The system spans two
different locations: the on-site location and the remote location, where respectively
the On-Site Operator (OSO) and the Remote Operator (RO) are located. At the on-
site location, an AR headset (here the Hololens) worn by the OSO and a number of

1Based on our paper and the supervised theses S. Giesselink (2018). “Teach me CPR now!
Augmented learning for one-shot teaching of cardiopulmonary resuscitation in out-of-hospital cardiac
arrest”. Master’s thesis. University of Twente; E. Harmsen (2018). “OpenIMPRESS: an open immersive
telepresence system”. Master’s thesis. University of Twente; J. Kolkmeier, E. Harmsen, et al. (2018).
“With a little help from a holographic friend: The OpenIMPRESS mixed reality telepresence toolkit for
remote collaboration systems”. In: Proceedings of the 24th ACM Symposium on Virtual Reality Software and
Technology, pages 1–11.

2OpenIMPRESS was made available under a permissive open source license: https://github.com/
openimpress

https://github.com/openimpress
https://github.com/openimpress
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Figure 6.1. OpenIMPRESS basic system overview.

RGB+Depth (RGBD) cameras capture the on-site environment with as much detail
as possible. The client of the remote user (ROClient) receives this data, and renders
it for the RO through a head-worn VR device. The place and orientation of the
RO’s head and hands are in turn visualized for the OSO through their Hololens.
Additionally, users can create annotations, such as virtual line drawings, in each
other’s environments. The system also allows the RO and OSO to talk with one
another directly. One aim was to provide a modular toolkit, so that it can be easily
configured for different conditions. We used a technology drivenmethod to develop
our toolkit. It works with emerging off-the-shelf mixed reality hardware that is
available to anyone with a small to medium budget. The system should afford
collaborative interactions between physically dislocated users, and support various
scenarios. To this end, we informed the design of our system with findings from
existingMR systems for remote collaboration.

The design of our toolkit is characterised by threemain principles that determine the
experience of and interaction betweenusers. First, we allow the visitor tomove freely
in the on-site environment. Second, the visitor engageswith theon-site environment
in a natural way through an immersive, mixed reality interface that includes gesture
tracking. Third, the visitor’s presence and actions are visible to the visitee - who is
physically present on-site - through a multimodal projection of the visitor and their
gestures into the visitee’s environment, using augmented reality technology. This
allows communicationbetweenvisitor andvisitee,which is further enriched through
the possibility to place persistent virtual annotation content in a shared digital layer
over the environment. In the following we describe the system and the rationale
behind it in more detail.

6.1 RELATED WORK
There is a rich body of work on the design of remote mixed reality collaboration
systems. We will discuss this along the three design aspects that we deem crucial
for the experiences that our toolkit should afford.
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Mobility at the capture site Allowing the visitor to view the scene independently
instead of being fixed to a static view (or to the viewpoint of a local user), is an impor-
tantaspect in telepresence for remote collaboration. It allowsusers to simultaneously
work in different parts of the scene and gives the remote visitor more situational
awareness (Fussell, Setlock, andKraut, 2003). Oneway to achieve this is to physically
manipulate the camera at the capture site. Telepresence robots such as the Double
have been used to this end (Kristoffersson, Coradeschi, and Loutfi, 2013; Rae, Mutlu,
and Takayama, 2014). Although these provide a remote visitor with a physical body
and complete freedom to navigate the environment, manipulating the robot can be
awkward and can potentially harm others; therefore the controls of these robots
typically err on the side of slow and safe. Other solutions synthesize a view based
on imagery captured from the visitee’s perspective. The visitee wears a camera that
streams a first-person perspective to the visitor. This limits the navigational freedom
of the visitor, although visitors can still be given some degree of independence from
the local person. For example, JackInHead (Kasahara andRekimoto, 2015) uses a360◦

degree camera mounted on a person’s head to allow a remote visitor to look around
in the visitee’s environment. Gao et al. (2016) use a tracked head-mounted depth
camera instead of a 360◦ camera. The images are oriented in such a way that when
the visitee turns their head, the projected image for the visitor turns aswell, requiring
the visitor to turn their head to follow the image. This doesn’t give the visitor any
extended navigational freedom but helps them keep track of the visitee’s current
orientation. Tait and Billinghurst use a statically mounted depth camera above a
table to create a live 3D scan of theworkplace. The visitor is then free to navigate this
using a desktop user interface. When tested in a collaborative setting this resulted
in “faster task completion time, more confidence from users, and a decrease in the
amountof timespent communicatingverballyduring the task” (Tait andBillinghurst,
2015). Similarly, the RemoteFusion system (Adcock, Anderson, and Thomas, 2013)
creates a real-time reconstruction of a scene that can be accessed by a remote user
using a touch screen for viewmanipulation and annotation.

Presentationof the capture site Theway the capture site is presented to a remote
visitor has an effect on the telepresence experience aswell. Amore immersive display
makes the visitor feel more present (Baños et al., 2004). Telepresence systems can
be distinguished by the degree of immersion they provide. Earlier systems used 2D
monitors on which a video stream of the visitee is displayed, like the HandsOnVideo
system (Huang and Alem, 2011). Newer systems try to immerse the visitor more,
often through head mounted displays (Tecchia, Alem, and Huang, 2012). Other
display systems are also used, like CAVE projection systems where multiple walls of
a roomare projectedwith live images fromanother location (Komiyama,Miyaki, and
Rekimoto, 2017). Those systems are often used in combination with head tracking to
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make the movement of the images match the visitor’s headmovements.

Having an effect at the capture site Besides providing visitors with a view of
the capture site, telepresence systems usually also allow visitors to affect it. This
can be done by physically manipulating the environment (tele-operation), but more
often it is done by adding virtual elements to it that are shown to the visitee in some
way (e.g., the JackIn system, Kasahara and Rekimoto, 2014). RemoteFusion (Adcock,
Anderson, and Thomas, 2013) uses projectors to project annotations made on the
visitor’s touch screen onto surfaces of the capture location. For complex assembly
tasks, annotations can be used to support alignments of parts (Oda, Elvezio, et al.,
2015).

To assist the visitee in tasks that require more fine control, an overlay of the visitor’s
hands is oftenused (AlemandLi, 2011; Amores, Benavides, andMaes, 2015; Chénéchal
et al., 2016; Gao et al., 2016; Huang and Alem, 2011; G. Lee et al., 2017; Tecchia, Alem,
andHuang, 2012). This allows the visitor to guide the visitee in amore natural way in
object manipulation tasks, by using gestures.

We can identify a trend in these projects, from video based captures of gestures
projected into the the visitee’s environment (i.e. Alem and Li, 2011) to capturing and
rendering more volumetric representations of the visitor’s hands into the visitee’s
environment. Sodhi et al. (2013) control a 3D model of a hand through a touch
interface, whereas the 3D Helping Hands of Tecchia, Alem, and Huang (2012) capture
the user’s hands using cameras that also capture the depth of hand positions.

Komiyama, Miyaki, and Rekimoto (2017) show that capturing and streaming com-
plete representations using RGBD cameras is also possible – although, in their case,
this is limited to capturing visitees and displaying them to remote visitors. Ap-
proaches for end-to-end streamingof high-detail full body captures currently require
elaborate capture and processing setups, as shown in, for example, Fairchild et al.
(2017) and Orts-Escolano et al. (2016). The Holoportation system (Orts-Escolano
et al., 2016) shows how full body representations could be streamed in both direc-
tions in symmetrical setups. Their system uses consumer grade AR and VR display
technologies in combination with a new 3D capture system to capture full 360◦ 3D
models of people and objects and visualize them at a remote location in real time.
All of this is done with the goal of creating an experience that resembles physical
presence as closely as possible. Users at both locations use a HoloLens augmented
reality display to get an independent view of each other’s environment. Although no
physical manipulation of each other’s environment is possible, the high resolution
scansof theusers allow for veryprecise gestural instructions that areproperly aligned
with their context.

68



6.2. IMPLEMENTATION

(a) (b) (c)

(d) (e) (f)

Figure 6.2. a) OSO installs depth camera. b) OSO calibrates depth camera. c)
RO receives spatial mesh from HoloLens. d) RO receives point clouds,
which are aligned with spatial mesh. e) RO points controllers at objects
(green cones). f) OSO sees RO representation plus annotations through
HoloLens.

Piumsomboon, Dey, et al.’s CoVAR system features hand tracking and sharing using
the LEAP sensor and consistent spatial cues between remote and local environments
– however does not provide any real-time streaming of a representation of a physical
environment. In their exploratory study they investigate a number of enhancements
to the communication and interaction between the dislocated parties, including
sharing of gaze cues using eye-trackers in both headsets (Piumsomboon, Dey, et al.,
2017).

6.2 IMPLEMENTATION
Our OpenIMPRESS toolkit features several components. Most of these were de-
veloped in C#, in the form of plug-ins for the Unity3D game engine. The compo-
nents on the OSO side are all included – in the basic configuration of the toolkit
– in a single Unity3D application running on the HoloLens. The components on
the RO side similarly all run in a single Unity3D application connected to the VR
HMD of the RO. Standalone components are the Depth Camera Streamer (written
in C++) and the experimentalMatchmaking Server of the network system (written in
JavaScript/NodeJS).
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6.2.1 ON-SITE ENVIRONMENT CAPTURE AND VISUALIZATION
Ourmodule responsible for capturing the on-site location and re-visualizing it at the
RO consists of several components (cf. Figure 6.2).

Depth Camera Streamer This is a standalone cross platform component written
in C++ that captures depth and color image data from a depth sensing camera
and transmits them over the network. Implementations are included for different
brands of depth cameras and their respective libraries. At the time of writing, we
supportMicrosoft Kinect V1 andV2with the official software development kit (Kinect
SDK3) andwith the open source libraries from the OpenKinect Project4, and the Intel
RealSense cameras through librealsense5. For the Kinect V2we also support streaming
of data from the adaptive beam-forming microphone, skeleton detection and body
indexing.

Depth Camera Tracker To properly align point clouds with each other and the
rest of the scene requires information on sensor position and orientation (camera
extrinsics) and on lens and sensor properties (camera intrinsics) of RGBD cameras
in a shared coordinate system. Camera intrinsics for most RGBD sensors are known
or can be obtained through the device’s firmware. Camera extrinsics need to be
(re-)estimated whenever the camera moves. Our solution was to estimate camera
extrinsics with an on-the-fly procedure that can be performed at any time by anOSO
at the on-site location. To this end, we attached a unique augmented reality marker
to each RGBD camera, with a known offset to the camera’s sensor. OSOs can scan
these markers to estimate and share the RGBD camera’s extrinsics with telepresent
ROs (Figures Figure 6.2a and Figure 6.2b). These extrinsics are given in the internal
coordinate system used by the OSO’s HoloLens. To make a different area of the on-
site locationmore visible to the RO, an OSO can simply move RGBD cameras there.

The typical error between point clouds and between a point cloud and the HoloLens
coordinate system was around 3 cm at 2 meters from the camera. In the future, we
could implement refinement procedures of camera extrinsics from multiple RGBD
cameras (Kowalski, Naruniec, and Daniluk, 2015).

Spatial Mesh Streamer and Viewer The spatial mesh is the virtual geometrical
representation that the HoloLens generates of its environment. It can be used as
a rudimentary representation of the on-site location. To this end, the Spatial Mesh

3https://developer.microsoft.com/en-us/windows/kinect
4https://github.com/OpenKinect/
5https://github.com/IntelRealSense/librealsense
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Streamer periodically serializes and streams it to the RO. The Spatial Mesh Viewer
receives it and places a visualization in the 3D scene at the RO (Figure Figure 6.2c).

Point Cloud Viewer This plugin for the Unity3D game engine receives, processes
and visualizes point-cloud data frommultiple sources. An efficient implementation
for drawing point clouds into virtual scenes was made to reduce CPU computations.
Alignment of these point clouds to the basic spatialmesh (Figure Figure 6.2d) is done
using the information from the Depth Camera Tracker.

6.2.2 REMOTE EMBODIMENT FOR RO HEAD AND HANDS
For communication, we want both OSO and RO to be able to see (a representation
of) each other in a way that communicative acts such as gaze direction and gestures
are possible. The OSO is captured as part of the remote environment and is visible to
the RO through in the point cloud in real-time. However, we do not foresee a similar
capture setup at the remote location in order to show the RO to the OSO.

Instead, we represent the RO through a virtual avatar embodiment consisting of a
visualization of the RO’s head and hand positions (see Figure 6.2 and Section 6.2.2).
Theheadvisualization always reflects theheadset position, thehandpositions reflect
the position of the RO’s controllers.

OpenIMPRESS can also be configured to allow ROs to use their bare hands with the
Hand Gesture System (see Figure 6.3). An implementation of this for the Leap Motion
sensor is available that can capture the position of the hand and individual fingers.

Leap Hand Sensor The Leap Motion sensor is a sensor that is used to track the
hands of a user with high precision without the need of special trackers or gloves
on the hands themselves. It makes use of infrared light and two infrared cameras
to light up the hands and track them in 3D space. It is often placed facing upwards
between the keyboard and the monitor in desktop set-up scenarios. The data the
sensor provides are frames of poses, which can be sent to a viewer, so a visualization
can bemade.

LeapHand Viewer The Leap Hand Viewer takes received hand frame data from the
aforementioned component and applies it to 3D models for both local visualization
for the RO (Section 6.2.2) and the remote visualization for theOSO (see Section 6.2.2).
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(a) (b) (c)

Figure 6.3. (a) The ROusing the gesture system to point. (b) The RO’s hands as seen
by the RO and (c) by the OSO.

6.2.3 RO VIEWPOINT TRANSFORM
By default, the RO can move around their virtual representation of the remote envi-
ronment (i.e. the spatial mesh or point cloud) using their normal movements for as
far as their own tracking area allows them. However, since the remote environment
can potentially be larger than the tracking area of the RO’s VR system, we have
implemented another way of allowing the RO to manipulate their viewpoint. The
VRWorldDragger component is activated when the RO presses and holds the trigger
button on both the left- and right-hand controllers. Then, by changing the position
of their hands, the RO can drag their position through space. That is, when the RO
extends their arms, and then drags both hands towards them (keeping both trigger
buttons pressed), they move forward through space. This works seamlessly along
all axes of the world coordinate system. The VRWorldDragger also allows rotation
around the world-up axis by dragging hands in opposite directions. Note that at all
times, the other (head) motions of the RO in their tracking space still consistently
affect their viewpoint. In other words, using the VRWorldDragger does not set a fixed
viewpoint, but rather adds anoffset to thenormal trackingposition and rotation. This
offset is also taken intoaccount for theRO’s representation in theOSO’s space, tokeep
the RO’s ownperspective and their remote representation consistentwith each other.

Note that this system not only allows RO’s to correct for their position once they are
at the edge of their own tracking area. It also provides themwith the ability to choose
an optimal position in space given a task at hand – without needing to worry about
physical constraints, and while maintaining whatever physical pose and position is
comfortable to them in their local environment. For example, in a car repair scenario,
the ROmight find that they can help best with pointing out components to the OSO
while virtually sitting in the car’s engine room,whichwould be physically impossible
in a co-located interaction.
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6.2.4 ANNOTATION SYSTEM
Annotation functionality is added in the form of a line drawing tool. With this
tool, the RO and OSO can draw lines in space, visible to each other (see Figure 6.2f).
All “brush strokes” the RO makes are sent to the OSO in real time, where they are
displayed as holograms in OSO’s surroundings using the HoloLens. For the RO, this
is done through the Vive controllers. For the OSO, lines are drawn by moving a bare
hand in space while performing a tap and hold gesture, using the HoloLens’ built-
in hand tracking system. The current implementation creates lines at the tip of the
controller or finger, respectively.

6.2.5 NETWORKING SYSTEM
Components communicate peer-to-peer using UDP messages. To this end, we pro-
vide a standardized interface, available both for native (C++) and Unity platforms
(C#). Configuration of IP addresses and ports can be done manually. In addition,
an experimental matchmaking server can be used to simplify configuration. Com-
ponents using our networking interface can be configured to register themselves
automatically at the matchmaking server. In a web-interface, components can
be connected to each other; the matchmaking server then exchanges information
between assigned components so they can establish a peer-to-peer connection.6

Our current implementation allows for streaming data of multiple RGBD cameras
at 30 fps and low-latency communication between the locations. However, when
rendering more than two depth camera streamers, in order to maintain the HMD’s
frame rate of 90 fps and thus eliminate stutter, the refresh rate of the Point Cloud
Viewer has to be limited.

6.2.6 VERBAL COMMUNICATION SYSTEM
We have also implemented Audio support to OpenIMPRESS, allowing the RO and
OSO to talk to each other. A VoIP Manager7 component was developed to this
end. This component runs at both the OSO and the RO. It accesses the system’s
microphoneusingUnity’s built-inMicrophone class8. Because this class is supported
on both the desktop version of Unity and the HoloLens, the same code can be used
on both devices.

6Our matchmaking server further allows clients behind routers to connect to each other without
configuring port-forwarding, using UDP hole punching (Ford, Srisuresh, and Kegel, 2005).

7VoIP: Voice over IP
8https://docs.unity3d.com/ScriptReference/Microphone.html
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The latest audio samples are fetched from the microphone and are sent to the VoIP
Manager of the other system. Both the sample frequency and number of channels
that the samples are recorded with are sent as well. This meta information ensures
that the receiving end can play the samples back again properly.

6.3 CONCLUSION
WehavepresentedourOpenIMPRESS toolkitwhich canbeused tobuild and research
mixed reality telepresence systems for remote communication and collaboration.
The modular approach allows us to configure the system in different ways. One way
is configuring the ways in which users, in particular the Remote Operator, engage
with representation of the environment, as well as how the ROis represented to the
user - this is something we look at in the next chapter in particular. The second way
in which OpenIMPRESS can be adapted to suit a particular task is by extending the
annotation systemwith customwidgets meaningful for the task at hand, something
that ismade use of in the second user study, discussed in Chapter 8. The next step for
us was to evaluate OpenIMPRESS. In particular we were interested in what aspects
of the design contribute to how well it works. But how do we evaluate a remote
collaboration system? It must allow disconnected users to solve a given problem
correctly and within reasonable time, so metrics such as task completion time or
number of errors are indicative of how well a system works. However, these may not
be indicative of why the system works (or doesn’t work). Can users communicate
clearly and efficiently? Are they confident that the other understands them, or can
follow their direction? In the following chapter we discuss a user study conducted to
answer these questions for the system that we presented here.
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In this chapter1 we will discuss our first study on a mixed reality remote collabora-
tion system built with OpenIMPRESS. The main research question was whether the
OpenIMPRESS systemworks as expected as a telepresence system that allows social
interaction and collaboration over distance. In particular, we were interested in how
much the three design aspects identified and implemented in the previous chapter
contribute to performance and user experience. To this end, we built a mixed reality

1Based on our paper J. Kolkmeier, E. Harmsen, et al. (2018). “With a little help from a holographic
friend: The OpenIMPRESS mixed reality telepresence toolkit for remote collaboration systems”. In:
Proceedings of the 24th ACM Symposium on Virtual Reality Software and Technology, pages 1–11, and
the supervised thesis E. Harmsen (2018). “OpenIMPRESS: an open immersive telepresence system”.
Master’s thesis. University of Twente
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puzzle task that must be completed by two users that are physically dislocated, and
where certain knowledge to complete the task is required by one user that only the
other can provide. We tested this same task with different configurations of the
telepresence system, each manipulating one of the design aspects implemented in
OpenIMPRESS, in order to identify their contribution to how well the system per-
forms. Aswe already raised in the conclusion of the previous chapter, evaluating how
fast users will be able to complete the task or how easy they find it to use the system
are two obvious facets of evaluation, but they only paint a partial picture. Our main
research interest in this thesis is in novel, unique, and perhaps contrived interaction
patterns and experiences that are only possible with mixed reality technology - and
thusmayhave no equivalent in co-located situations. So besides the aforementioned
functional qualities of the experience, we are also interested in more fundamental
aspects. What is it like to give someone directionswhile being virtually in their head?
What is it like to receive directions from someone whose body representation is not
bound to any physical limitations, yet is situated (virtually) in the same physical
space as you, having full (visual) access of your environment? Thesedifferent kinds of
sharing the same space and being with each other may affect not just the functional
aspects of the interaction, but the relationship between users. How do they perceive
each other - their social roles, attitudes or personalities - due to the different style of
interaction that a novel system affords when it mediates the verbal and nonverbal
social signals between users in ways that are unlike what users are used to from co-
located interactions?

In the following section we discuss social presence, a metric that we employ in this
study and in the remainder of this part of the thesis, and that should help us towards
answering these questions.

7.1 SOCIAL PRESENCE
Social Presence theories attempt to describe and operationalize these phenomena in
technology mediated social interactions. There is a body of work from Biocca and
colleagues from the early 2000s that extensively reviews theories on social presence
and develops validated measurement instruments. This definition they provide for
social presence highlights its different facets well:

“Social presence in a mutual interaction with a perceived entity refers to the degree of initial
awareness, allocated attention, the capacity for both content and affective comprehension,
and the capacity for both affective and behavioral interdependence with said entity.”(Harms
and Biocca, 2004)

First, social presence is defined to exist in a mutual interaction with a perceived
entity – although the perceived social presence does not need to be mutual. So
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interactionswith artificial entities arenot excluded fromthis. Second, social presence
is not thought of as a binary construct - one can feel a degree of social presence of
an entity in technology mediated social interaction. Next, social presence is not
just the degree to which one is aware of the entity’s presence, but also includes the
perception of the extent to which the other is able to comprehend content of what is
being communicated, aswell as the perceived capacity of the entity to be able to enter
someaffective andbehavioral interdependency. Thishighlights amorepsychological
aspect to social presence theory - it requires some sense of the other having some
intelligence and the ability to enter a relationship.

One of the most popular instruments to measure social presence is the Networked
Minds social presence questionnaire by Harms and Biocca. It measures six sub-
dimensions of social presence. In the following paragraphs, we provide brief defi-
nition as well as examples of the associated items for each of the six subscales, as
specified in Harms and Biocca (2004).

Co-Presence “Co-presence is the degree to which the observer believes he/she is not alone
and secluded, their level of peripheral or focal awareness of the other, and their sense of the
degree to which the other is peripherally or focally aware of them.” Some itemsmeasuring
the Co-Presence construct are: “I noticedmy partner”, “My partner noticedme”, “My
partner caught my attention” and “My presence was obvious to my partner”.

Attentional Allocation “Attentional allocation addresses the amount of attention the
user allocates to and receives from an interactant.” The instrument uses items such
as “My partner was easily distracted from me when other things were going on”
and “I remained focused on my partner throughout our interaction” to measure this
construct.

Perceived Message Understanding “Perceived message understanding is the ability
of the user to understand the message being received from the interactant as well as their
perception of the interactant’s level of message understanding.” The instrument uses items
suchas “Mypartner found it easy tounderstandme” and “Understandingmypartner
was difficult” to measure this construct.

Perceived Affective Understanding “Perceived affective understanding is the user’s
ability to understand an interactant’s emotional and attitudinal states as well as their
perception of the interactant’s ability to understand the user’s emotional and attitudinal
states.” The instrument uses items such as “My partner could describe my feelings
accurately” and “I could tell howmy partner felt.” to measure this construct.
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Perceived Affective Interdependence “Perceived affective interdependence is the ex-
tent towhich the user’s emotional and attitudinal state affects and is affected by the emotional
and attitudinal states of the interactant.” The instrumentuses items suchas “Mypartner
was sometimes influenced by my moods” and “My attitudes influenced how my
partner felt” to measure this construct.

Perceived Behavioural Interdependence “Perceived behavioral interdependence is
the extent to which a user’s behavior affects and is affected by the interactant’s behavior.”
The instrument uses items such as “The behavior of my partner was often in direct
response to my behavior.” and “I reciprocated my partner’s actions” to measure this
construct.

Third order measures For all social presence constructs in this instrument, ques-
tions are askedboth in termsof an interactants perceptionof their own sense of social
presence, and how they think their interaction partner perceived it. This symmetry,
although not explicitly discussed in their validation study (Harms and Biocca, 2004),
reflects the concept that there is some additional higher order construct of social
presence about how symmetrical the observers perceive their relationship and the
extent to which interactants correlate between each other on their perception of this
symmetry (Biocca and Harms, 2002). We will discuss this further in Chapter 9.

7.2 STUDY DESIGN
In the experiment, pairs of participants completed an escape-room like task that
required collaboration using our system. The details of the task are outlined in
Section 7.2.1. The study was split into three sub-experiments: a View independence,
an Immersiveness of the Display and a Virtual Embodiment experiment. There was
a single within subject variable “configuration” at one of two levels: baseline and
experiment. This means that each pair of participants completed the task twice: once
in the baseline configuration, andonce inoneof the threeexperimental configurations,
depending on the sub-study theywere assigned to. The order of “configuration” was
counterbalanced. In the experimental conditions, we changed the system configura-
tion in one of the three related aspects (see Section 7.3 for details).

7.2.1 TASK
An escape room like environment was built in which the participants were tasked
with retrieving a four-digit code by solving three puzzles. Escape rooms are designed
to be a collaborative experience: “Escape rooms require teamwork, communication,
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and delegation” (Nicholson, 2016). As the tasks are presented as puzzles in a playful
context, they can be designed to be more abstract in order to disconnect them from
any real-world knowledge and remove any bias that this could give.

(a)

  START
 1

  2

  300
00

(b) (c)

Figure 7.1. a)Theescape roomwhere theOSOis located, b)Amapof theescape room,
with 1) Radiation beam avoidance task; 2) Block collection task; 3) Block
alignment task, and c) The room nearby where the RO is located.

One participant, the OSO, was located in the escape room (Figure Figure 7.1a) and
the other participant, the RO,was located in a roomnearby (Figure Figure 7.1c). From
this nearby room, the RO was remotely present in the escape room to help the OSO
complete the tasks.

The escape room consisted of the following three tasks that needed to be completed
in order (see map in Figure Figure 7.1b).

1. Navigation Task - Radiation beam avoidance The RO was tasked to lead
the OSO through amaze of virtual radiation beams that only the RO could see,
whilemaking sure theOSO’sheadnever touchedoneof thebeams. This puzzle
can be thought of as a laser maze, but with the exception that only a remote
partner can see the lasers. Also, to increase the visibility and difficulty, beams
with a thickness of around 25 cmwere used instead of thin laser rays.

2. Recognition Task - Block shape collection Six blocks with different shapes
were on the ground and the OSO needed to collect three specific ones to use in
the next step. Only the ROwas shown a virtual display depictingwhich blocks
needed to be collected; they had to communicate this to the OSO.

3. Manipulation Task - Block alignment Once placed on top of the table, the
three collected blocks started to emit a virtual laser beam that only the RO
could see. The blocks needed to be positioned in such a way that the lasers
pointed to markers behind the table. To do this, the RO had to communicate
to theOSOhow tomanipulate the blocks. Once each of themarkerswere lit by
a laser beam, a part of the code was displayed on the screen.
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In the instructions to the participants, no specific priority on speed or accuracy was
given: participants were instructed to complete the experiment in the way that they
felt the most comfortable with.

7.2.2 MEASURES
We had a single performance measure, which was the time it took to complete the
entire task. There are three subjective measures related to user experience. First a
usabilitymeasure to indicate the effectiveness, efficiency and satisfactionwith which
a systembuilt with our toolkit can be used. Weused the 10-item SystemUsability Scale
(SUS, Brooke, 1996). Second we measured spatial presence, the feeling of being in a
certain environment. Here, we used the 14-item igroup presence questionnaire (IPQ,
Schubert, Friedmann, and Regenbrecht, 2001), which provides a subscale specifically
on spatial presence. Finally, we administered the Networked Minds instrument
(Harms and Biocca, 2004) discussed in Section 7.1 as a measure of social presence.
These instrumentswere included in aquestionnaire thatwas administered after each
run with a given configuration. In addition, we asked participants’ demographics,
including experience with virtual reality systems and video gaming.

7.3 SYSTEM CONFIGURATIONS
Our baseline system was characterized by including all the core design aspects: an
independent view for the RO, the RO using immersive VR technology to move in and
engage with the on-site location, and a virtual embodiment of the RO rendered in
augmented reality to the OSO. In this study, we investigated how performance,
usability and spatial and social presence are affected when our system is configured
withoneof these aspects completely removedor implemented ina reducedway. That
is, with a dependent view, with a desktop set-up for the RO, and with leaving out the
embodimentof theROthat isnormally shownto theOSO. In the following,wedescribe
the baseline and experimental configurations in more detail.

Baseline: all featuresdefault In the baseline configuration,most features fromthe
systemdescribed inChapter6werepresent in theirdefault implementation. Only the
Annotation Systemwas disabled, limiting the RO feedback to hand gestures and voice.
The RO wore the VR headset, was free to walk around or use the controllers to shift
their viewpoint (as described in Section 6.2.3), and the RO’s head position and hands
were visualized as holograms at the OSO.
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Dependent view The dependent view configuration removed the ability for the
RO to independently walk around, by fixing the RO’s viewpoint to the viewpoint
of the OSO, similar to the JackIn Head setup (Kasahara and Rekimoto, 2015) and to
the configurations used in the studies of Gao et al. (2016) and Amores, Benavides,
and Maes (2015). This introduced a mismatch between the RO’s movements and
the movements that were perceived in VR, as the latter were now copied from
the movements of the OSO instead of the RO. This mismatch between perceived
and actual movement is known to introduce nausea (Groen and Bos, 2008). We
addressed thisbyaskingparticipants tokeepheadmovements toaminimum(as they
would not affect the view of the RO anyway), and secondly by filteringmovements of
the OSOwith a low-pass filter before copying them to the RO.

Desktop set-up The desktop set-up replaced the immersive VR set-up with a con-
ventional 2D monitor, keyboard and mouse, similar to the set-up used by Tait and
Billinghurst (2015). Instead of navigating by physically walking, the RO had to use
the same mouse and keyboard controls that are often found in first-person shooter
video-games; the arrow keys were used to translate the view to a different position
and the mouse was used to rotate the view.

ROs could still use their hands for pointing or gesturing; the leapmotion hand sensor
that is otherwise attached to the front of the VR headset was now positioned at the
keyboard, so the hands were detected when the RO held them up in front of the
screen.

No embodiment: remove the RO’s embodiment The no embodiment configura-
tion disabled the holographic representation of the RO (visor and hands) for theOSO
as well as for the RO, thus removing any visual representation of the RO from both
views.

7.4 HYPOTHESES
We hypothesized that for dependent view, desktop set-up, and removed embod-
iment configurations the performance would be negatively affected compared to
the baseline. ROs with an independent view were expected to spend less effort on
adjusting their view which would decrease the total time spent on the task. With
a desktop set-up configuration, the lack of certain spatial cues would make it more
difficult for the RO to support the OSO, especially in tasks that required the ability
to recognize three-dimensional features of objects, or required the RO to have an
overview of a relatively large area. We expected the virtual embodiment to support
the RO when giving explanations by increasing the number of channels that could
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be used for communication. This would decrease the amount of time required for
communication, thus increasing the effectiveness.

For similar reasons, we expected usability to be negatively affected in the respective
conditions. Specifically for the RO when using the dependent view and using a
desktop set-up, and for the OSO when the embodiment of the RO was removed. For
the spatial presence measure, we expected that both a dependent view and using a
desktop set-up would reduce the RO’s feeling of being at the on-site location.

For the co-presencemeasure,wemainly looked at theRO, expecting decreased scores
with the dependent view and desktop set-up configurations as well as when the
embodiment was disabled. For the OSO, we expected lower scores with the RO’s
embodiment disabled.

For the perceived message understanding, we looked both at the RO and OSO,
hypothesizing that this measure would be negatively affected in all experimental
conditions.

7.5 PROCEDURE
Before the experiment started, the system was set up to use the configuration fol-
lowing a counterbalancing table for the experimental conditions. Once both partic-
ipants arrived, they were randomly assigned the RO and OSO roles. After a basic
introduction to the procedure, they were asked to read and fill in the consent form.
The experimenter then explainedhow the systemworked to the participants, first RO
thenOSO, each in their respective rooms. The connectionwas tested and elements of
the system were demonstrated – depending on the condition. After the participants
finished the task, theywere helped to take off their HMDs and asked to fill in the post-
experiment questionnaire. Participants did not switch roles between the two runs.
The procedure was then repeated (minus the introduction) with the other system
configuration.

The system froze once on six different experiment runs due to technical issues. In
these cases, the experimentwas either restarted, or continued from the samepoint in
the experiment at which the system froze, depending on how far the run had already
progressed.

7.5.1 DATA PROCESSING
Task completion timewascomputed throughanautomaticparsingof the experiment
log files. For the six cases where an experiment session was interrupted by a crash of
the software, completion time wasmanually determined using the video recordings.
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For the user-experience measures, we looked at the difference between the paired
scores from the two runs by the same pair of participants. Score differences were
considered outliers if they fell outside 1.5 times the interquartile range above the
upper and lower quartiles and were removed from the analysis.

7.5.2 PARTICIPANTS
For each of the three sub-experiments, 10 pairs of participants were recruited using
messages on socialmedia and convenience sampling. Participantswere asked to sign
up, preferably in pairs, using an online form. Participants who signed up alone were
paired with another participant who signed up alone. Of the sixty participants, 29
were female. Mean participant age was 25.9 years (SD=9.0, MAX=57). Eight pairs
were male-male, seven female-female and fifteen were male-female.

7.6 RESULTS
In Table 7.1 we present the descriptives of performance, usability and social presence
measures for the RO and OSO. For those differences that we formulated hypotheses
for, the test statistics are reported. These results are discussed in Section 7.7.

Removing view independence by locking the RO’s view to the OSO’s did significantly
increase the time it took participants to complete the task and decrease the usability,
spatial presence, and the feeling of co-presence for the RO. The perceived message
understanding for either the RO and OSO did not significantly decrease.

Changing the immersive VR set-up with a desktop screen, mouse and keyboard set-
up (but keeping the hand gesture system) significantly increased the time it took
participants to complete the task, and decreased the reported usability and spatial
presence for the RO, and the perceivedmessage understanding for both the OSO and
RO as expected. It did not decrease how co-present the ROs reported they felt with
the OSO.

Removing the virtual embodiment of the RO did not significantly increase the time
it took participants to complete the task, the reported usability for the OSO or the
perceived message understanding. For perceived co-presence, only ROs reported a
lower sense of co-presence.

7.7 DISCUSSION
Three design features of our mixed reality telepresence system were tested to under-
stand how they affected the performance and experience of the users in a collabo-
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Table 7.1. Per sub-study on the three design aspects, we report the descriptives on
the two conditions. Reported n smaller than 10 indicates outliers removed
according to the procedure described in Section 7.5. One-tailed paired-
sample t-test statistics are reported. In one case, the Shapiro-Wilk test
revealed that the assumption of normality was violated. Here we report
statistics of a paired-samplesWilcoxon test.

View Independence Immersiveness of theDis-
play

Virtual Embodiment

Measure Baseline
(Independent

View)

Dependent
View

Baseline
(immersive VR

set-up)

Desktop
set-up

Baseline
(Embodiment)

No
Embodiment

Task Duration M=301.040,
SD=74.400,

n=10

M=348.644,
SD=66.133, n=10

M=298.029,
SD=81.956, n=9

M=358.348,
SD=119.836, n=9

M=331.437,
SD=93.044,

n=10

M=301.716,
SD=103.732,

n=10
t(9) = -2.614, p = 0.014 t(8) = -2.105, p = 0.034 t(9) = 1.229, p = 0.875

Usability (RO,α = 0.855) M=77.778,
SD=10.266, n=9

M=66.944,
SD=14.185, n=9

M=77.250,
SD=15.831, n=10

M=59.000,
SD=17.288, n=10

M=70.500,
SD=11.714, n=10

M=73.250,
SD=13.126, n=10

t(8) = 3.506, p = 0.004 t(9) = 3.222, p = 0.005 –

Usability (OSO,α =
0.775)

M=77.000,
SD=8.803, n=10

M=74.500,
SD=10.055, n=10

M=77.250,
SD=7.017, n=10

M=73.500,
SD=15.193, n=10

M=79.444,
SD=8.640, n=9

M=77.500,
SD=7.289, n=9

– – t(8) = 1.306, p = 0.114

Spatial Presence (RO,α =
0.852)

M=6.233,
SD=0.610, n=10

M=5.150,
SD=1.101, n=10

M=5.633,
SD=1.165, n=10

M=4.017,
SD=1.738, n=10

M=5.963,
SD=0.558, n=9

M=5.444,
SD=0.612, n=9

t(9) = 4.079, p = 0.001 t(9) = 2.735, p = 0.012 –

Co-Presence (RO,α =
0.819)

M=4.407,
SD=0.501, n=9

M=4.111,
SD=0.577, n=9

M=4.367,
SD=0.520, n=10

M=4.150,
SD=0.506, n=10

M=4.350,
SD=0.412, n=10

M=3.883,
SD=0.798, n=10

t(8) = 3.411, p = 0.005 t(9) = 1.361, p = 0.103 V = 28, p = 0.022

Co-Presence (OSO,α =
0.902)

M=4.483,
SD=0.512, n=10

M=4.217,
SD=0.369, n=10

M=4.283,
SD=0.681, n=10

M=4.100,
SD=0.851, n=10

M=4.167,
SD=0.624, n=10

M=4.050,
SD=0.478, n=10

– – t(9) = 0.606, p = 0.280

Perc. Msg.
Understanding (RO,α =
0.86)

M=4.100,
SD=0.425, n=10

M=4.050,
SD=0.324, n=10

M=3.833,
SD=0.692, n=9

M=3.278,
SD=0.607, n=9

M=4.067,
SD=0.459, n=10

M=4.200,
SD=0.414, n=10

t(9) = 0.340, p = 0.371 t(8) = 3.780, p = 0.003 t(9) = -1.350, p = 0.895

Perc. Msg.
Understanding (OSO,α
= 0.785)

M=4.000,
SD=0.493, n=9

M=3.889,
SD=0.464, n=9

M=4.250,
SD=0.517, n=10

M=3.733,
SD=0.903, n=10

M=4.017,
SD=0.319, n=10

M=4.133,
SD=0.205, n=10

t(8) = 1.512, p = 0.085 t(9) = 1.935, p = 0.042 t(9) = -1.000, p = 0.828

rative context. Each feature was tested in a study in which the participants had to
collaborate once in the system configured with all features implemented and once
configured with the feature in question left out.

7.7.1 VIEW INDEPENDENCE
Our findings on how removing view independence affects the experience are in line
with those of Tait and Billinghurst (2015), who showed the positive effects of view
independence on the quality of the collaboration using a desktop interface. ROs
could solve the task faster, and found the system more usable when their view was
independent of the view of the OSO. ROs did report feeling less present when view
independence was removed. Interestingly, this was not directly reflected in all social
presence constructs. While ROs did report feeling more co-present with the OSO,
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they did not report significantly differently on how (well) they perceived messages
from the other, and how they thought their own messages were perceived by the
others.

7.7.2 IMMERSIVE VR SET-UP
Our results support most hypotheses on how using an immersive VR setup versus a
desktop screen, keyboard andmouse setup for the ROwould affect the performance,
usability and (social) presence constructs of users. First and foremost, ROs indeed
reported significantly lower spatial presence scores when not using the immersive
VR setup.

From observations during the sessions we could see that many ROs had trouble
navigating through the virtual representation of the on-site location in the condition
using the 2D desktop interface. Those participants often tried to give instructions
to the OSO from a perspective that made it difficult to see important parts of the
task, for example by parts being obscured by other parts or just being far away. We
observed for example some ROs trying to give instructions about how to navigate
through the maze while already being positioned at the end of the maze, with the
OSO still standing at the beginning. These observations are also supported by the
perceived message understanding measure, which was reported to be significantly
lower by both the RO and OSOwhen using the desktop set-up.

Correlating the performance of participants using the desktop interface with their
responses in the video game experience item in the post-experiment questionnaire
provides some explanation. Those with more game experience had faster task-
completion times (M=283s, SD=54s, n=5) than those that played rarely to never
(M=433s, SD=130s, n=5). This shows that, at least for the task-completion measure,
theperformancewasaffectednotonlyby thediminishingof the immersivenessof the
experience, but also by how comfortable users were with the other input modalities.

Observations of the ROs in this condition also seem to suggest thatmoving around a
lot improves performance. ROs that were relatively quick to complete the tasks often
seemed to move around a lot, especially in the maze task. We hypothesize this to be
a technique that is used to compensate for the lack of stereoscopic depth perception
when using a 2Dmonitor; by moving around a part of the scene, the motion parallax
can create an impression of the relative depth when other cues are absent (Rogers
and Graham, 1979). The lack of stereoscopic depth perception can also be a reason
for the hand gesture system to remain unused relatively often. It looked as if people
had trouble understanding exactly how far away their handswere from their position
in the virtual representation.
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7.7.3 VIRTUAL EMBODIMENT
Removing the virtual embodiment of the RO did not significantly increase the time it
took participants to complete the task or decrease the reported usability for the OSO
or the perceived message understanding. For the perceived co-presence measure,
only ROs reported a lower sense of co-presence.

These results are surprising, since we anticipated the visible embodiment of to be
an advantage. One observation made during the experiments was that the RO often
navigated theOSO through themaze by only using their voicewhile the ability to use
hand gestures was available. Some participants did not seem to realize they could
use them until the last task, while others tried to use them for navigation but did not
persist and fell back to verbal commands after it did not work for them as expected.
Perhaps this resulted in a ceiling effect especially for social presence.

A technical reason couldbe theHoloLens’ limitedfield of view, leading to theOSOnot
being able to see the RO’s hands, especially when they were held close to the OSO’s
head. The RO would sometimes ask whether the OSO could see their hands and fall
back to voice if not. This could be addressed by giving the RO more information on
what the OSO can see – similar to how viewpoints are shared between hosts and
guests in G. Lee et al. (2017), the shared virtual frustums in CoVAR (Piumsomboon,
Dey, et al., 2017) or enhanced referencing support (Oda and Feiner, 2012). Another
approach to solving this issue is the use of scaled down avatars, such as Mini-Me
(Piumsomboon, Lee, et al., 2018).

In fact, Piumsomboon, Lee, et al.’s recent work addresses this issue specifically. In
their approach, when the RO is not in view of the OSO, a smallerMini-Me representa-
tion of the RO is rendered in the OSO’s view instead, keeping gaze and pointing cues
of the RO consistentwith the local space of theOSO (Piumsomboon, Lee, et al., 2018).

Curiously, while the OSOs did not report a difference in their feeling of co-presence
with the RO when the RO’s embodiment was removed, the ROs did report feeling
significantly less co-present with the OSO in that case. One explanation could be
that, although the OSOs did not report any perceived difference, they still behaved
differently towards the RO when a virtual embodiment was available, which made
the RO feel more co-present with the OSO.

7.7.4 LIMITATIONS
One limitation of this work is the difficulty in building three implementations that
isolated the different design aspects fairly. For example, the desktop condition not
only removed the immersive display, but also came with different input modalities,
as discussed above.
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Some sub-tasks emphasized guidance through space, while another focusing on
object identification. While total time still gives a valid measure of performance, it
also averagedout potential interaction effects. Itwouldhavebeen interesting to see if
certain design aspects interact with the type of sub-task. Wewere unable to perform
this analysis as there was not a clear division between the second and third task –
if the wrong puzzle piece was selected for the third part, users had to return to the
second part to recover.

7.8 CONCLUSIONS
In the previous chapter, we presented our toolkit for mixed reality remote collabo-
ration systems. OpenIMPRESS works with off-the-shelf hardware, and all software
is publicly available under an open-source license. Our evaluation presented in this
chapter served to evaluate some choices made when designing the user experience
for a default configuration.

The results show how using an immersive VR display as opposed to a conventional
desktop setup affects the experience for users in various ways, both in terms of
performance, usability and (social) presence related metrics when used in a collab-
orative task with our system. Similarly, making use of free navigation in the virtual
representation of a remote scene did increase presence, usability and performance
significantly.

This confirms to some extent the design choices made for our toolkit, which were
in great part made based on the existing literature on mixed reality remote collabo-
ration systems, and indicate some comparative insights between them, as also our
experimental conditions were informed by others’ work.

However,wecouldnot support all thehypotheseson the social presencemeasures. In
fact, especially the results on theVirtual Embodiment sub-experiment are surprising,
and leave some answers that we will try to address in more detail in Chapter 9.
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8
REMOTE REANIMATION USING OPENIMPRESS

Imagine a world where wearable augmented reality glasses or contact lenses are
part of most peoples daily lives, just like smartphones are today. These devices
can render a virtual overlay over your surroundings. The first thing you might be
imagining now is a dystopian world, dominated by cluttered, animated messaging
and advertisements, competing for peoples attention. Perhaps you’re thinking of
the episode Nosedive1 from the popular Black Mirror series, depicting a future society
where eye implants are used to render an augmented reality social rating system. In
this chapter, we take amore optimistic view of the applications that may be possible
in a world where wearable augmented reality displays are a pervasive reality.

1“BlackMirror” Nosedive (TV Episode 2016) https://www.imdb.com/title/tt5497778/

https://www.imdb.com/title/tt5497778/
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The user study discussed in this chapter2, evaluates a system that would allow
wearers of future AR technology to call in a virtually embodied dispatcher for support
in emergency situations, specifically when responding to a cardiac arrest. This is,
again, an asymmetric scenario, where a local novice is supported by a remote expert
in order to solve a problem in the novice’s physical environment.

While the user study in the previous chapter focussed on different implementations
of the design as the independent variable, with an artificially constructed scenario
as a task, the study presented in this chapter sets out to investigate whether a real-
world problem can benefit from a technology intervention. Accordingly, the baseline
condition in this study reflects the state of the art for emergency dispatch systems: a
telephone dispatcher. There are twomain questionswewant to address in this study.
First, does the “performance” of the first responder improve? Do users learn to ad-
minister CPR quicker, and with fewer errors? Second, since emergency situations are
stressful, can the presence of a virtual dispatcher improve the subjective experience
of the task?

8.1 CARDIAC ARREST & FIRST RESPONSE
When imagining an emergency situation with an unconscious victim, one might
immediately think of the potential need for cardiopulmonary resuscitation (CPR),
meaning themassage of the heartmuscle through chest compression and ventilation
of the lungs. In cases of cardiac arrests, starting CPR immediately can double to
quadruple survival chances (Holmberg, Holmberg, Herlitz, Gårdelöv, et al., 1998;
Valenzuela et al., 1997; Waalewijn, Tijssen, and Koster, 2001). Besides factors such as
age of the victim, location of the emergency, and the time of arrival of an ambulance,
the quality and in particular the immediacy of CPR performed by the first responder
can contribute to the survival chances (Abella et al., 2005; Holmberg, Holmberg, and
Herlitz, 2001; Stiell et al., 2012). If determined necessary, emergency dispatchers will
advise thefirst responder to startCPR immediately. In caseswhere thefirst responder
is unsure of how to perform CPR, the dispatcher will instruct them as quickly as
possible. However, the ability of the dispatcher to understand the situation and give
appropriate support to this end is limited to what can be communicated over the
phone.

2Based on our paper: J. Kolkmeier, E. Harmsen, et al. (2018). “With a little help from a holographic
friend: The OpenIMPRESS mixed reality telepresence toolkit for remote collaboration systems”. In:
Proceedings of the 24th ACM Symposium on Virtual Reality Software and Technology, pages 1–11; and on the
supervised thesis: S. Giesselink (2018). “TeachmeCPRnow! Augmented learning for one-shot teaching
of cardiopulmonary resuscitation in out-of-hospital cardiac arrest”. Master’s thesis. University of
Twente
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In the study described in this chapter, we investigate an envisioned scenario where
wearable augmented reality glasses are pervasive technology. A first responder in
an emergency situation could allow the dispatcher access to their AR glasses. The
dispatcher gains access to the environment, as mapped by the AR glasses, and
themselves becomes virtually present at the scene. We hypothesize that such a
system, given it being technologically reliable, could be used to improve the quality
of CPR significantly. One potential advantage is the ability for the dispatcher to
give richer instructions on the process of CPR through the multimodal interface and
having visual access to the on-site location. Another potential advantage is the richer
social interaction between the dispatcher and first responder: being embodied at the
remote location, dispatchersmay be able to provide better emotional support, as the
system mediates an increased feeling of the remote expert’s social presence to the
first responders in such a stressful situation.

8.2 THE TELEPRESENCE CPR SUPPORT SYSTEM
Using the OpenIMPRESS toolkit, we built the envisaged remote support system that
allows dispatchers to be virtually present at an emergency site where a bystander
needs to reanimate a cardiac arrest victim. We call itARC, for AugmentedReality CPR.
It was built with the goal in mind to evaluate it in a lab-study setting, where CPR is
performed on a sensor equipped CPR doll (see Figure 8.1a).

ARC has a similar topology to the apparatus discussed in the study in Chapter 7.
Here, the dispatcher is taking the role of the Remote Operator (RO), being fully
immersed in a virtual environment that represents the environment of the bystander.
The dispatcher has access to the annotation system discussed in Section 6.2.4, with
additional annotation content added that can be used as visual aids specific for CPR.
One aid is an audiovisual metronome that moves up and down and makes a sound
at the correct compression rate. The other aids are video animations that show the
different tasks required toperformCPR (seeFigure8.2). We further envisioned that in
the future, through video analysis of the scene, or with the help of the accelerometer
data from the AR display, extracting the compression frequency from themovements
should be possible, andwould be helpful information for the dispatcher. To simulate
this in our prototype, we visualize the frequency and depth of the compression using
the doll’s force sensor and place it near the virtual representation of the bystander’s
head in the dispatcher’s VR view. The dispatcher can use this information to gain
quick insight into the performance of the bystander and determine suitable feedback.

The bystander’s system is the same that was used by the On-Site Operator (OSO)
in the previous study. Thus, a bystander wears a Microsoft HoloLens to render the
telepresent dispatcher into the emergency scene. Any visual aids that the dispatcher
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(a) (b)

Figure 8.1. Left: View of the bystander (OSO), showing the hands of the telepresent
dispatcher (RO). Right: View of the RO showing the 3D virtual environ-
ment and application elements. The 3D spatial map of the HoloLens
visible as the lowresolutionbluemesh. Thehigher resolutionpoint cloud
from the Kinect shows the bystander, CPR doll, floor and wall.

places into their virtual environment are also visible in augmented reality at the
corresponding position at the emergency location. Voice communication is enabled
using the verbal communication system (see Section 6.2.6).

Figure 8.2. Augmented instruction videos with arrows: left; chin lift, middle; chest
compressions and right; rescue breaths. As visible to the bystander using
a HoloLens.

8.3 RESEARCH DESIGN
We conducted an experiment where participants were asked to perform CPR under
the instruction of a remote emergency dispatcher. The experiment featured a be-
tween subject design with two conditions - the control condition Phone-CPR, where
participants communicated with the dispatcher through an audio-only connection,
and the AR-CPR experimental condition, where the dispatcher was virtually present
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using the ARC system described above to support the participant in the same way.
The dispatcher role was always performed by the same experimenter, adhering to
a strict protocol described in Section 8.3.3, based on a training the experimenter
received from a professional dispatcher. The study did not take place in the wild, but
in a lab setting with the aforementioned sensor-equipped CPR doll.

8.3.1 MEASURES
We collected data both on the quality of the CPR administered using the sensors in
the doll, and subjective measures regarding the experience during the task and the
perceived social relationship with the dispatcher. For the CPR quality, deviations
from the optimal frequency and optimal compression depth were computed using
the force sensor. The main performance-related measures were derived from the
force sensor in the CPR doll, namely the frequency of compressions and compression
depth. These measures were applied over multiple segments of the experiment,
potentially revealing different rates of improvement.

Our primary focus in the context of this thesis however is in the subjective measures.
Here, we used a similar set of measures to the one used in Chapter 7, including the
Networked Minds instrument (Harms and Biocca, 2004). The usability instrument
was deemed less meaningful for the Phone-CPR condition, as it does not include
any interaction with technology besides setting the phone to use the loudspeaker.
Instead, we elected to administer the perceived task load using the Raw-TLX in-
strument (Hart, 2006), which we expected to better capture potential effects of the
increased physical andmental demands of the task due to the increase in equipment
weight and added visual modalities in the experimental condition.

Not discussed in the present work are annotations that were done based on the
video recordings regarding, for example, correct handplacements for amore in-depth
analysis of the quality of the administeredCPR. This data andaccompanging analysis
and can be found in the thesis of Giesselink (2018).

8.3.2 SETUP
Theparticipant andexperimenterwere located in twoseparate rooms (seeFigure8.3).
The overall technical setupwas the sameas the one introduced inChapter 6 andused
in Chapter 7. The bystander room corresponds to the On-Site Environment. This is
where theparticipantwas located, togetherwith theCPRdoll and twoKinect cameras
that captured the scene. Additionally, a regular RGB camerawas placed for recording
purposes. Additional material for the participants were the HoloLens AR headset
worn in the AR condition, or a smartphone for the phone condition.
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The dispatcher room corresponds to the Remote Operator Environment, where the
experimenter was located, acting as the emergency dispatcher. The rooms were
separatedbyawall, not allowingdirect communication. In theAR-CPR condition, the
dispatcher used the VR setup as described in Section 8.2. In the Phone-CPR condition,
only headphone andmicrophone were used, without the VR setup.

The setup for theAR-CPR includes using the visual aids shown to the bystander in AR,
including the dispatchers embodiment for hand placement, the visual metronome
to indicate optimal compression frequency, and the video instructions for the chin
lift. Additionally In Phone-CPR, the only additional modality besides the voice of the
dispatcher is an audiblemetronome for the optimal compression frequency. Next,we
will describe the procedure for the experiment including the protocol for dispatcher
and how these aids were employed.

Figure 8.3. Experiment setup. Left; bystander room. Right; dispatcher room.

8.3.3 PROCEDURE
Participants signed a consent form and were then led into the bystander room where
the CPR doll was located. They were then given the phone or AR-headset depending
on the condition. The experimenter initiated the connection with the participant
fromthedispatcher roomby callingon thephoneorAR-headset. Thedispatcher then
gave a summary of the task, that is, that the participant would be guided through
how to administer CPR to the doll as if it was an unconscious person, and that
this would include compressions of the chest. To avoid tracking issues with the AR-
headset, participants in both conditionswere instructed not to administer the rescue
breaths bymouth-to-mouth contact, but bymerely blowing onto the doll’s face from
a distance.

The experiment started after this introduction, from here on following a protocol for
the interactionbetweendispatcher andbystander inspiredby thedispatcherprotocol
used in Dutch emergency call centers. This includes some basic information so that
the dispatcher can send help, and to make sure that the bystander is safe (Where
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are you?, Are your surroundings safe?), followed by some checks on the victim (Can
you talk to the victim?, Can you see if the victim is still breathing). The instructions for
administering CPR follow, such as asking the bystander to kneel by the victim. The
threemain tasks are explained. First toperform the chin lift, which is needed to ensure
the victim’s airway is not occluded by their tongue. This is followed by instructions
for the hand placement for the chest compressions. After 30 compressions, the
bystander is told to administer two rescue breaths, before continuing with the chest
compressions again.

In the AR condition, instructions for the chin lift were givenwith a virtual instruction
video placed next to the victim’s head in AR. Hand placement was guided using the
virtual hands of the dispatcher. In the phone condition, both chin lift and hand
placement were explained through verbal instructions (“Put two fingers under the chin
and lift the chin up [...]”, “Place the heel of one hand in the center of the chest”). In both the
ARandPhone conditions, count and speedof the compressionswasmonitoredby the
dispatcher and bystander counting together, along an audiblemetronome. In the AR
condition, the visual metronome was placed if the bystander deviated too far from
the optimal rate, which was monitored in real-time by the dispatcher using the CPR
doll sensors. No VR functionality was used by the dispatcher in the phone condition.
This procedure of 30:2 compressions and breaths was repeated eight times. Once
completed, the participant was asked to stop, and was lead to the dispatcher room
to fill out the post-experiment questionnaire.

8.3.4 HYPOTHESES
For the quality of the administered CPR we expected an overall improvement in the
AR-CPR condition, given the various AR aids shown to the participants in that condi-
tion, and theaccess that thedispatcherhad to thedoll sensordata. This isparticularly
beneficial for giving feedback on the compression depth. For compression frequency
however, the audiblemetronomemay be expected to act as a high floor for the phone
condition.

While these comparisons on the task performance may seem to obviously favor the
AR-CPR condition, there was also a concern that the complexity of the technology
may actually counteract these benefits. The HoloLens headset has a limited field
of view, and it’s almost 600g in weight may also negatively affect the experience
given the physical nature of the task. The aforementioned Raw-TLX instrument for
measuring task loadmay reveal if that is the case. While the perceived task loadmay
remain similarly high, we expected the overall mental demand to decrease.

Again, our main focus in this chapter however is less on the performance measure
or usability, but rather on the effects our ARC intervention had on the subjective
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experienceof the task,whencompared to thevoice-only condition. Althoughsomeof
the differences we hypothesized for the On-Site Operator experience in the previous
studies did not materialize, we consider the differences between conditions in this
experiment to be larger. In particular, we expect perceived co-presence to be rated
higher in the AR condition due to the complete absence of an embodiment in the
phone condition. We expect this to manifest in a significant difference in the co-
presence subscale. Given theuseof other communicationelements and theability for
thedispatcher togivemore specific feedbackon thebystander’s performance,wealso
expect the communication-related measures of the Networked Minds instrument,
such as perceived message understanding and behavioral interdependence, to score
significantly higher in the experimental condition.

8.3.5 PARTICIPANTS
Using convenience sampling, n=60 participants were recruited. The mean age was
23.5 years (SD=5.7). Gender was almost balanced, with 13 females in each condition.
The only selection criteria was that participants had not had any formal course
or training on administering CPR in the past two years. One participant however
indicated in a control question in the post-experiment questionnaire that they had
recently participated in a CPR training. Due to a technical error, sensor data wasn’t
recorded for another participant. Both of these participants happened to be assigned
to the AR-CPR condition.

8.3.6 DATA PROCESSING
We post-processed the data from the force sensor to extract compression rate and
depth deviations. After peak detection, windows for the eight sets were detected
by looking at groups of consecutive compressions without pauses longer than three
seconds. Since participants did not always perform exactly 30 compressions per
set, we used a tolerance of ±5 compressions. For the statistical analysis of the
performance measures, we excluded data of participants where we were unable to
detect the full eight sets of compression. After these exclusions, we are left with n =
23 participants in the phone condition and n = 25 in the AR condition.

8.4 RESULTS
The two performance measures, deviation from ideal compression depth and ideal
compression frequency, are visualized in Figure 8.4. Shown are the deviations of
the average compression rate and depth per compression set from the ideal ranges,
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namely 100-120 cpm and 5-6 cm respectively. For the subjective measures, in Fig-
ure 8.6 we visualize the scores on the subscales of the NASA-TLX and Networked
Minds social presence instruments.
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(a)Deviation from range of optimal compression frequency of 100-120 compressions per minute (cpm).
Negative data points mean that the average rate during a set was slower than the optimum rate.
Positives mean too fast.
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(b)Deviation from range of optimal compression depth of 5-6 cm. Each datapoint is the average depth
of compression. Negative data points mean that the average depth during a set was too shallow.
Positives mean to deep.

Figure 8.4. Deviations from optimum compression rate (a) and depth (b) over the
eight compression sets (n = 28 in AR, n = 30 in phone).
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Performance Measures For statistical analysis of the performance measures, we
fitted two linear mixed models using the restricted maximum likelihood (REML),
one to predict deviation of compression depth, and one to predict deviation of
compression rate, from the independent variables condition and set, with condition
being either phone or AR, and set being the eight repeated sets of CPR. The models
included participant id (pid) as random effect (formula: ~ 1 | pid). Before fitting
themodels, we recoded deviation to use the absolute difference from the ideal ranges
(i.e. too fast and too slow receive the same value).

0

5

10

15

2 4 6 8
Set

R
at

e 
D

ev
ia

tio
n

phone

ar

(a) Predicted values of rate deviation

0.0

0.2

0.4

0.6

0.8

2 4 6 8
Set

D
ep

th
 D

ev
ia

tio
n

(b) Predicted values of depth deviation

Figure 8.5. Predicted values of the models of average deviation over eight compres-
sion sets for a) compression rate b) compression depth

For deviation of compression rate (formula: DepthDeviation ~ condition *
set), the model’s total explanatory power is substantial (conditional R2 = 0.67) and
thepart related to thefixedeffects alone (marginal R2) is of 0.11. Themodel’s intercept
is at 10.94 cpm (95%CI [8.87, 13.02], t(378) = 10.36, p <.001). For deviation of compres-
sion depth (formula: RateDeviation ~ condition * set), the model’s total
explanatory power is substantial (conditional R2 = 0.52) and the part related to the
fixed effects alone (marginal R2) is of 0.04. The model’s intercept is at 0.51 cm (95%
CI [0.36, 0.67], t(378) = 6.37, p < .001).

The effect of set on the deviation of compression rate is statistically significant and
negative (β = -1.07, 95% CI [-1.28, -0.86], t(378) = -10.01, p <.001; Std. β = -0.30,
95% CI [-0.35, -0.24]), meaning that particpants on average reduced the deviation
of compression rate from the optimal range over time. The effect of condition was
statistically non-significant (β = -1.93, 95% CI [-4.86, 1.01], t(378) = -1.29, p = 0.198;
Std. β = -0.23, 95% CI [-0.55, 0.08]). There were also no significant interaction effects
between condition and set. Visualizing the model’s predicted values of rate deviation
(see Figure 8.5a) indeed shows that the error reduces over time, independent of the
condition. The slope offset shows a trend to slightly favor theAR condition, but again
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there was no significant main effect here.

For compression depth, the model predictions look somewhat different. As with
deviation of compression rate, we see a significant negative effect of set on deviation
of compression depth (β = -0.03, 95% CI [-0.05, -6.61e-03], t(378) = -2.64, p = 0.009;
Std. β = -0.09, 95% CI [-0.16, -0.02]), meaning participants reduced their deviation
from the optimal range of compression depth over time. And again, there is no effect
of condition (β = -0.01, 95% CI [-0.24, 0.21], t(378) = -0.10, p = 0.920; Std. β = -0.23,
95%CI [-0.53, 0.07]). However, herewedo observe a statistically significant, negative
interaction effect of set and condition (β = -0.03, 95% CI [-0.06, -2.71e-03], t(378) =
-2.16, p = 0.031; Std. β = -0.11, 95% CI [-0.21, -9.90e-03]). Comparing the model’s
predictions by condition, the rate of improvement over time is estimated to almost
constant (.005 cm per set, SE = .014) in the phone condition, but more pronounced
for the AR condition (.05 cm per set, SE=.014). Again, these trends are visualized in
the model’s predicted depth deviation values shown Figure 8.5b.

Subjective Measures As for the two instruments measuring the subjective expe-
rience, we performed independent t-tests on the subscale scores of the NASA-TLX
and Networked Minds instrument. On the NASA-TLX instrument, there were no
significant differences. On the NetworkedMinds instrument, there was a significant
difference on Attentional Allocation (t(58)=2.66, p=0.01) when comparing scores
between conditions. In the AR condition, participants rated AA higher (M=4.36,
SD=0.54) than participants in the phone condition (M=3.99, SD=0.53). There were
no other subscales where scores were significantly different between conditions.

8.5 DISCUSSION
We evaluated ARC, our prototype for a telepresent emergency dispatcher that sup-
ports first responders with administering CPR in a lab setting. The ARC system
allowed the dispatcher to be virtually present and see the bystander. ARC also
allowed the dispatcher to make use of visual aids to support giving instructions and
feedback. It was evaluated against the current state of the art, namely dispatcher
support over a phone-based support.

In thewild, the immediate and correct administration of CPR can significantly reduce
damage and increase survival rates. In our evaluation, we looked at performance
measures that reflect two quality aspects of the administered CPR: optimal rate and
depth of compressions. We have also looked at potential differences in subjective
experience for the bystander, specifically task load and perceived social presence of
the dispatcher.
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(a) Responses to the 6 items in the NASA-TLX instrument. Higher scores mean more required effort,
physical demand, etc.
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(b) Average scores computed for each of the six constructs of the Networkedminds instrument.

Figure 8.6. Responses to TLX (a) and Networked Minds (b) instruments by condi-
tion (n = 30 for both AR and phone.)

Difference in performance Themain significant difference on performance mea-
sureswas the difference in the change of deviation of compression depth throughout
the several compression sets. As visible in Figure 8.4b, participants typically deviated
on the side of too shallow compressions. Using the AR system, the dispatcher was
able to reduce this deviation over time, while the deviation remained stagnant when
using the phone system. For compression rate, participants typically erred on being
too slow (see Figure 8.4a). However, we did not find a significant difference in
CPR rate between the condition, nor in interaction with the progression over time.
Looking at the trends, it seems that there is some rate of improvement that is similar
across the conditions, although the slope for the AR condition is slightly offset in its
favor.

These results largely fit our hypothesis, as we expected the audible metronome, the
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tool that helps to keep the right pace in the state of the art of phone assistance, to
act as a high floor for compression rate, leaving little room for additional improve-
ments through the feedback of the dispatcher or through the visual metronome. For
compression depth however, we anticipated an improvement given the added ability
for the AR dispatcher to give feedback when depth deviation was large. This is not
possible in the state of the art, which explainswhy improvement is difficult over time.

Difference in perceived task load We hypothesized that having the dispatcher
virtually presentwith access to visual aids for giving feedback and instructionswould
result in decreased task load, specifically in terms of mental demand. The results
did not show any significant difference. Looking at the trends however, the median
scores (see Figure 8.6a) are higher in the AR condition than in the phone condition
in all but the performance subscale. However, the largest difference between the
condition’smedian scores remains in the perceived requiredmental demand, in favor
of the AR condition. While this is promising, it should be noted that no significant
difference does not allow us to conclude the inverse, that the AR system is not
perceived to be significantly worse than the less involved state-of-the-art approach,
whichwasanalternativehypothesisweconsidered inSection8.3.4, given someof the
downsides of the prototype setup in the experimental condition, such as the weight
of the headset.

Difference in social presence We expected that the AR condition would out-
perform the phone condition significantly on the co-presence subscale and on the
communication related aspects, such as perceived message understanding. Given
the substantially different interfaces, it is especially surprising that there was no
effect on co-presence. In the previous study, where this difference also did not
materialize, we suspected that a floor effect of the voice modality was responsible.
This may also be the case here, as again, the main common modality that was used
for communication during the experiment was voice in both conditions. Looking at
the mean values of the co-presence score, they are indeed close towards the upper
end of the scale for both conditions.

Instead, we found a significant increase in attentional allocation in the experimental
condition. The attentional allocation is informed by questions regarding the focus
participants received from and gave to the dispatcher. We haven’t formulated a
hypothesis regarding this measure. A possible post-hoc explanation could be that
even though the AR technology did not strongly mediated co-presence, it still made
the communication with the remote dispatcher more salient. This also raises the
question whether the AR embodiment visible to the participants was sufficiently
attributed to being part of the dispatcher’s embodiment, or rather being perceived
as one of the other visual aids of the system, such as the visual metronome.
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Limitations & Future Work There are a number of limitations to this study.
First of all, having one of the experimenters act as the dispatcher is not an ideal
methodology. Given the high interactivity required in this context, it would be
worthwhile to find an experiment design where a trained confederate acting as the
dispatcher can remain blind to the experimental condition. What is more, for a
true evaluation of the system, the user experience of the dispatcher needs to be
included in the research as well. Another methodological concern is the sensitivity
of the social presence instrument, as the floor for several subscales is already quite
high by merely interacting via phone. We also had to exclude several participants
from the performance analysis due to difficulties with detecting the exact sets and
compressions from the sensor data. It is possible that the excluded data is biased
towards being data of poor performance, however since slightly more data from
the phone condition had been excluded, this potential bias is not favouring our
hypothesis.

Even given some of the high social presence scores of the AR prototype in absolute
terms, thereare still improvements tobemade if onegoal of the system is tomaximize
perceived co-presence with the dispatcher. These are the technical limitations al-
ready encountered in the previous study, such as the limited field of view, but also the
way in which the dispatcher embodiment is displayed in general. The dispatcher’s
hands for example are mostly salient towards the beginning of a session, when
instructions for hand-placement are given.

Additionally, to address the concern raised in the discussion above regarding the
attribution of the embodiment and virtual aids, we recommend in future to improve
the design of the OpenIMPRESS embodiment appearance towards a full and con-
nected body representation. It may be worthwhile to include control questions post-
experiment to measure to what extent different elements, such as the embodiment
or visual aids, are attributed to being part of the Remote Operator, being part of the
system, or lacking ownership.

Finally, there is one implicit research question in the motivation for this work that
we were unable to answer with the present evaluation. That is, how might im-
provements on perceived aspects of social presence - if achieved by an improved
prototype - affect both the subjective experience in a real emergency situation, that
is, by reducing negative emotions such as anxiety, and then indirectly also affect the
quality of the CPR positively. Also, is this something where we find a similar high
floor effect based on what the voice of a trained, empathetic dispatcher can achieve,
or can the virtual presence of the dispatcher provide additional improvements?
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8.6 CONCLUSION
Wehaveevaluatedourprototype for a telepresentdispatcher in emergency situations
using Augmented Reality technology. Our expert dispatcher taught participants how
to administer CPR to a doll through either a phone or through our prototype, in both
cases following a standardized protocol for emergency dispatchers. Our hypotheses
on improved quality of the administered CPR and increases on certain measures of
perceived task load and social presence of the remote dispatcher when using the AR
prototype could only partially be supported by the results.

We found some measurable improvements on the rate at which the quality of CPR
improved throughout sessions in terms of the optimal compression depth, but no
main effect of our experimental condition on this or the other measure, namely
deviations from optimal compression rate. In terms of perceived task load, we could
not find significant improvementswhen using the AR prototype, although the trends
are promising. For the social presence measures, it seems that the system did not
mediate co-presence of the dispatcher more. Instead, an unexpected increase of the
perceivedattention received fromandgiven to thedispatcher fromthebystanderwas
found.

Ourmain vision for such a system in a future where AR technology is more pervasive
and wearable on a day-to-day basis is that it not only can improve the quality of
the administeredCPR throughmultimodal instructions from telepresent dispatchers.
In addition, we imagine that the system may allow dispatchers to reduce negative
emotions of the bystanders, such as anxiety or stress, by mediating the dispatcher’s
social presence to them. Ultimately thus, such a system could both improve the
survival rates of the victims and improve the subjective experience of the bystander.
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9
THIRD ORDER SOCIAL PRESENCE

In the previous two chapters we have employedmixed reality technology tomediate
social interactions remotely. Besides performance measures, we have also looked
at how users perceive the social presence of their remote interaction partners, de-
pending on the communication medium - that is, different interface configurations
in Chapter 7, or mediation through phone versus the AR prototype in the previous
chapter. Wehave applied ameasure of social presence to examinehow themediating
technology affects the perceived level of co-presence and mental representation of
interaction partners in the social interaction tasks that participants engaged in. This
measure is an important indicator of how well our technology functions to mediate
social interaction, and where it may be limiting or distorting.
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For both studies, these tasks featured asymmetric roles for the interaction partners,
where the personworking on site (theOn-SiteOperator, orOSO)would dealwith the
task at hand, for example throughmanipulation of puzzle pieces or by administering
CPR to a doll, while the remote person (the RemoteOperator, or RO)would assist the
OSOwith expertise or knowledge only available to them. The OpenIMPRESS system
that was used for both studies foresees different interfaces for its users to suit the
different roles based on the access that the two users need to each other and to their
respective environments. TheOSOneeds to interactwith their physical environment,
and thus uses an AR headset. The RO accesses that remote location through a VR
setup, as their own physical environment is irrelevant for the interaction.

Given these differences in users’ roles and interface, it was perhaps not surprising
that individual social presence scores were affected differently by changes in theme-
diation technology. However, as wewill discuss in the remainder of this chapter, the
way in which Harms and Biocca’s social presence instrument is typically employed,
a third dimension is averaged away: The intersubjective level, a higher order concept
andmeasure of symmetry in social presence embedded in the instrument by design.

On the intersubjective level of social presence, we consider the level at which per-
ceived social presence is mutual between interactants, or whether interactants feel
that presence might be skewed in some way to favor themselves or their partner.
This level seems particularly relevant to highly asymmetric scenarios of mediated
interaction, like the ones we have examined.

In the following, wewill first revisit the design of Harms and Biocca’s social presence
instrument, in particular the three dimensions of social presence, including the
intersubjective level. Wewill also provide a brief survey of some of previousworks that
have employed the instrument and also applied these symmetry measures in their
analysis. Finally,we conduct anddiscuss an exploratorypost-hoc analysis of thedata
collected in the two previous studies that takes the symmetrymeasures into account.

9.1 THE INTERSUBJECTIVE LEVEL OF SOCIAL PRESENCE
The development and validation of the NetworkedMindsmeasure of social presence
can be traced through a number of publications, mainly by the authors Harms and
Biocca (Biocca, Burgoon, et al., 2001; Biocca and Harms, 2002, 2003; Biocca, Harms,
and Burgoon, 2003; Biocca, Harms, and Gregg, 2001; Harms and Biocca, 2004).
Biocca and Harms conceptualize social presence in a model with three levels. Level
1 is the perception of spatial co-presence with others. Level 2 is the subjective
level, concerned with how interactants perceive access to each other’s bodies and
minds, the psycho-behavioral accessability (Biocca and Harms, 2002). Levels 1 and
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2 are captured by the six constructs of co-presence (Level 1), attentional allocation,
perceived message understanding, emotional understanding, behavioral interdependence
and emotional interdependence (Level 2) in the updated and validated version of the in-
strument (Harms and Biocca, 2004). We have previously discussed these constructs
in Section 7.1.

The third level of social presence is the intersubjective level, which is meant to capture
the extent of how “one individual perceives the social presence to be mutual”, and “inter-
subjectively the degree towhich a pair of interactants share this sense of social presence among
each other” (Biocca andHarms, 2002). To capture this level in their instrument, Harms
and Biocca thus formulate each item in their instrument as a pair of reciprocal items.
An example of such a pair is My partner’s thoughts were clear to me and My thoughts
were clear to my partner. The first evaluates one’s own internal sense of the other’s
social presence, and the second evaluates howoneperceives the other’s sense of their
presence. Each of the six subscales have three pairs of reciprocal items associated
with them in theupdated andvalidated versionof the instrument (Harms andBiocca,
2004).

It should be noted that the way one finds the Networked Minds instrument applied
typically is by computing the six subscale scores as averages, without further dis-
crimination of the reciprocal items. In fact, when looking at the 19 papers from the
recent literature survey on the role of social presence in AR and VR interventions for
cooperative tasks (Osmers et al., 2021), even though twelve of these papers used a
version of Harms and Biocca’s instrument, none performed a symmetry analysis or
an analysis that treats the reciprocal item pairs differently – this includes our own
work that we reported on in the previous two Chapters.

However, if one is explicitly interested in the dynamics between different users of
the same system, amore in-depth analysis can be performed, where these reciprocal
items for each construct are grouped, and the symmetry of these pairs within and
across paired users are computed. Harms and Biocca describe two symmetries as
measures of the intersubjective level of social presence.

Within-interactant Symmetry The within-interactant symmetry reflects how an
individual user perceives their interactionpartner’s andownpresence comparatively.
It can be computed as the correlation between their own responses to the reciprocal
items, that is, A’s responses to My partner’s (B) thoughts were clear to me (A) and My
thoughts (A) were clear to my partner (B).

But how does (lack of) within-interactant symmetry shape the interaction between
users? BioccaandHarmsstate that it is “important from the individual’s own construction
of the interaction as it guides the successive interaction.” (Biocca and Harms, 2002). They
illustrate it with the challenge of communicating sarcasm when using text-based
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communication. If a user expects that a text message may not be clearly received as
being sarcastic due to the limitations of the textual medium, theymight feel inclined
to append a winking emoticon as a way of compensating for the lack of the speech
modality, where the speakers tone of voice is used to mediate the sarcastic meaning
of the message.

Cross-interactantSymmetry Cross-interactant symmetry reflectshowsimilarlyusers
perceive another user’s social presence. To give an example from a dyadic interaction
between users A and B, this would be the correlation between A’s response to My
parter’s (B) thoughts were clear to me (A) and B’s response toMy thoughts (B) were clear
to my partner (A).

According to Biocca and Harms, cross-interactant symmetry is an important feature
of social presence as it requires, “framed from a theory of mind perspective[, ] a level
of access to another’s emotional state and intentions. It is by decoding the content of the
interaction, as it exists in the context of the other individual’s affective state, that a level of
connection or understanding [...] is reached” (Biocca and Harms, 2002).

High cross-interactant symmetry means that users perceive that they can accurately
model each other’s access to the other. To continue with the example above, a user
may adapt their communication based on their own perception of the other user’s
ability to perceive, that is, by inserting a smiley in a sarcastic message. High cross-
interactant symmetrymeans that indeed, the other usermight have not been able to
perceive the sarcasm otherwise, and thus appreciates the inclusion of the smiley.

According to Biocca and Harms’ guide (Biocca and Harms, 2003), these two scores
are computed from the correlation between a user’s ratings of their own and the
other’s experience (for within-interactant symmetry), and the correlations between
theperceptionsof the experienceattributed to individual usersbyall users (including
that user themselves, for cross-interactant symmetry). Unfortunately there is no
more detailed description for the exact computations andmethods for analysis in an
experimental context.

We performed a non-exhaustive literature search for examples of symmetry analyses
using the Networked Minds instrument. We searched for all papers referencing one
of the three common references used for the instrument (Biocca and Harms, 2003;
Biocca, Harms, and Burgoon, 2003; Harms and Biocca, 2004) in combination with
the term symmetry. After scanning abstracts andmethodologies, only three papers re-
mained that performeda symmetry analysis on the social presencemeasures in some
capacity: one from the field of social robotics, where pilots of a telepresence robot
reported high within-interactant symmetry, meaning that they perceived remote
interaction partners to share their state of social presence (Kristoffersson, Eklundh,
and Loutfi, 2013) - unfortunately, further details of how this analysis was carried out
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areunderreported in this publication. Next, in their studyondyadicmeditation inVR,
Järvelä et al. find increased social presencewhenusing enabling interventions suchas
shared breathing and biofeedbackmechanisms in the VR environment (Järvelä et al.,
2021). They additionally computed cross-interactant symmetry scores – by comput-
ing the absolute difference and subtracting it from the scalemaximumvalue –which
were not affected by the experimental conditions. Finally, in their study on the effect
of a hologram-based communication system on social presence when compared to
video-based systems, Mazgaj et al. conduct a symmetry analysis by computing the
correlationwithinparticipants reciprocal itempairs, andfindasignificant correlation
for these scores on the co-presence measure in the hologram condition, that is not
there for the video condition (Mazgaj et al., 2021).

Finally, it’s worth mentioning that there are also studies that look at the two di-
rections of perceived presence separately, but not relating them to each other in a
symmetry analysis. These papers would likely not show up in our literature search
unless they happen to also include the term symmetry or happen to cite the version of
Biocca and Harms’s guide that explicitly discusses this analysis (Biocca and Harms,
2003). An example of this is the study of Kontogiorgos et al., 2020. Here, the effects of
social robot embodiment onusers’ perceptionof the robotwhen failure occurs during
the interaction are investigated. The social presence constructs are split andanalyzed
by their direction (own and other’s perceived experience), but a symmetry analysis is
not performed.

To summarize, it was surprising to only find so few examples of third order social
presence analysis using the Networked Minds instrument. What’s more, the exact
methods used vary somewhat, or are underreported. In particular, methods using
absolute differences between scores, such as the one used by Järvelä et al. (2021)
loose the information of the direction of the asymmetry, that is, which of the users
perceived the other’s presence more. This is important information especially when
users have different roles in the interaction, or use different interfaces than the other.
In the remainder of this chapter, we will re-examine the data from our studies in
Chapters 7 and 8, to look at how social presence was perceived intersubjectively for
the task performed with the OpenIMPRESS system.

9.2 EXPLORATIVE ANALYSIS
We will first look at intersubjective social presence across both studies. In this anal-
ysis we focus on the within-interactant symmetrymeasure as it can be computed from
individual participant responses. Cross-interactant symmetrywould require responses
from all users, so it cannot be computed for the CPR study in Chapter 8, where
the social presence instrument was not administered to the RO. Our approach is to
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first visualize the symmetry measure for each of the six lower-order social presence
measures to identify potential patterns, separately for the two studies, participant
roles and experimental condition. In the CPR study in Chapter 8, the experimental
condition was to either use voice-only phone communication with the dispatcher,
or to use the experimental system that would enable a virtual embodiment for the
remote dispatcher in augmented reality.

To keep the comparisons across the two studies as fair as possible, we only select the
data from the puzzle study (Chapter 7) that are most analogous to the conditions in
the CPR study, that is, theNoEmbodiment configuration as analogue to the phone con-
dition, and the Baseline configuration as an analogue to the AR-CPR condition. Since
they were part of different experiments with different methodologies, we decided
to describe these in the following as the different experiences, rather than conditions.
Wehave theWithEmbodiment (formerlyBaseline andAR) and theWithoutEmbodiment
(formerlyNoEmbodiment and Phone) experiences. See Table 9.1 for an overview of the
samples.

experiment experience role n
CPR WithoutEmbodiment OSO 30
CPR WithEmbodiment OSO 30
PUZ WithoutEmbodiment OSO 10
PUZ WithoutEmbodiment RO 10
PUZ WithEmbodiment OSO 30
PUZ WithEmbodiment RO 30

Table 9.1. Data samples included in the analysis. All data from the CPR study, and
the analogous experiences from the Puzzle Study.

9.2.1 COMPUTING A SYMMETRY SCORE
To compute the within-interactant, or subjective symmetry, we first need to annotate
the pairs of reciprocal items per subscale of the Networked Minds instrument. Each
item is either has a target, either self or other. Items coded with self relate to one’s
own perception of the other, while other items ask the participant to think about the
other’s perception of them. For example, I noticed my partner is coded as self, andMy
partner noticed me is coded as other. Each construct of the instrument features exactly
three pairs of reciprocal items. For the full version of the instrument, including the
annotated target as used in the remainder of this analysis, see Table 9.2. This table
also features the common shortcuts (aa, pei, etc.) used in the following. For a detailed
description of the different subscales of this instrument, refer to Section 7.1.
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subscale Q Question Invert Target

co-presence
(co)

Q1 I noticed [MY PARTNER] 0 self
Q2 [MY PARTNER] noticedme 0 other
Q3 [MY PARTNER]’s presence was obvious to me 0 self
Q4 My presence was obvious to [MY PARTNER] 0 other
Q5 [MY PARTNER] caught my attention 0 self
Q6 I caught [MY PARTNER]’s attention 0 other

attentional
allocation
(aa)

Q7 I was easily distracted from [MY PARTNER] when other things were
going on

1 self

Q8 [MY PARTNER] was easily distracted frommewhen other things were
going on

1 other

Q9 I remained focused on [MY PARTNER] throughout our interaction 0 self
Q10 [MY PARTNER] remained focused onme throughout our interaction 0 other
Q11 [MY PARTNER] did not receive my full attention 1 self
Q12 I did not receive [MY PARTNER]’s full attention 1 other

perceived
mutual
understanding
(pmu)

Q13 My thoughts were clear to [MY PARTNER] 0 other
Q14 [MY PARTNER]’s thoughts were clear to me 0 self
Q15 It was easy to understand [MY PARTNER] 0 self
Q16 [MY PARTNER] found it easy to understandme 0 other
Q17 Understanding [MY PARTNER] was difficult 1 self
Q18 [MY PARTNER] had difficulty understandingme 1 other

perceived
affective
understanding
(pau)

Q19 I could tell how [MY PARTNER] felt 0 self
Q20 [MY PARTNER] could tell how I felt 0 other
Q21 [MY PARTNER]’s emotions were not clear to me 1 self
Q22 My emotions were not clear to [MY PARTNER] 1 other
Q23 I could describe [MY PARTNER]’s feelings accurately 0 self
Q24 [MY PARTNER] could describe my feelings accurately 0 other

perceived
emotional
interdepend.
(pei)

Q25 I was sometimes influenced by [MY PARTNER]’s moods 0 self
Q26 [MY PARTNER] was sometimes influenced bymymoods 0 other
Q27 [MY PARTNER]’s feelings influenced the mood of our interaction 0 self
Q28 My feelings influenced the mood of our interaction 0 other
Q29 [MY PARTNER]’s attitudes influenced how I felt 0 self
Q30 My attitudes influenced how [MY PARTNER] felt 0 other

perceived
behavioral
interdepend.
(pbi)

Q31 My behaviorwas often in direct response to [MY PARTNER]’s behavior 0 self
Q32 The behavior of [MY PARTNER] was often in direct response to my

behavior
0 other

Q33 I reciprocated [MY PARTNER]’s actions 0 self
Q34 [MY PARTNER] reciprocatedmy actions 0 other
Q35 [MY PARTNER]’s behavior was closely tied to my behavior 0 other
Q36 My behavior was closely tied to [MY PARTNER]’s behavior 0 self

Table 9.2. Items from the Networked Mind instrument (Harms and Biocca, 2004)
with the Target annotated.

The symmetry score for a participant is the average score of self items in a subscale
minus the average score of other, normalized by the scale range. If a participant scores
all self items 5 and all other items 1, the maximum positive asymmetry score of 1 will
be obtained. If both are equal, the symmetry score is 0. If other items are favored, the
asymmetry is negative.

To illustrate this with the example of the attentional allocation construct. If the ratio
for this construct is near zero, users perceived that they extend the same amount of
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attention towards their interaction partner, as they feel that their interaction partner
extended attention towards them. When score ratios are positive, participants felt
stronger that they paidmore attention to their interaction partner than they felt that
their interaction partner paid to them (and vice versa for negative score ratios).

It should be noted that the symmetry score is not always equally intuitive to inter-
pret, as some reciprocal item pairs for the social presence constructs use different
semantics. Consider this item pair from the perceived emotional interdependence
(pei) construct:

Q27 “[MY PARTNER]’s feelings influenced the mood of our interaction”

Q28 “My feelings influenced the mood of our interaction”

Here the mood of our interaction is not clearly differentiated if the other’s perception
of the self, or the own perception of the other is being rated. Following the pattern
of the other item pairs in that construct, we can label Q27 as the self, and Q28 as the
other item. However, it remains helpful to relate back to the exact semantics of the
questions that load a construct, and to the exact coding of the reciprocal pairs, when
interpreting the direction of a symmetry score.

9.2.2 SYMMETRY ACROSS STUDY, EXPERIENCE AND ROLE
The resultingdistributionofwithin-interactant symmetry scoresacross studies (puzzle
and CPR study) and role (OSO and RO, RO only for puzzle study) are shown in
Figure 9.1. Note that for the puzzle studydata, the datasets are not balanced across the
experiences, as every participant in the study experienced the Baseline configuration,
while only a third of the participants were assigned to the NoEmbodiment condition.
We use box plots to get an impression in which directions the symmetry skews
(i.e. asymmetric), or whether it is centered around the 0-value (i.e. symmetric).
This visualization gives a first impression of an overall ‘signature’ of the within-
interactant symmetry by social presence construct, across the different tasks that
participants did in the respective study.

A first interesting observation in the data in Figure 9.1 is that CPR data, symmetry
scoresare skewedaway fromzeromore than in thepuzzledata. Apossible explanation
could be the different natures of the tasks and the status assigned to the different
roles between the studies. In the CPR task, the RO was the experimenter and was
instructing the participant. In the puzzle task on the other hand, the roles in the task
were much more equal in terms of status due to the collaborative nature, with the
main difference being in the access of information and access to the physical space
between the collaborators.
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Figure 9.1. Within-interactant symmetry as difference between the average of recip-
rocal item pairs per social presence construct. Data from the CPR and
Puzzle (PUZ) experiments, split by the role (OSO or RO) of the participant
and whether they engaged in the experience with the RO virtually
embodied (WithEmbodiment) or invisible (WithoutEmbodiment). See
Table 9.2 for a key of the short hands used for the construct names.

What’s more, the symmetry skew directions (if any) in both CPR and puzzle data
are quite similar between theWithEmbodiment andWithoutEmbodiment experiences,
suggesting that the task and relationship between interactants may bias the sym-
metry scores more than the technology used. There are, however, examples where
the overall symmetry skew direction is similar, but the magnitude of the median
noticeably differ between experience. One prominent example of this is the perceived
symmetry of co-presence (co) for the RO in the puzzle task, where the asymmetry
seems to be rated as more pronounced by participants in the WithoutEmbodiment
experience.

For the CPR data, there are two similar examples, on the attentional allocation
(aa) and perceived affective understanding (pau) constructs. Overall, these skew
in favor of the other, that is to say, participants rated items like “[MY PARTNER]
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remained focused on me throughout our interaction” and “[MY PARTNER] could
describe my feelings accurately” higher than their reciprocal item pairs (“I remained
focused on [MY PARTNER] throughout our interaction” and “I could describe [MY
PARTNER]’s feelings accurately”). Notably however, this skew is more pronounced
in theWithoutEmbodiment experience. We might expect the overall symmetry skew
to be more symmetric in situations where a novice needs to follow the instructions
of the remote expert, as both need to pay attention to each other in turns: The novice
pays attentionwhen they observe how the experts demonstrates the execution of the
task, and the expert pays attention to the novice while they attempt to perform the
task.

For a task like performing CPR however, once the two actions are explained at the
beginning, the interaction between novice and expert changes, where the novice
focuses on repeating the task first and foremost, and the expert monitoring the
performance, giving feedback only when necessary. While this explains the overall
skew direction on the aa and pau constructs, it doesn’t quite explain why this skew
moderated towards more symmetry when the virtual embodiment was added. One
hypothesis could be that the mediation technology afforded more access of the OSO
to the RO, as the RO was not just voice-only, but was also visible and addressable
through their virtual embodiment rendered in theOSO’s AR display. Wewill address
this hypothesis in more detail in the discussion in Section 9.3.

For the CPR data, overall symmetry scores across the social presence constructs do
not all skew in the same direction: While the aa and pau construct favor the other
items, perceived behavioral interdependence (pbi) and perceived emotional interde-
pendence (pei) favor the self items. This apparent contradiction is best explained by
formulating the symmetry directions in a more descriptive way: While participants
feel that the instructor paid more attention to them (aa), and that the instructor
had a better understanding of their emotions (pau) than the other way around, they
felt that their mood and behavior were more affected by the instructor, than the
instructor’s mood and behavior were affected by theirs (pei and pbi). Overall, these
asymmetries arenot surprising to arise in remote expert, local novice interactions,when
the export observes and steers the behavior of the novice.

In the puzzle data, the distributions of most subscales are centered closer around
the zero-value, indicating an overall high perceived symmetry between the RO and
OSO. For the puzzle data we can also already look at how skew directions compare
between interactants, as a first indication of cross-interactant symmetry. Again, the
co construct stands out, as it not only skews away from the zero mark for both RO
and OSO, but also in opposite directions. To explain this more descriptively for the
co-presence construct: OSOs rated questions like “The RO noticed me” higher than “I
noticed the RO”, while ROs rated questions like “I noticed the OSO” higher than “The
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OSO noticed me”. So there seems to be agreement on this asymmetry, both perceive
that the RO ismore co-present with the OSO than the OSO is co-present with the RO.

A final observation on the puzzle data is that most subscales slightly favor the self
account, which perhaps reflects some tendency to more confidently describe one’s
own inner state rather than to describe the inner state of the other participant.

This visualization showedsome interesting tendencies, especially since it allowsus to
contrast these within-interactant symmetry scores between different styles of tasks
engaged in with similar technology. In the next step, we want to take a closer look at
cross-interactant symmetry.

9.2.3 PERCEIVED CO-PRESENCE SYMMETRIES
For cross-interactant symmetry, we are limited to the data from the puzzle study,
where we have responses from both participants, the Remote Operator and On-Site
Operator. Wewill focus only on themeasure that stood out themost in Figure 9.1 for
the puzzle study data, the co-presencemeasure.

First however, we want to develop an intuition on how to visualize and interpret
both within- and cross-interactant (a)symmetries. In Figure 9.2, we propose a
visualization of a dyads’ responses to the respective reciprocal item pairs for a given
subscale of the Networked Minds instrument. For the within-interactant symmetry
score computed in Section 9.2.1, we took the ratio between the self and other items
of the item pairs. Here, instead, we plot the mean values of the self and other items
and represent the ratio as a slope by connecting these data points. This results in
two slopes for each social presence measure in the instrument, one representing the
within-interactant symmetry for participant A, and one for participant B. The dotted
lines in Figure 9.2a visualize the symmetry axes for the cross-interactant symmetry.
Sorting the data points on the x-axis by target (i.e. self or other instead of by A and
B) causes a third symmetry axis to appear between the panels for A and B, which
represent the cross-interactant symmetry. If thewithin-interactant symmetry slopes
are mirrored between these panels (such as in Figure 9.2a and Figure 9.2c), there is
also mutual cross-interactant symmetry. In other words, both A and B’s perceptions
agree with each other completely. In Figure 9.2b, there is no cross-interactant
symmetry, as there is no agreement on their reciprocal item scores. Visualizing the
data this way allows us to identify both within-interactant symmetry by looking at
the steepness and direction of the slopes, as well as the level of cross-interactant
symmetry by checking whether the slope angles are mirrored across the symmetry
axis between the panels. In contrast to the previous visualization, we can still see
differences in absolute score levels (see Figure 9.2c). There are also examples where
there cross-interactant symmetry is not mutual, such as in Figure 9.2d.
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(b)within-interactant asymmetry and cross-
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(c) Subjective and cross-interactant symmetry.
Both feel that they have similarly levels of
access to each other.
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(d)within-interactant symmetry perceived by A,
but asymmetry perceived by B, so cross-
interactant asymmetry.

Figure 9.2. Example patterns of within- and cross-interactant symmetries. Levels
of TARGET represent the average score of the subscale items split by
their reciprocal target, that is, the evaluated own sense of social presence
vs their perception of their partner’s (other) sense of social presence.
Semantics of the examples in the sub-captions use the wording access to
X as a shorthand stand-in for some social presence constructs, such as
perceived affective understanding

Based on the tendencies in the exploratory analysis above, we will focus on the
symmetry of co-presence construct scores. So besides role and embodiment condition
used in the original analysis of the puzzle experiment, we introduce the third variable
target, describing whether a user evaluates their perceived social presence (self ), or
how they perceive the other’s sense of social presence. In Figure 9.3, we visualize the
data in using the same layout as in the examples shown in Figure 9.2.

We can see that the pattern resembles our example in Figure 9.2cwhen looking at the
WithEmbodiment data, showing bothwithin- and cross-interactant symmetry. When
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looking at the WithoutEmbodiment data, we see that within-interactant symmetry
decreases for both, but much more so for the RO, resuling in a pattern somewhere
between examples a) and c) in Figure 9.2.

OSO RO

other self other self

1

2

3

4

5

target

sc
or

e

experience

WithoutEmbodiment

WithEmbodiment

Figure 9.3. Mean co-presence score in the puzzle data per role, with separate lines
for the two types of experience (WithEmbodiment andWithoutEmbod-
iment). Error bars show the standard deviation.

9.3 DISCUSSION
In our original analyses in Chapters 7 and 8, a singlemeasure per social presence con-
struct was used for statistical analysis: the average scores over all items associated
with that subscale,which is theway inwhich this instrument is commonly employed.
In this chapter, we have explored within- and cross-interactant symmetry, two
additional dimensions that are implicitly included in Biocca andHarms’s instrument
for social presence.

Our visualizations of the within-interactant symmetries revealed that for some sub-
scales, participants did rate their own sense of social presence differently than they
rated the other’s sense of social presence. The extent of this difference also differed
between the twostudieswehaveanalyzed, suggesting thatperceivedsymmetry in so-
cial presence is not only informed by the technology used tomediate the interaction,
but also by the context of the task and the role of the interlocutor. TheOSOperceived
biases towards the RemoteOperator in theCPR study beingmore aware of the OSO’s
presence than vice versa may be explained by the nature of instructing the task
of CPR. The main interaction between RO and OSO on transferring the knowledge
was comparatively brief, as once the OSO starts performing CPR themselves, they
are focussed on that task for several iterations, with the RO giving feedback on the
performance. On the other hand, the task performed by the team of RO and OSO in
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the puzzle experiment was much more collaborative in nature, with similar status of
between the interactants, which might explain that social presence constructs were
overall perceived to be as more symmetric.

However, there were also some instances where the experience afforded by the me-
diation technology seem to affect the direction and magnitude of the symmetry
scores. For the CPR, the asymmetry magnitude of the aa and pau constructs seem
to shrink when the RO’s presence is being mediated through a virtual embodiment,
as apposed to being voice only. Aswehave already suggested above, thismay be seen
as the technology moderating the aforementioned bias due to the differences in role
between RO and OSO in the CPR task.

We also looked at cross-interactant symmetry, that is, the extent towhich interlocutors’
perceptions of each other’s sense of social presence agree with each other.

In the original analysis of this data (in Chapter 7), we found that the RO reported
significantly lower levels of co-presence when their embodiment at the remote loca-
tionwas removed– evenwithout considering symmetry (i.e. when just averagingout
all items in the co construct). At the same time, there was no difference for the OSO.
Our speculation there was that, although the OSO has not perceived any difference
in presence between the conditions, theOSO still behaveddifferently towards the RO
in a way that was noticed by the RO.

When taking the reciprocal item pairs into account, we see that this lower score
was mainly carried by the subset of items that had the RO report on how they
perceived the OSO’s level of co-presence, while, on average, their own perceived co-
presence seem unchanged, meaning that the cross-interactant symmetry stopped
beingmutual.

It is also worthwhile to try and explain how the differences between the experiences
afforded in the experimental conditions informed this outcome. Recall that the
visibility of the RO’s embodiment in the OSO’s environment was the only design
aspect changed in that experimental conditioncompared to the fully featuredBaseline
setup. The ROwas still able tomove around freely in the remote environment (unlike
in the FixedView condition). The RO’s perception of the OSO thus was not affected
at all. As we already speculated, being invisible to the OSO means that the OSO
wouldneverbe able, for example, to visually address theRO, even if theROpositioned
themselves right in front of the OSO. On the other hand, when the RO is visible
in the OSO’s environment, this is possible. Even if the RO is positioned out of the
limited field of view of the OSO’s AR display, the RO can take action and reposition
themselves in order to be visible to the OSO.

This does still not explain the cross-interactant asymmetry on the co-presence mea-
sure: Whydid this differencedidnotmanifest (as strongly) for theOSO?Onepossible
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explanation could be that the voicemodality acted as a ceiling effect for co-presence,
but at different levels for the RO than for the OSO, due to their different roles in the
encountered tasks. That is, some tasks thatmay be easier to solvewith only the voice
of the RO (causing the ceiling effect for theOSO), butwhere only the voice of theOSO
was not enough (to cause a ceiling effect for the RO).

Speculations like thesemaybe suitable to improve the system in the future - butwhat
are we seeking to improve upon? This is something that we haven’t addressed with
this analysis, but that could be interesting to incorporate in evaluations in the future:
Are there correlations between disagreement (asymmetries) on presence constructs
and performance measures on the collaborative tasks?

There are some limitations to this analysis, such as the low and imbalanced sample
size for the puzzle data. Wehave not formulated rigorous criteria forwhenwequalify
an outcome as symmetric or asymmetric beyond the example patterns. What’s more,
we used two different methods for the symmetry scores for the different analysis,
first by computing ratios per participant for the within-interactant symmetry scores,
second by computing the computation means and presenting the slopes as the
symmetry scores. In the latter we do not lose the absolute distribution of social
presence score levels from the population. We should stress that these are our own
interpretations of how to approach and explain symmetry in social presence, as the
guides for theNetworkedMinds (suchasBiocca andHarms, 2003)donotdefine exact
methods. Alternative methods may be more appropriate, such as correlation scores
per-participant and per-dyad.

9.4 CONCLUSION
Higher order social presence constructs are included in the commonly used Net-
workedMinds instrument for social presence, although rarely considered in research.
Especially for social interactions mediated with technology that give asymmetric
access to interactants, such as our OpenIMPRESS system, social presence symmetry
may be used as a diagnostic tool to explain variances in user experience. However,
besides mediation technology, also task context, such as nature of the task and
relationship between interactants may color how participants perceived symmetry
is rendered.
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A PASSENGER OUTSIDE OF THE VEHICLE

It is easy to relate the OpenIMPRESS system to the science fiction concepts described
in the introduction of this thesis. Telepresence systems have been described with
terms like beaming (i.e. Steed et al., 2012), and at least from the RO point of view,
the point-cloud representation of the remote capture site and of the OSO has certain
similarities with how Holograms are depicted in the Star Wars movies. The work
discussed in the previous hapters also relates to the science-fiction scenario of the
SoIC-TV, described in Section 1.1.

The concept for the Augmented Reality CPR system (ARC) in Chapter 8 was already
situated in its own science-fiction scenario, where head worn AR technology is
a pervasive reality. We described ARC as a future version of the emergency call
system, where the dispatcher can, whenever appropriate, be telepresent with a first
responder, and get access to the scene of the incident.

We could also envision a scenario where a service similar to ARC could play out in
a world of SoIC-TV s. A smart home may detect a medical emergency with one of
its inhabitants, causing it to evaluate the best option for a first response. Besides
calling theambulance, anearbySoIC-TVdriver is calledandconnectedwitha suitable
remote dispatcher as passenger. This could be a trained first responder, or even a
machine that is capable of guiding the driver through the protocol for responding to
the given emergency1.

This scenario extends the SoIC-TV with a new aspect: So far, we envisioned the
passenger to sit inside the figurative vehicle of the driver, giving instructions to the
driver from the inside. Here, instead, the passenger (i.e. the emergency dispatcher)
is stepping out of the vehicle, being virtually embodied in front of the driver, in the
samesharedspace, togivedirectionsand instructions that relate to that environment,
such as the hand placement on the chest of a person receiving CPR. Similarly, the
passenger now has access to the driver from an outside perspective, allowing to better

1We can only hope that the SoIC-TV driver does not need to wear a TV-sized system on their head
when having to apply rescue breaths.
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observe the performance and behavior of the driver in a certain task and adapt their
instructions accordingly.

Ifwe extrapolate the findings in this part of the thesis to the SoIC-TV, it is focussed on
the social interactionbetweendriver andpassengerwhenengaging in the remote expert,
local novice scenarios described in Section 5.1. These typically do not foresee any third
interlocutors as part of the interaction. In the next part, we will look at interaction
scenarios where a third interlocutor is involved. To summarize it briefly in terms of
the SoIC-TV universe: A SoIC-TV driver is tasked to interact with a bystander, while a
virtual passenger dictates the behavior and speech of the driver, unbeknownst to the
bystander.
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11
EMBODIMENT & MIND

In the 1897 play Cyrano de Bergerac by Edmond Rostand, Cyrano, the main character,
tries to woo his cousin Roxane. Cyrano however lacks in confidence due to his looks.
He learns that Roxane fancies his colleague, the handsome but dim-witted Christian.
Christian reciprocates, but requires helpwithwooing Roxane on his own, lacking the
eloquence. The more educated and worldy Cyrano offers to help by writing letters
for Christian, andwhispers the rightwords intoChristian’s ears fromabalconywhile
Christian is on a date with Roxane. Cyrano does the thinking, but Christian has got
the looks. In the play, Roxane doesn’t really figure this out until years later when
Cyrano reads out a letter to her - supposedly from Christian - on his deathbed (he
got hit on the head by a log that fell from a building). Why did Roxane not figure this
out earlier? Taking a philosophical approach, from the experience of being human,
we experience the world from the inside of our body. This experience will lead us to
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conclude that this is the same for otherswecommunicatewith. Webelieve the source
of a thought communicated to us in a conversation is the mind of our conversation
partner, which is somehow located in their body or head. Body and mind seem
inseparable. However, as we have seen in the previous experiments, and as we have
seen in Cyrano’s story, interactions can be mediated – by technology or through
whispering – and the source of a thought may actually be located elsewhere.

In the study reported on in Chapter 3, we used the Wizard of Oz approach to have
a humanoid virtual agent conduct an interview with a participant. Although we
suggested to the participants that this virtual agent was autonomous, the mind of
the agent was, in part, located with the experimenter, who selects the utterances
for the agent to say, and in part located inside the machine that was programmed
to render the virtual character and to implement certain rules, for example for the
gaze behavior.

In the previous chapter we have discussed social interactions in mixed reality, with
other humans rather than with virtual agents. These experiences were strictly de-
signed to create a “place illusion”, that is, for a remote visitor to feel as if theywere co-
present with a local user. Arguably however, the embodiment shown to the person
was a virtual one, reconstructed from the depth sensors on the remote location, thus
part of theplace illusion tomake the social interactionworkwas for the remote visitor
to accept that the rendered body’s original source is coherent with a real, physical
person on the other end, that they are interacting with in real time.

Technology-mediated or -simulated social interactions like the ones described in the
previous chapters of this thesis show how elastic the coupling between a virtual
embodiment and the source that controls it can be, without affecting users’ ability
to sustain social interactions.

One instance where this elasticity may have been overstretched was in the study
on our system for remote assistance on Augmented Reality CPR in Chapter 8. Co-
presence scores reported by the first responders were not significantly higher when
compared to the condition without a virtual embodiment. This lead us to speculate
that themain part of the dispatcher’s virtual representation shown to the dispatcher,
the virtual hands, may not have been (strongly) attributed to the dispatcher, but in-
stead to other parts of the system. Of course there could also be another explanation:
the hands could be neither attributed to the remote dispatcher nor the system, but to
a third, albeit never introduced person.

We would intuitively say that this is an unlikely explanation. One would not expect
some third, unknown agent to be involved without being given some reason. Now,
in this chapter, we are explicitly looking at a scenario where there is such a third,
unknown and never introduced entity, that is the true source of actions perceived
through an embodiment, similar to what is illustrated in Cyrano de Bergerac.
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11.1 A DYSTOPIAN SCENARIO
To give an example of this in a technologymediated interaction context, consider the
SoIC-TV scenario thatwe sketched in the introduction of this Thesis: A physical body,
the driver, offers to embody the mind of the remote person. While, to the bystander,
it may be more or less obvious in the SoIC-TV case (with a TV on the driver’s head),
we can conceive technology that does this in a more subtle way - as we will see, an
earpiece could be enough.

Now, what happens when sources of mind and the embodiment are mixed in social
interactions? What if a virtual agent is controlled half by an algorithm, half acts on
behalf of another human? Our impressions and beliefs of others are being formed
fromfirst impressions, based on the other’s appearance, aswell as on their responses.
While onemight be able to probewhether a virtual human is controlled by amachine
or by another human if one sets out to do so, this might bemore difficult the smarter
machines become and the more realistic virtual or robotic agents start to look and
move.

What about the decisively dystopian case where a human is employed to act and
speak on behalf of a machine? Here, first impressions are on the side of the machine,
as it appears like a human. Howmuch of an effort does themachine need tomake to
keep up the illusion for others that they are interacting with a human instead?

In the remainder of this Chapter1, we will discuss so-called cyranic interfaces that
were used explore these questions. Specifically the apparatus called Echoborg, used
to embody text-only chatbots through humans. This work inspired us to extrapolate
this method to the domain of Embodied Conversational Agents (ECAs). We discuss
similar methodologies from this domain where the true source of an ECA’s actions
are manipulated under deception of a participant for experimental reasons, and we
discuss how the appearance and embodiment impact the perception of actors in
social interactions.

In the next chapter, wewill first present our own system that allows a human to serve
as embodiment for multimodal ECAs. In Chapter 13, we will then present a first user
study conducted with this system, exploring how the same ECA is perceived when
embodied either by a virtual or real human.

1Based on our paper S. Falcone, J. Kolkmeier, et al. (Sept. 2022). “Themultimodal EchoBorg: not as
smart as it looks”. In: Journal on Multimodal User Interfaces 16.3, pages 293–302. ISSN: 1783-8738. DOI:
10.1007/s12193-022-00389-z. URL: https://doi.org/10.1007/s12193-022-00389-z
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11.2 CYRANOIDS & ECHOBORGS
Inspired by Cyrano de Bergerac, infamous social psychologist Milgram explored the
idea of cyranic illusions, when a human - a cyranoid - is used as amere proxy to relay or
shadow speech from another human, the speech source, using a radio ear-piece. Those
talking to the cyranoid, the interactants, would believe that they were interacting
with the human in front of them, while they were truly getting the responses from
the invisible speech source. Milgram was interested in how large the incongruency
between the identity of the speech source and the cyranoid could be,while remaining
undetected by the interactants, speculating that the larger the incongruency, the
sooner interactants would detect that something was off. However, preliminary
experiments showed that interactants are able to explain awayperceived incongruen-
cies. One prominent case that Milgram discussed was that of a child shadowing the
responses of an invisible adult - as an example of two highly incongruent identities -
while interacting with other adults. The adults did not suspect anything, but rather
integrated the incongruency between the appearance of the child and the way it
would talk into a plausible truth by attributing high intelligence andmaturity to the
child (some speculated the child would turn out a prodigy).

In themore recentwork by Corti et al., thismethod is extended to not have cyranoids
shadow the speech of another human, but rather to shadow the speech of chatbots
- which in turn would receive the cyranoid’s conversation partners (i.e. the partici-
pants) transcribed speech as input (Corti and Gillespie, 2015, 2016). This special case
of a cyranoid is called Echoborg. Just like with cyranoids, a person who engages in
interactionwith an Echoborg has no reason to believe theywould be interactingwith
anybody (or anything) except for the person they see in front of them.

In one experiment, Corti and Gillespie had participants engage in 10-minute in-
teractions with different chatbot engines, either using the text-based interface or
(under deception) through the Echoborg, and evaluate their conversation partner
and the interaction afterwards. Results were that while participants described their
conversation partners as mechanical and robotic after using the textual interface, the
same conversation experienced through anEchoborg caused participants to describe
their conversation partners with human characteristics, such as shy, awkward and
autistic (Corti and Gillespie, 2015). Participants’ ratings on how comfortable they
felt during the interaction showed that interactions with the Echoborg was rated
significantly less comfortable thanwith the textual interface for twoof the three types
of chatbot engines.

Corti and Gillespie draw two interesting conclusions from this. For one, the different
groups of adjectives used between the different interfaces (textual/screen-based and
Echoborg) demonstrate how the impressions and judgements of interactionpartners
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is primarily colored by what participants saw in front of them, rather than by what
the content of the interaction was. More technical adjectives were used for the
textual interface, and the Echoborg was described with human-like characteristics
- “Participants who spoke with an echoborg based their personality judgements to what they
saw: a human person sitting directly in front of them. Participants who spoke with a text
interface based their personality judgements to what they saw: a computer screen”(Corti
and Gillespie, 2015). Second, the observation that participants feel less comfortable
with the same conversation through an Echoborg than through the textual interface
further underlines that “face-to-face, in-the-flesh interactions place much higher intersub-
jective demands on the parties to an encounter” (Corti and Gillespie, 2015).

In Milgram’s experiment, participants explained away children’s ability to talk like
adults by assuming the childwas gifted. Here, unfitting anddelayed responses by the
Echoborg are explained away by participants as the person being shy and awkward.
So while these incongruencies still affect the perception, the interesting aspect of
these methods is that judgements by participants are based on what is in front of
them.

Corti proposes to make use of this in research and development of intelligent agents.
The Echoborg methodology could be used as a benchmark condition of embodied
agents, used for understanding how social perception is related to the interface or
form of the embodiment, as well as forward-looking studies where the Echoborgs
take the role of embodied agents for tasks that these agents are not yet equipped for
(such as object manipulation) while following the protocols generated by amachine.

There is one aspect in which Corti’s Echoborgs fall short for them to be useful in
the context of embodied agent research: Echoborgs only shadow speech, not other
modalities. Meanwhile, for embodied agent research, non-verbal behaviors such
as gestures, facial expressions and gaze behaviors receive as much attention as the
speech modality. So an Echoborg system that allows for shadowing additional
modalities could be a valuable contribution, as it would allow formore experimental
control.

In the remainder of this chapter, we will explore the potential role for Echoborgs in
HCI research. First, we will provide more grounding and background on evaluation
methods in HCI research, in particular for embodied conversational agent (ECA)
research, that is, involving virtual or social robots to mediate social interaction. We
will also provide the background on the role of the appearance of agent embodiment
and perception in social interactions with embodied agents and avatars. Then we
will present our prototype apparatus for an advanced Echoborg system, that also
features multimodal behavior shadowing. We will finally report on a first user
study performed with this apparatus, in which we administer instruments from the
aforementioned field of HCI research, to get a first idea on how users perceive our
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Echoborg, and the quality of the interaction with it.

11.3 BACKGROUND
In cyranoid and Echoborg experiments, the role of the target embodiment is to be
deceptive about the true source of its actions. We will first look at the background
from the ECA research domain, where the true source of an ECA’s actions are manip-
ulated under deception of a participant for experimental reasons (Section 11.3.1). In
the case of cyranoids and echoborgs, this deception works as interactants will form
first impressions and expectations based on the appearance of an embodiment. So in
Section 11.3.2, we will look inmore detail at the relationship between the appearance
of an embodiment and the perceivedmind and personality of these embodiments, as
well as their effect on how social interactions are perceived.

11.3.1 DECEPTION METHODS IN ECA RESEARCH
Non-technical evaluation of ECA research contributions may involve users engaging
in an interactionwith the ECA system, often under a deception settingwhere the true
source of some actions is not the system, but rather a human.

A popular method is Wizard-of-Oz (WOZ). If we are interested in the effect of a
certain behavior on the perception of the ECA, the researcher may - typically under
deception of the participant - take over the control of that behavior. For example, in
Ter Maat, Truong, and Heylen (2010), researchers take over the utterance selections -
following a strict experimental protocol - and act out different turn-taking strategies
to investigate how these affect perception of the agent personality-related attributes.

Part of a modern ECA is also the ability to automatically sense certain behaviors in
the user to adapt its own behavior. This may include the automatic recognition of
speech, estimation of the user’s emotional state based on features detected in speech
or facial expressions. Often, the automated sensing capabilities available to perceive
thebehavior of thehumanconversationpartnermaynotbe sufficiently implemented
or reliable. Here researchersmay also act aswizards by not taking over the behaviour
of the agent, but rather replace these sensing capabilities, manually indicating to the
system information of the user’s behavior. In the simplest case, this could simply be
a single button to indicate to the ECA system when the participant starts and stops
speaking such as described in Reidsma, Kok, et al. (2011).

More advanced versions of the WoZ allow for new possibilities in terms of the
research design. The Switching Wizard-of-Oz method (SWOZ, Poppe, Maat, and
Heylen, 2012)hasparticipants interactwithanECA,while in thebackgroundawizard,
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observing the behavior of another conversation partner or confederate controls the
behavior of the ECA such that it reflects the behavior of the conversation partner
or confederate. What’s more, the SWOZ method can be used, on the fly, to switch
between system generated behavior and wizarded behavior without the participant
noticing. For evaluation purposes, participants can be instructed to indicate when
thebehavior of theECA seemsoff. In Poppe,Maat, andHeylen (2012) for example, the
confederate was instructed to simply listen to the participant as if they were sitting
in front of them. Then, the wizard would observe whenever the confederate would
exhibit a backchannel (nods), and in turn would trigger a backchannel animation on
the ECA.

As we can see, with the WoZ approach the focus is on evaluating or at least com-
plementing certain behaviors when presented on an ECA. As illustrated in the intro-
duction, the Echoborg method allows us to replace the embodiment of the virtual
agent with an actual human, keeping the backend of the ECA the same. In the next
subsectionwediscuss inmoredetail the relationshipbetween the shapeandmedium
of an embodiment and how it affects how it and interaction with it is perceived.

11.3.2 AGENCY BELIEFS & IMPRESSION FORMING
When engaging in social interaction with others, humans quickly form impressions
on theothers’ skills (AmbadyandRosenthal, 1993), personality andattitudes towards
others (Argyle, 1988; Campbell and Rushton, 1978; Levesque and Kenny, 1993).
These impressions can be formed very quickly based on a few seconds observing
the other’s non-verbal behavior such as facial expressions and gestures (Ambady
and Rosenthal, 1993), but also based on static attributes such as clothes worn in
photographs (Naumann et al., 2009).

Effects of virtual agent behavior onperception of agent personality and interpersonal
attitudes have been investigated in perceptual studies; such as effects of properties
of gestures (Neff, Toothman, et al., 2011; Smith and Neff, 2017) with language (Neff,
Wang, et al., 2010) on personalty, posture (Normoyle et al., 2013) on emotion, as
well as studies focussing on impression forming during first encounters with virtual
characters (Cafaro, Vilhjálmsson, Bickmore, Heylen, Jóhannsdóttir, et al., 2012).

Not just appearance, but also shape and medium affect how humans perceive their
interaction partners. For example, in Bailenson, Yee, et al. (2006), dyads engaged in
technology mediated interactions at various levels of behavioural and form realism2,
that affected the level of perceived co-presence but also affected the level of self-
disclosure.

2voice only, video conference, and simple virtual polygon-avatars
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The conditions in Bailenson, Yee, et al. (2006) only include virtual and mediated
interactions. An interesting question in our context however is whether there is any
measurable effect on the agent being physically embodied or not. In a more recent
survey, Li discusses works that investigate how the experience of interacting with
phyically copresent social robots, telepresence robots and virtual agents (Li, 2015),
concluding that “robots weremore persuasive and perceivedmore positivelywhen physically
present in a user’s environment than when digitally-displayed on a screen either as a video
feed of the same robot or as a virtual character analog”.

A growing body of work that investigates how social (game) experiences are affected
by beliefs about the agency of other players, and whether they are physically co-
present consistently finds that the mere belief that another player is human (pos-
itively) affects various aspects of the experience, both in self-report (Gajadhar, De
Kort, and IJsselsteijn, 2008; Lim and Reeves, 2010; Weibel et al., 2008) (i.e. increased
presence and enjoyment) and physiological measures (Kätsyri et al., 2013; Lim and
Reeves, 2010; Ravaja, 2009). For example, Kätsyri et al. (2013) found that in a
first-person video game, the outcome of the game causes reward-areas of the brain
to respond differently, depending on the belief about whether the opponent was
controlled by a human or by a computer.

While these last works may be describing unconscious effects, others have looked
at how visible interaction outcomes, i.e. how agents are treated, as benchmarks or
measures for agent behavior. Melo and Gratch propose to benchmark agents based
onwhether people, “in a specific social situation, [...] act with the virtual agent in the
samemanner as they would with a real human” (Melo and Gratch, 2015), something
that requires agents to be perceived as featuring higher levels of mind (ability to act
and plan) and experience (ability to feel emotion). The authors raise that prior beliefs
about humans’ and virtual agents’ levels of mind and experiencewill differ. Humans
are treated more favorably in most contexts by default, while virtual agents need to
make an extra effort of displaying behavioral strategies to actively demonstrate these
capabilities to sway the users’ perception, and treat the agent as if they were human.

While Melo and Gratch do not consider the special case of human-embodied ma-
chines in their work, another experiment by Corti and Gillespie evaluated Echoborgs
according to a benchmark in the same spirit. They looked at how users treat and
interact with the agent, rather than relying on self-report of agent perception. Specif-
ically, they measured the amount of repair behaviors initiated by participants during
conversations. These are conversational turns where the speaker indicates some
need for clarification, that is, in references to a trouble source in the previous utterance
by another speaker. Such repair activities are important to establish and maintain
common ground (Clark and Brennan, 1991). This was measured under the condi-
tions of the chatbot interacting through the text interface, or when embodied by an
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Echoborg. As an additional factor, they varied whether participants were informed
about the respective condition, that is, whether they knew that the Echoborg was
only talking on behalf of the chatbot. Again, the results show that appearance and
belief about agency interact with how interlocutors are treated: the likelihood for
offering certain types of repair behaviors was highest when the agent was embodied
by a human in the covert condition, that is, when the participant was unaware that
theywere talking toanagent. Meanwhile, in conditionswhere the sameconversation
washadusing a text interface, less effort to offer repairwasmade (Corti andGillespie,
2016).

The chatbot in Corti and Gillespie’s study typically was not able to respond to the
initiated repair behaviors in a meaningful way, so while humans may have offered
to initiate these bilateral interactions, they would not be implemented by the agent.
Meanwhile, such behaviorswith bilateral connection that require constant exchange
between agent and interactant are what, for example, Melo and Gratch refer to as
the strategies an agent should employ to demonstrate their capacities of mind and
experience.

An interesting example of such bilateral connection of behavior is demonstrated by
Bevacqua et al., who equip virtual characters with the ability to show different levels
of behavior coupling in their body movements, along with an instrument to measure
the perceived levels of coupling via self-report (Bevacqua et al., 2014). The coupling
construct represents the continuous perceivedmutual influence between participant
and agent. In other words, the perceived level of mutual flow. Other included
constructs relate to co-presence, the feeling of the other being with the participant, to
the engagement elicited, and the believability, that is, the extent to which the agent is
perceived as human-like. Part of their findings was that engagement and co-present
scores correlate with the perceived level of coupling. They recommend that agent
cognitive architectures feature the ability to show coupling behavior as a means to
improve the sense of co-presence with the agent.

11.4 CONCLUSION
In this chapter, besides discussing the methodology and prior works on Echoborgs,
we discussed that there are already similar deception-based methods common in
ECA research. These, however, are usually in the configurations where human
experimenters dictate, unbeknownst to participants, some or all of the behaviors of
the embodied agent, such as a social robot or virtual human. We also discussed some
research on the role of participants’ belief in what or who controls a given artificial
embodiment in how interactions are experienced, aswell as the role of the shape and
appearance of the embodiment
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Corti and Gillespie propose to explore the Echoborg method further in artificial
agent research - the advantage that they see with evaluating machine generated
conversation through an Echoborg is that this way, biases that humans have when
interacting withmachines are removed, and thesemachine generated behaviors can
now be evaluated in the context of human-human interaction. In particular, we are
curious how interactions play out when comparing virtual embodied conversational
agents with those embodied by humans using the Echoborgmethod.

Beyond the lab setting, Echoborg-like systems could also help to answer questions
raised by our science-fiction scenario of the SoIC-TV scenario we have introduced in
Section 1.1.3. Imagining a driver can relay thoughts and messages from remote users
tootherswithout thosepeople realizing, suchas in theMilgram’s experiments? What
happens when the source is not human but a machine, such as a human-embodied
Google Assistant? Will it still be perceived machine-like? Will interlocutors be more
willing to comply with requests?

Corti and Gillespie answer some of these questions in their experiments, for the case
of chatbots being interacted with through either text interfaces or humans acting as
Echoborgs. Asmentioned however, the Echoborg setup is limited to verbal behaviors
only, and so far, their work has only been used to compare textual interfaces with
humanoid embodiments.

To investigate the effects of virtual, physical embodiments, that is, doing compar-
isons with virtual and humanoid embodiments, and to investigate the effects of
machine generated behaviors under a human-human interaction, we can advance a
number of aspects in terms of an Echoborg-like apparatus. Even though works from
ECA and VA research discussed in Section 11.3.1 were not intended to exhaustively
cover the various modalities that are being investigated on ECAs, we have seen
that they encompass much more than just the modality of speech: turn-taking,
backchannels, gaze, gestures and facial expressions are all being implemented and
evaluated on ECAs. In the following chapter we describe an apparatus that allows
us to create an Echoborg-like system that allows the shadowing of both verbal and
nonverbal behaviors.
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In this Chapter1, we will describe our first version of an Echoborg-like apparatus
that allows a trained user to shadow behaviours generated by our Embodied Con-
versational Agent (ECA) system. As discussed in the previous chapter, the Echoborg-
like apparatuses existing so far focus exclusively on shadowing speech behaviors,
typically through an earpiece. This makes sense whenworkingwith chatbots, which
respond exclusively in terms of text messages.

However, as discussed in Section 11.3.1, modern embodied conversational agent re-
search is interested in more modalities than just speech, and virtual agent (VA)
embodiments are increasingly capable of more realistic behaviors in terms of their
animation and rendering. In line with this, we find it crucial to also investigate
whether we can have an Echoborg also shadow behaviors in those other modalities
that are being produced by modern ECA systems. The apparatus that we describe in
this chapter therefore is called theMultimodal Echoborg (MEB).

Another aspect that we will pay attention to for this apparatus are the experimental
conditions we seek to support. In the prior works we discussed in the previous
chapter, the comparisons were between conversations through textual interfaces for
chatbots, and conversations with the same chatbot through an Echoborg apparatus.
Instead,we are interested in comparisons between twodifferent embodiments; ECAs
embodied through their typical VA, versus the same ECAs embodied by a human
using theMEB apparatus.

In the following we will first present our existing ECA platform and then how we
extended it to feature a MEB embodiment. This will serve as our apparatus for the
experiment presented in the next chapter.

1Based on our paper S. Falcone, J. Kolkmeier, et al. (Sept. 2022). “Themultimodal EchoBorg: not as
smart as it looks”. In: Journal on Multimodal User Interfaces 16.3, pages 293–302. ISSN: 1783-8738. DOI:
10.1007/s12193-022-00389-z. URL: https://doi.org/10.1007/s12193-022-00389-z
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12.1 THE EXISTING PLATFORM
Our system is built on a SAIBA (Vilhjálmsson et al., 2007) compliant base setup
which has been successfully employed in a number of recent projects and research
studies on ECAs. SAIBA is a reference architecture for modular virtual agent systems.
The modules we employ are the ASAP (Articulated Social Agent Platform) behaviour
planner and realizer (VanWelbergen, Reidsma, andKopp, 2012), the FlipperDialogue
Manager (Maat and Heylen, 2011; Waterschoot et al., 2018) and the Dialogue Game
ExecutionPlatform(DGEP, Lawrence et al., 2017). For rendering,we employourASAP
Unity bridge (Kolkmeier, Bruijnes, Reidsma, and Heylen, 2017), which allows us to
render our virtual agents on a wide range of target platforms, also including VR and
AR hardware (Kolkmeier, Bruijnes, and Reidsma, 2017).

The Flipper dialogue manager acts as a flexible state machine that allows the control
and exchange between the other modules based on the state of the dialogue. In
DGEP, dialogues aremodelled in termsof possiblemoves in a given statewith a given
outcome. A higher level planning component can then select the bestmove to reach a
certain goal for the given actor. Note that all participants in the dialogue, agents and
human users alike, aremodelled in the sameway. User’s dialogue-related utterances
are mapped to their possible dialogue moves either by the experimenter in a WoZ
fashion, or by a separate sensingmodule.

Based on the state of the dialogue, Flipperwill plan different behaviors for the agents,
such as listening behavior, or the execution of the next selected dialogue move.
Dialogue moves typically encode only functional information (intents) (think of
“greet user”, or “say ‘hello’ in a friendly way”, ideally formalized using the Functional
Markup Language, FML (Cafaro, Vilhjálmsson, Bickmore, Heylen, and Pelachaud,
2014; Heylen et al., 2008)), which are then translated by third components into plans
for actual surface behavior. These third components typically include NLG (Natural
Language Generation) and NVBG (Non-verbal Behavior Generation) components,
that build up the text to be spoken (if any) and the gestures and facial expressions
to accompany it, these behavior plans are encoded in behavior markup language
(BML) and sent to ASAP for realization. Especially the step from translating a formal
functional description to planned surface behavior description can be complex and
implementation often very project specific, and is out of the scope for this discussion.
A diagramof the resulting system is shown in Figure 12.1. The design of the individual
components for the cyranic inteface is discussed in the next section.
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Cyranic Interface Screen
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Figure 12.1. SystemDiagram of theMEB setup, showing both the regular VA display
and display through aMEB using the Cyranic Interface.

12.2 EXPLORING ECA SHADOWING APPROACHES
One advantage of working with a modular agent architecture is that the different
modules should be easily replaceable or extendable. This is true in particular for the
ASAP realizer, where the behavior realization is composed of a number of engines
to which instructions from the different modalities specified in the behavior markup
can be routed (Reidsma andWelbergen, 2013). Previously, for example, we have used
this to create hybrid robotic and virtual embodiments (Linssen and Theune, 2017).
Following this approach, we explored some options as to howwe can present the to-
be-shadowed behavior across the various relevantmodalities to the person acting as
MEB. Finally, we will describe the resulting apparatus used for the remainder of this
work.

12.2.1 SPEECH
In principle, to implement the classic cyranic interface requires nowork at all: we can
stream the speech synthesized by our Text-To-Speech (TTS) engine to an earpiece
worn by the MEB. However, we have also explored alternative implementations
for speech shadowing, such as a teleprompter-like setup. Here, we employed a
second engine that would extract the surface text to be realized by the speech engine,
streaming it to a remote clientwhere it would be rendered on a screen. This allows us
both to display the entire sentence at once, and incrementally spell out (or color in)
the words to be spoken at the speed at which the TTS engine would have produced
the speech. In this prototype of the teleprompter-like interface, additional speech
markupwas lost, but could potentially be added back by translating it to textmarkup.
For example, when the TTS engine is instructed to speak louder or stress particular
words, we could increase text size or change the font weight of certain words.
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12.2.2 GESTURE
We considered a similar solution for gestures, where we would display a textual
indication for the type of gestures. The gestures our virtual characters are able to
display are typically coded by lexemes such as refuse or deictic_self. However,
these lexemes arenot always equally human-readable, descriptive or helpful in terms
of their exact version. For example, it would not be obvious what the difference is
between beat1 and beat2, as at this stage, where the behavior may be planned,
it is not clear how it will be realized by the responsible engine and embodiment.
Alternatively, we could look to display the functional description that was obtained
in the planning stage. While this may be more human-readable (i.e. greet user),
it circumvents both the planning and realization stage. Both of these approaches
leave, not just in terms of our architecture, but quite literally, both the planning and
realization of the gestures up to theMEB.

Another option that we explored was to show the realized gestures animated on a
character for theMEB to shadow. This approachmakes it possible to shadow overall
style, size and dynamics of the gestures . Here, of course, the disadvantage is that
both the functional and semantic meaning may get lost (or may not be immediately
evident to theMEB).

12.2.3 BACKCHANNELS
Wecan consider backchannels to be a subset of gestures. However,we elected to treat
them separately, as they 1) mainly occur while listening, without any other (hand-
) gestures at the same time, 2) because the set of head gestures that we currently
employ for backchannels is limited to nodding. Instead, we elected to route the
realization of nod behaviors to a discrete signal emitter that toggles the wordNod on
the teleprompter displaymentioned earlier. Alternatively, we considered having this
signal trigger physical actuators, such as a small light in the field of view of the MEB
or a tactile actuator that is placed in their neck.

12.2.4 GAZE
While gaze behavior is certainly one of the most complex human behaviors, for
this present work we decided to limit gaze to the current gaze target at a given
moment. As will be discussed later, the interaction in the user study would involve
three interlocutors, and the simplified model for social gaze that we employ simply
determines which of the other two interlocutors’ faces will be looked at and for how
long (before alternating to the only other possible target). We do not model averted
gazeor environment gaze targets. Toachieve this,weaddedanother discrete element
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to the screen thatwearenowalreadyusing for the teleprompter functionanddiscrete
nod signals. This gaze element indicates to the MEB to either gaze at the dialogue
parter to their left or to their right.

Of course, this solution works for our three-party dialogue setting, where no other
gaze targets are required. However, for gaze in particular, we could envision more
powerful cyranic interfaces in the future, using unobtrusive AR glasses that overlay
instructions as to where (and how) to look into the AR overlay, potentially even
enabling saccades and similar micro behaviors that constitute to gaze.

12.3 RESULTING APPARATUS FOR MULTIMODAL ECHOBORGS
Together with the confederate that would later act as our MEB, we explored some
combinations for shadowing the differentmodalities as discussed above. We limited
our work to these modalities, and not included facial expressions, touch and other
modalities.

We found that shadowing speech, especially if the utterances are somewhat pre-
dictable, is easiest when read from a teleprompter-style interface. Similarly, for ges-
tures, shadowing from a virtual puppet was easier than interpreting the higher-level
functional description. Signals for giving backchannels (Nods) was easily shadowed
from the lexeme-style interface (i.e. words popping up on the screen for the style of
nod to be performed). Given the simple level of gaze behavior to be shadowed, the
interface designed was found to be sufficient.

All information was shown on a single screen. In experiment settings, to be able to
keep participants blind to the nature of the MEB required us to position this display
behind the participant (see Figure 12.2). Additionally, we implemented an automatic
procedure that would disable the screen unless there was an ongoing interaction (i.e.
based on the presence of signals on the BML progress and BML feedback channel).
This was to prevent the participant from seeing any part of the interface while they
were not seated and facing away from the screen, that is, while entering or leaving
the room.
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Figure 12.2. This is a frame fromthevideo recording fromtheuser study, showing the
cyranic interface on the screen behind the male participant. On the left
is our confederate acting as theMEB. Visible in the center of the screen is
the character used for gesture shadowing. The gaze direction indicator
is currently activated on the right side of the screen, telling the actress
to look at the debater sitting to her right side (not shown here). Speech
is being shadowed from the teleprompter text (on the top of the screen).
For backchannels, the letters ‘NOD’ would appear on the screen briefly
(not shown here).
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EVALUATING THE MEB

In this chapter1 wewill discuss the user study that we conducted with the apparatus
for multimodal behavior shadowing for our Embodied Conversational Agent (ECA)
platform described in the previous chapter. The goals were to evaluate our tech-
nical implementation, and to probe how participants perceive an interaction with
our Multimodal EchoBorg (MEB), compared to the same interaction with a virtual
embodiment of the ECA. We also look to form a first impression on how feasible the
MEBmethodology is for future ECA research.

The dialogue scenario that participants would engage in during the experiment was
based on a previously recorded corpus of an ethical debatewith two human debaters
and a human moderator. The dialogue utterances as well as ECA behaviors were
informed onwhat humandebaters in this corpus did. Wewill describe inmore detail
the dialogue scenario, corpus recordings and the modelling of ECA behaviors in the
next three sections.

In the user study we had the participant (acting as the moderator) lead a discussion
between two debaters controlled by our dialogue system. Between subjects, we
would replace one of the debaters with a trained MEB that would shadow the
behaviors using our MEB interface. In a post-experiment questionnaire we included
self-report measures on the overall experience of the interaction, as well as on a
number of constructs of how participants would perceive the two debaters. For
additional insights into how the experimental conditions relate to a comparable
human-only interaction, we had also administered some of these measures to the
participants of the human-human interaction corpus. The experiment designwill be
explained in more details in Section 13.2

1Based on our paper S. Falcone, J. Kolkmeier, et al. (Sept. 2022). “Themultimodal EchoBorg: not as
smart as it looks”. In: Journal on Multimodal User Interfaces 16.3, pages 293–302. ISSN: 1783-8738. DOI:
10.1007/s12193-022-00389-z. URL: https://doi.org/10.1007/s12193-022-00389-z

https://doi.org/10.1007/s12193-022-00389-z
https://doi.org/10.1007/s12193-022-00389-z
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13.1 DIALOGUE SCENARIO
ECA systems typically operate in a predefined context and do not typically afford
open-endeddialogues suchas thechatbot evaluated in thepreviousworkbyGillespie
and Corti (2016). We decided to create a simple dialogue scenario for these purposes,
whichwewill describe first before going intodetail on the experimental design. Since
this present work was designed to be exploratory and not suited for a high-powered
experiment, one requirement for this scenario was that it would be multi-party to
allow for a potential within-subject design.

We elected to model an ethical-debate-like scenario, with a moderator and two
opposing debaters, discussing different variations of the Trolley Dilemma (Thomson,
1976). The role of themoderatorwas important to give structure to the dialogue, and
it would be a good role for a participant to enact, as it allows for fair post-hoc com-
parisons in a within-subject design. What’s more, a moderator has comparatively
predictable dialoguemoves, allowing for a controlled flow of the experiment.

13.1.1 HUMAN-HUMAN-HUMAN CORPUS
In order to be able to model this scenario sufficiently and to inform the design of
utterances and gestures to be used by our ECA, we first recorded a small corpus
of three humans (HHH) engaging in such a debate. We recorded audio, video,
and we transcribed the dialogues. In total, we recorded 6 triads (2 females, 16
males). Moreover, we administered some of the same questionnaires regarding the
interaction experience and interlocutor perception thatwe planned to use in the user
study later. Even though these interactions would be different from the interactions
with a dialogue system, theymay be interesting to compare in an exploratory fashion
regardless.

13.1.2 MODELLING OF ECA
Using the dialogue argumentation framework, we created a simple dialogue game.
We structured the arguments observed in the corpus according to topic (see Ta-
ble 13.1). For each of these arguments, we selected verbatim responses used by
debaters in the corpus data. These were to be used as surface text for our agents
to speak out. To not favor one debater over the other based on how convincing the
respective arguments were, we had the arguments ranked on their strength in a brief
online study, and selected similarly ranked utterances for each topic for both the
proponent and opponent..
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Key Argument Moral question

Fate Can fate decide for the life of human beings?

Numeric Human life is a qualitative or quantitative matter?

Economic Is it better to savemore lives because they are a greater
resource for society?

Responsibility If we make the choice of pulling the lever, do we
become responsible for murder?

Inaction Can ‘inaction’ be considered as ‘action’?

Table 13.1. The key Trolley Dilemma arguments that we have identified based on the
HHH corpus, and the moral questions which describe them.

For thenon-verbal behavior of the agents,we consulted the video recordings fromthe
corpus of the selected utterances and presented them to an actor. The actor would
then act out these utterances wearing a motion capture suit. This yielded full-body
gesture animations for each utterance. The motion capture recordings and selected
arguments were then combined into behaviors2, and linked to the corresponding
dialogue move in the dialogue manager (the Dialogue Move Engine component in
Figure 12.1). Wealso implementeda simple rule-basedbehavior tree forbackchannels
and gaze while listening (theNVBG component in Figure 12.1).

13.2 RESEARCH DESIGN
Participants were assigned to one of two conditions: Human-Agent-Agent (HAA) or
Human-Echoborg-Agent (HEA).

Participants were always assigned to the role of the moderator, while the debaters
(proponent and opponent) were always acted out by our ECAs. Just to emphasize,
when referring to ECA(s), we include both theMEB and the VA, as the same ECA but
with different embodiments. In both HAA and HEA, the opponent ECA was always
embodied by the virtual agent (VA). In HEA, the proponent ECA was embodied by
the MEB, while in HAA, the proponent ECA was also embodied by a VA. We call this
between-subject variable proponent embodiment. For those participants assigned to
theHEAcondition it is also interesting to compare their ratingsof theVAembodiment
of the opponent versus the MEB proponent embodiment. This is a within-subject
variable which we refer to as debater embodiment.

2In the form of BML messages comprised of the motion captured animation as gesture behavior,
and the verbatim argument text as speech behavior
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(a)HAA (b)HEA

(c) View of theMEB (in HEA)

Figure 13.1. 3D illustration of the debater placement in (a) HAA and (b) HEA
conditions. The MEB view in (c) shows how the screen with the cyranic
interface was positioned, behind the participant.
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13.2.1 PARTICIPANTS
In total, 36 participants were sampled from the university staff and student body,
between 19 and46years old, 16 females and 20males, and thenumber of participants
was equally distributed between conditions. The user study was approved by an
ethics board.

13.2.2 MEASURES
The main measures in this study were administered in a post-experiment question-
naire. To quantify perception of appearance and agency we included the Godspeed
Questionnaire Series (GQS, Bartneck et al., 2009), as it covers both aspects of the
appearance that are relevant to us, such as anthropomorphism and animacy, as well
as constructs on how intelligent and likeable participants felt the debaters were. This
questionnaire uses semantic differentials for its constructs. That is, participantswere
asked to rate their impression of the target on a scale from 1 to 5, with the extreme
ends labeled with differential adjective pairs. Pairs for animacy include “dead”–
“alive” and “artificial”–“lifelike”. Pairs for anthropomorphism include “unconscious”–
“conscious” and “moving elegantly”–“moving rigidly”. Pairs for likability include
“unkind”–“kind” and “unpleasant”–“pleasant”. Pairs for perceived intelligence include
“ignorant”–“knowledgeable” and “foolish”–“sensible”.

We addedmeasures on trust and closeness (using the non-verbal scales described in
Figure 13.2a) to look at what relationship developed between the participant and the
respective debater during the interaction.

In addition, we included the questionnaire used by (Bevacqua et al., 2014) that in-
cludes questions on constructs related to coupling, the continuous perceived mutual
influence between the participant and another actor (i.e., “I had the feeling that the
[other’s] behaviorwas connected tomine” and “I had the impression that the [other]
was following mymovements.”), as well as on co-presence(i.e., “I had the feeling that
the [other] was aware of my presence” and “I had the impression that I was in the
presence of another being”), as well as on engagement (i.e., “I enjoyed [debating]
with the [other]”), and on believability (i.e., “The [other’s] behavior made me think
of human behavior”), that is, the extent to which an object or character (i.e., our
debaters) are perceived as human-like. Just like the Godspeed and closeness scales,
these items were administered twice, once for each of the two debaters.

To quantify the overall experience of the interaction during the debate, we included
the core module of the Game Experience Questionnaire (IJsselsteijn, De Kort, and
Poels, 2013). With it, the game experience (in our case ‘debate experience’) can be
assessed through scores on seven components. Each component is loaded by at least
five items. Participants indicate their agreement with the statement on a five-point
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scale (0: “not at all”, 1: “slightly”, 2: “moderately”, 3: “fairly” and 4: “extremely”):
Immersion (i.e. “I found it impressive”), Flow (i.e. “I lost track of time”), Competence
(i.e. “I was good at it”), Positive and Negative Affect (i.e. “I enjoyed it”), Tension (i.e.
“I felt annoyed”), and Challenge (i.e. “I had to put a lot of effort into it”).

(a) Inclusion of Other in the Self (b) Self-AssessmentManikins

Figure 13.2. (a) Inclusion of Other in the Self scale (Aron, Aron, and Smollan,
1992). Participants were asked to indicate which picture they felt
best represented the relationship between themselves and the target
(i.e. debater). (b) The Self-Assessment Manikins (Bradley and Lang,
1994). Participants for each of the three columns (valence, arousal &
dominance), participants were asked to indicate (on the number scale
under the pictures) how they had felt during the interaction.

Finally, we included the Self-Assessment Manikin (Bradley and Lang, 1994), again
another non-verbal pictorial assessment technique, tomeasurepleasure, arousal and
dominance in the interaction (see Figure 13.2b).

13.2.3 HYPOTHESES
Although this work was exploratory in nature, we did try to formulate a number
of hypotheses on the outcome of the quantitative measures based on our current
understanding on how ourMEBmay be perceived.

The scale-ends on theGQS instrument aremostly contrasts ofmachine-like qualities
(low) and human-like qualities (high). Even though the MEB shares the same
machine-basedmindwith the Virtual Agent embodiment, we still expected theMEB
to be ratedmore favorably (human-like), based on their appearance alone:

Hypothesis 1 Participants will rate a MEB higher than a VA embodied conversa-
tional agenton thekey concepts: anthropomorphism, animacy, likeability, and
perceived intelligence.
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The discussed literature demonstrates that experiences are more engaging when
participantsbelieve theyare interactingwithahuman thanwhen theyare interacting
with a machine, even if the behavior of the other players are otherwise equal.

We further discussedworks in the background section that found that themere belief
about agency affects the overall perceived quality of the experience (i.e. Kätsyri et al.,
2013; Lim and Reeves, 2010;Weibel et al., 2008.). We expected this to manifest in the
Game Experience Questionnaire, which measures flow and engagement, as well as
on the Self-AssessmentManikins for emotional response.

Hypothesis 2 The quality of the interaction with the ECA, as reflected in constructs
such as flow, arousal and engagement (as measured by the GEQ and SAM),
will be ratedmore positively by participants when the ECA is embodied by the
MEB.

Another dimension in which we evaluated our ECAs was in how interactive they
were perceived. Here we used the coupling instrument from Bevacqua et al. (2014).
Of course, all ECAs in our experiment were equally (non-)interactive with regards
to their conversational activities. Non-verbal behaviours like nodding and gaze
direction were not generated based on the behavior of the participant, but fully
deterministic. However, we again follow the same intuition as for the previous two
hypotheses: We expected the human to be favored based on the mere belief that
the human was capable of those behaviors, while the VA would have to prove these
capabilities (i.e. Melo and Gratch, 2015).

Hypothesis 3 On measures regarding the bilateral relationship between the ECA
andparticipant during the interaction (as reflectedby the coupling instrument
Bevacqua et al., 2014), the ECAwill score higher when embodied by theMEB.

13.2.4 MATERIALS & APPARATUS
For this studywe used the apparatus discussed in the previous chapter, meaning the
dialogue system configured to run the ethical debate scenario. The two debaters and
themoderatorwere located on the corners of an equilateral triangle facing the center
of the space (see Figures 13.1a and 13.1b).

VAs were shown on large TV screens in portrait mode. When the proponent was
embodied by the MEB, that screen was replaced by a chair for the MEB to sit on.
For the MEB’s cyranic interface, a large screen was placed behind and out of sight
of the participant, facing the MEB (see Figure 13.1c). Due to the fact that there were
other screens in the experiment room, participants did not get suspicious in seeing

147



CHAPTER 13. EVALUATING THE MEB

the screen behind their chair while entering in the room. Moreover, all the screens
were, or appeared as, turned off when participants entered the room. Therefore, they
could not see the agent on the screen.

HHHCorpus HAA HEA

Sessions 6 18 18
Participant 18 (16 male) 18 (9male) 18 (11 male)
Estimated duration 30minutes 30minutes 30minutes
Roles:
Moderator Human Human Human
Opponent Human Agent 1 Agent 1
Proponent Human Agent 2 Echoborg

Table 13.2. Configuration of the corpus recording session (HHH) and the two
experiment conditions (HAA and HEA).

13.2.5 MULTIMODAL ECHOBORG TRAINING
We recruited an experienced actress from the student body to act as the MEB in this
user study (see Figure 13.1b). Following a number of training sessions of the debate
with the researchers, she became familiar with the scenario and behaviours. While
not systematically quantifying the accuracy of shadowing, comparing recordings of
MEB behaviors with the VA behaviours showed that the actress was able to shadow
the speech and gestures reliably.

13.2.6 PROCEDURE
Participants entered the room, were provided with the instructions for the experi-
ment and were asked to sign the consent form. For the instructions, participants
were told that they and two other participants3 would engage in an ethical debate
about the trolley dilemma. They were told that they got assigned the role of the
moderator,whowould lead thedebate. For this, theywereprovidedwithqueue cards
to structure the debate around. The cue cards contained variation of the dilemma,
whichwere to be introducedwhenever debaters exhausted their arguments. The cue
card for the original version of the dilemmahad to be chosen first, but the participant
was free to choose the order of the variations after that. Participants were then asked
to be seated in the experiment area (see Figure 13.1). In the condition where the

3The nature of the other debaters was intentionally kept ambiguous
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proponent ECA was embodied by our confederate through the MEB apparatus, we
had both the confederate and the participant enter at the same time, going through
the sameprocedure andbeing seated in the experiment area at the same time. During
the debate, the experimenters used the Wizard Interface (see Figure 12.1) to indicate
participant utterances (i.e. the selected cues). Debates would end when the all
variations of the dilemma on the cue cards were addressed by the debaters, which
would take around 10 minutes. After the debate was completed, participants were
asked to fill out the post-experiment questionnaire4. After that participants were
asked about their impression of the interaction, and then they were debriefed about
the nature of the experiment.

13.3 RESULTS
Wewill first reporton thequantitativeanalysis tobeable to testour initialhypotheses
described in Section 13.2.3. We will then discuss the results also qualitatively, also
drawing from the comparisonswithhowparticipants in the corpus sessions reported
on the interaction that the experimental conditions were modeled on.

13.3.1 QUANTITATIVE ANALYSIS
We conducted one-way ANOVA on the effect of the embodiment on ourmeasures for
perception of the debaters and interaction experience overall. This was done first for
the between subject variable proponent embodiment. Since participants assigned to
the Human-Echoborg-Agent (HEA) condition (n = 18) saw both a virtual and MEB
embodiment, we have done an additional one-way ANOVA for this group on the
within-subject variable debater embodiment.

In the between-subject analysis, two sub-scales of theGodspeed instrument showed
significant effects: animacy (F(1,34) = 5.834, p = 0.021, η2p = 0.146) and anthropo-
morphism (F(1,34) = 20.061, p < 0.001, η2p = 0.371). Post-hoc tests revealed that the
proponent was rated higher on both those sub-scales when embodied by the MEB
rather than by the Virtual Agent. One sub-scale of the coupling instrument showed a
significant effect between subjects: coupling (F(1,34) = 16.920, p < 0.001, η2p = 0.332).
The post-hoc test reveals the same directionality as before: the proponent received
higher coupling scores when embodied by theMEB.

The within-subject analysis revealed a significant effect on the anthropomorphism
of the debater embodiment on the anthropomorphism subscale (F(1,17) = 12.190,
p = 0.003, η2p = 0.418) and on the perceived intelligence (F(1,17) = 4.322, p = 0.053,

4Also theMEB actor in the HEA condition
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Table 13.3. Statistics of pairwise comparisons. Top half showing the comparisons
of scores attributed to the proponent debater embodiment (VA or MEB)
between subject. Bottom half showing the comparisons of scores
attributed to the opponent (MEB) and the proponent (VA) within the
HEA condition.

Scale Subscale contrast Estimate SE df t.ratio p.value

between
godspeed animacy VA -MEB -0.722 0.299 34 -2.415 0.021
godspeed anthropomorphism VA -MEB -1.233 0.275 34 -4.479 0.000
coupling copresence VA -MEB -0.639 0.155 34 -4.113 0.000

within
godspeed anthropomorphism VA -MEB -1.022 0.293 17 -3.491 0.003
godspeed intelligence VA -MEB -0.537 0.258 17 -2.079 0.053
coupling copresence VA -MEB -0.667 0.133 17 -5.030 0.000

η2p = 0.203). Here as well, post-hoc tests reveal that debaters embodied by the MEB
were perceivedmore favorably.

Therewere no other significant effects of proponent embodiment or debater embodi-
ment found on any other instrument. Statistics for the between andwithin post-hoc
tests are reported in Table 13.3.

13.4 QUALITATIVE ANALYSIS
Beyond the quantitative analysis, given the exploratory nature of the study, we take a
closer qualitative look at the distributions of the responses shownand the tendencies
they might indicate. Although speculations about these tendencies may not be
supported statistically by the data, they may be helpful to discuss and to formulate
newhypotheses about the complex nature of howMEBs are perceived, and how they
may be used in ECA research in the future. This also allows us to include into our
analysis the data from the recording sessions for the corpus onwhich the interaction
in the experimentwasmodeled. Finally,wealso include some feedback received from
the participants after the experiment, and a brief description of our confederate’s
experience using the apparatus and acting as MEB.

13.4.1 EXPERIENCE OF THE INTERACTION
Figures 13.3 and 13.4 show the distribution of participant responses to the different
constructs on the SAMandGameExperienceQuestionnaire instruments. In addition
to the experiment data, we added the responses to the same questionnaires from
the corpus sessions,where three non-confederate humanparticipants conducted the
debate (labeled HHH, see Section 13.1.1). To keep these somewhat comparable, we are
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only showing the responses from the moderator in the HHH corpus sessions, exclud-
ing the responses of the two debaters (from whom we do not have any responses in
the two experiment conditions).

challenge competence flow immersion neg_affect pos_affect tension
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Figure 13.3. Game Experience Questionnaire. Note that for this visualization,
response values are remapped to 1-5 from the original 0-4 range.
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Figure 13.4. SAM scores

For the SAM scores shown in Figure 13.4, there only seem to be small tendencies
when comparing the two experiment conditions (HAA and HEA). The medians on
valence and arousal are somewhat higher in the MEB condition than in the agent
only condition, that is, increased reported feelings of valence and arousal. Responses
to the same instrument in the human-only corpus indicate that a similar interaction
with only humans elicits higher feelings of valence, arousal and dominance.

The Game Experience Questionnaire (see Figure 13.3) measures constructs on the
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experience overall rather than the individual emotions. Again, we find that the
main differences manifest between the human only corpus and the two experiment
conditions overall. The tendency seems to be that moderators in HHH felt that the
experience of the debate had more tension, more positive affect, was invoking of
their competence more. Between the MEB and VA conditions, again there seem
to be none or only subtle differences. On tension, there is a strong floor effect for
the experimental conditions, while the HHH are low but not centered around the
minimum value. Notable is also how in a number of constructs, the variance differs
wildly between HHH and the two experimental conditions. Participants in HHH rate
the level of competence, flow immersion and positive affect similarly, while these
constructs were rated with much more variance by participants in the experimental
conditions. One explanation couldbe that for theMEBembodiment, participants felt
unclear about its identity or personality, causing individuals overall vary also in their
interpretation of their feelings towards the experience. However, since variance is
also larger in responses from the condition without the MEB, perhaps it’s about the
identity of the other debaters in general, whose nature were kept equally ambivalent
(all debaters were introduced as other participants). A third explanation could be
regarding the overall difference in the experience. Participants might feel more
confident about how they appraise an experience familiar to them (such as a debate
with other humans), compared to the more unusual experience of debating with
agents (or a mix of agents and humans).

From the related work on the experience of interaction while (not) co-present with
other players, difference between the human-only experiences and the experiences
in the experiment were to be expected. However, previous work we discussed also
has consistently found that the mere belief of agency is sufficient to elicit these
responses. The premise of the MEB condition was that they would elicit this belief
of a human debater with high agencymerely by the embodiment being a human one.
Consequently, we had hypothesized that the overall experience would be perceived
more positively when at least one human was involved, compared to the condition
that exclusively features artificial agents. Instead, these two conditions seem to
performat the same level. In the next sectionwe look inmore detail at the perception
that moderators had of the different embodiments.

13.4.2 QUALITATIVE ANALYSIS: PERCEPTION OF DEBATERS
In Figures 13.5 to 13.7 we show moderator responses to the instruments measuring
attributes of the individual debaters. As above, for comparison, we also display the
responses thatmoderators gavewhen the same instrumentswere administered after
the human-only corpus recordings. Note that for these visualizations, we grouped
all scores attributed to agent & embodiments together, regardless of their role in the
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debate.

animacy anthropomorph intelligence likeability safety

Agent Borg Human Agent Borg Human Agent Borg Human Agent Borg Human Agent Borg Human

1

2

3

4

5

G
od

sp
ee

d 
A

ttr
ib

ut
e 

S
co

re

Embodiment: Agent Borg Human

Figure 13.5. Perceived Godspeed attributes

When asked about howmoderators felt about the different debaters individually, the
pattern we have seen above disappears, where both experiment conditions received
very similar scores. Instead, starting with the constructs measured in the GQS
(Figure 13.5), the MEB in the experiment received similar ratings as the other human
participants in thecorpus recordingsessionsonanimacyandanthropomorphism,while
the agent received lower scores on these two constructs, which were also two of the
main differences found in the quantitative analysis.

Interestingly, for intelligence, the MEB received higher scores than other human
debaters received from the moderators in the corpus recordings. This also points
to a weakness of our mixed experiment design, as the MEB condition features two
different embodiments to be rated (VA and MEB), possibly causing participants to
answer the questionnaires more differentiated.

Looking at Figure 13.6, overall the lowest scores on closenesswere given to the agents,
followed closely by the MEB. Again, responses in the human corpus centered mostly
around the center of the scale, suggesting that more differentiated scores where
elicited in theMEB condition, where two different embodiments were displayed.

The coupling instrument (see Figure 13.7) was not administered to participants of the
corpus recording sessions, sowecanonlydiscussdifferencesbetween theexperiment
conditions. Again, we only found a significant difference on the co-presence subscale
in the quantitative analysis, where theMEBwas favored over the VA.

Looking at the distribution of the responses however, there is an interesting tendency
in the believability scores, where moderators seem to rate debaters with a virtual
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Figure 13.7. Perceived coupling (this instrument was not administered in the HHH
corpus)

agent embodiment higher than scores given to debaterswithMEB embodiments. On
coupling, both embodiments score similarly low. Both embodiments were also found
to be similarly engaging, although with notably higher variance in the responses
compared to the other subscales.
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So looking at these distributions, tendencies may point towards the MEB being not
justperceivedasanormalhumandebater inall accounts. Thedifference inbelievability
suggests that participants felt that theMEB did not live up to their expectations as a
humandebater - the agent scoredhigher onbelievability, as the agent behavior could
be better integrated with participant’s expectations of a virtual agent.

This did not affect participants feeling of co-presence, where the MEB clearly scores
better than theagent embodiment, aswith the closeness instrumentdiscussedabove,
thismay bemainly driven by the physicalmanifestation of theMEB, compared to the
screen-based display of the VA.

13.4.3 PARTICIPANT FEEDBACK AND CONFEDERATE EXPERIENCE
A contribution of this work is the first implementation of a Multimodal Echoborg
apparatus for ECA systems. For evaluation purposes we gathered insights from
participants on their experience with the MEB interlocutor (prior to revealing that
she was a confederate). We also asked ourMEB actress to keep logs and notes on her
own experience and performance after each session.

All participants in the HEA condition reported that they noticed something off about
the human interlocutor, often using the term awkward. Some thought that she was
shy, others thought that shemayhave somemild formof amental disorder. Only two
participants however guessed that she was acting and involved in the experiment.

The actress noted a number of instances in her logswhere she remembered deviating
from the behavior on the MEB interface she was supposed to shadow. Specifically
in the speech and gesture modalities. Most deviations were in speech. Some notes
read: “I thought that was the sentence I had to say but instead I said it faster.”,
“I tried not to look at the screen because I felt that the participant might notice
something is happening behind him.”, and “The participant wanted to speak and I
had to speak over him.”. Regarding gestures, she noted some instances of having
difficulty following themovementson theMEB interface: “I had the impulse to follow
my own reaction to what I was saying”.

Based on spot-checks in the video recordings, we confirmed that the majority of
deviations occurred during gesture shadowing. Meanwhile, deviations in speech
shadowing were small. Regarding the listening behavior (timed head nods), there
were little variations in the actresses shadowing performance.
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13.5 DISCUSSION
In this section, we will first revisit the hypothesis about perception of the ECAs and
overall experience. Then we will reflect on the implications of these findings, in
terms of the use of an MEB-like apparatus for ECA research. We will finally discuss
some limitations and future work, and reflect on the concept of humans embodying
machines in general.

13.5.1 DOES AN MEB HAVE THE BENEFIT OF THE DOUBT?
We can only partially support our first hypothesis. We expected the MEB to out-
perform the VA embodiment in the subscales of the Godspeed instrument. We
could only find evidence for this on the anthropomorphism and animacy subscale.
Therewasonlynear-significanceon theperceived intelligence subscale (although the
tendency was in favor of the MEB). No difference was found on the likability ratings.
Interestingly, the MEB seems to outperform only on measures regarding the outer
appearance of the embodiment, that is, humanoid looking and moving. At the same
time, participants did not falsely overestimate traits related to the behavior of the
ECA, such as intelligence and likability.

The second hypothesis cannot be accepted. We hypothesized that the interaction
would be more enjoyable when a human was involved, based on research that
showedpositive effects onhowanexperience is perceived,mediatedbymerebelief of
trueagencyof an interactant. These effectsdidnot seemto translate toour context, as
no differencewasmeasured on any of the Game ExperienceQuestionnaire subscales,
nor on the emotional response measured using SAM. After also considering data
from the HHH corpus in the qualitative analysis, it seems that the limitations of
the conversation afforded by our ECA system simply were not as engaging as those
afforded in the corpus recordings that the system was modeled on. The human
embodiment was not able to overshadow its limitedmind.

This lack of an engaging experience may also be explained by the lack of our ECAs’
ability to engage in bilateral connection with the other dialogue partners (including
the participant). For our third hypothesis, we had expected again that the human
embodiment would be sufficient to involve the belief that theMEBwas at least more
capable of such bilateral behavior than the VA. This however was not the case. The
only subscale of the coupling instrument that showeda significant differencewas the
co-presence subscale. As already discussed above, this may be best explained by the
MEBs physical form, while the VAwas limited to a screen-based display.

In absolute terms, the coupling scores in fact were overall low, reflecting the limita-
tions of our ECA system for both embodiments equally. From the insights shared
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post experiment, participants noticed that the MEB was not behaving normally,
explaining it away with different potential personality attributes or even disorders.

The finding that in tendency, the agent was actually perceived as more believable
than the MEB, may also point towards an explanation of betrayed expectations.
Just as described in the related work on ways to benchmark agent believability (i.e.
(Melo and Gratch, 2015)), participants have lower prior beliefs about virtual agents’
ability to have mind and experience than about humans. Lower believability scores
for the MEB may show negative effects if such a prior high belief turns out to be
unwarranted. This also connects to prior work by Nowak and Biocca on agents with
highly anthropomorphic avatars, which “set up higher expectations that lead to reduced
[co-]presence when these expectations were not met” (Nowak and Biocca, 2003).

13.5.2 LIMITATIONS & FUTURE WORK
There are a number of limitations to acknowledge regarding the present work. A
higher powered study is required to be able to test the hypotheses properly. There
was also a lack of counterbalancing in the debater role and gender. Additionally, the
chosenmixeddesign is problematic, and comparing both between subject on all data
and again within subject on a subset of the data may have artificially inflated the
power of those tests. A dyadic interaction with strict between subject design would
allow for a more rigorous investigation of MEB perception. What is more, we rely
entirely on self-report measures for this study. Instead, methodologies such as the
ones used by Corti and Gillespie that use benchmarks based on behavioral measures
are preferred.

We also have to consider a general limitation of Echoborg-like methods, which is
the chance of nonverbal leakage, or other display of behavior by the confederate
that was not intended by the source of the system. Based on some spot checks
with the confederate’s self report, there were also deviations in how gestures were
shadowed. Also, due to the implementation of the MEB interface, there may have
been systematic biases in gaze direction of the MEB towards the screen that we
have not accounted for. For larger studies, the shadowing performance should be
monitoredmore rigorously, and potentially modeled in the analysis.

In the future, we should also evaluate an MEB in a more dynamic setting, with
an ECA that has a more advanced cognitive system, for example integrating Social
Signal Processing (SSP) that allows for display of behaviors contingent on how other
interactants behave.
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13.5.3 MEB FOR ECA RESEARCH
Onemotivation for thisworkwas to investigatewhetherEchborg-likemethodologies
could be a useful contribution to the tool set of methodologies used in ECA research,
next to for example the popular Wizard-of-Oz method. We have proposed that the
ability to shadowmultimodal behaviors is an important requirement for the context
of ECA research. Based on our experience designing the apparatus and conducting
this experiment, we can reflect on how well multimodal shadowing worked in our
experiment, using our first implementation of theMEB.

As we have already discussed extensively in the limitations above, spot checking
self-report data from the confederate with the recording, we notice that deviations
were especially noticeable in the gesture modality. To be more practical for ECA
research, and to generally achieve a more integrated MEB system, improvements to
the apparatus are required.

We may expect innovations on wearable AR glasses in the future, that allow for
rich instructions on gaze behavior or head movement in a covert way. Haptic
displays certainly could play a role in providing encoded information about gestures
in various body parts. Vibrotactile actuators placed in the MEB’s neck could encode
nodding intensity and frequency, while actuators on forearms or hands could encode
informationabout theuseofhandshapes andgestures. Potentially,when integrating
an ECA system with external sensors for SSP, not just other interactant’s behavior
could be observed, but also the MEB’s behavior. In such a fully integrated version of
an MEB, this could help not only to monitor deviations in the behavior shadowing,
but also serve as real-time feedback to correct and improve the MEB performance
during training or in-situ.

13.5.4 MEB AND VA BENCHMARKS
Wemayconclude fromthis thatwith somemore improvements to theapparatus, ECA
researchwith theMEB could be possible, but is it also useful? The intuition as towhy
Echoborg-like methodologies could benefit artificial agent research was that when
embodied by a human, they would evoke higher (human-like) beliefs in interactants
about the agent’s level ofmind and experience,which in turn also causes interactants
to treat them and interact with them more like with humans. In the words of Corti
and Gillespie: “Artificial agents cannot enter the world of human intersubjectivity without
the support of their human interactants, and this support is contingent upon interactants’
supposition that complex intersubjectivity is achievable.” (Corti and Gillespie, 2016). If
we want to learn whether novel ECAs cognitive models’ can keep up with those of a
human,weneed tobe able to evaluate interactions under ahuman-human condition,
which is something that theMEB could afford in the future.
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However, we should also acknowledge a nuanced view on this. As Corti andGillespie
also raise, “As more advanced artificial intelligence develops and as people are raised in a
world in which socially advanced artificial agents are ubiquitous, the expectations people will
place on the intersubjective capacities of their machine interlocutors may increase” (Corti
and Gillespie, 2016). Thus, being used to more capable artificial agents in the future
maymake it normal to interact withmachines aswith humans, diminishing benefits
fromMEBs in these experimental settings.

Another important aspect to remember is that, especially in the field of ECA research,
it is not always the goal to fully mimic human-human interaction with an ECA. In
certain contexts, users recognizing the machine for what it is, gives value to the ECA
in the first place, such as for virtual therapists (Lucas et al., 2014).

13.5.5 MEB AND SOIC-TV
Let’s review how this research relates to the SoIC-TV system that we described in the
introduction of this thesis. The original use cases of the device is to allow owners
of the SoIC-TV to offer their services as a telepresence system as a driver, similar to
how Uber drivers rent out their time and car as a mobility service. Remote users,
or passengers, would be able to call in and have the driver serve as their human
embodiment, while the passenger’s face would be visible on the SoIC-TV.

While the MEB apparatus designed for this research was not intended to be used
for telepresence applications, it still has a lot in common with the SoIC-TV scenario
described in Section 1.1.3. Here, we proposed that with our system, drivers could also
be rented bymachines instead of just human passengers.

As theMEB apparatus is notwearable, let’s assume an advanced version as proposed
in Section 13.5.2, with a set of covert AR glasses used as interface for multimodal
behavior shadowing. Of course, the same limitations still apply as identified above;
a driverwill require certain training, especially themoremodalities they are expected
to shadow from amachine passenger.

The uncertainty about the quality or deviations of shadowing performance also
translates from concerns in lab-setting to possible requirements for field application
of such a system. We have already mentioned that an MEB-directed SSP software
may help evaluate shadowing performance in a lab setting. To elaborate on this
point further, we can also take a closer look at howbehavior realizationwith artificial
embodiments usually deals with this very practical problem of deviations between
requested behavior and deviations from it in the embodiment. Here, a feedback
loop is typically established between the behavior planning engine and the actual
embodiment on which these behaviors play out. This is true for any embodiment
crossing into the physical domain, such as for joints on robots. In physical joints,
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exact reproduction of a requested motion may vary depending on environmental
factors such as changes in temperature or physical load. Using a feedback loop
that measures actual joint position and feeds this back to the behavior planning
system helps to update plans for the motion dynamically, such that it meets other
requirements. As an example, a joint lagging behind too farmight cause the planning
system to decide to abort continuing of the current gesture, in order to try and meet
the time requirements for the next gesture.

So for a proper wearable MEB system for machine passengers, not only do we need
to consider more actuators to allow for better signaling the desired shadowing
performance, but also we should consider wearable sensors that give feedback on
the driver’s performance to the passenger.

Finally, we should also address the non-technical implications of this work for the
SoIC-TV scenarios. We had reiterated in Section 13.5.4 priormotivation as towhy the
use of a human embodiment for evaluating machine behaviors may be useful in the
context of ECA research. The main reason being the experimental consequences of
observing or evaluating human-machine interactionwhen due to prior expectations,
machines are treated differently to begin with. Although we have not discussed
related work from, for example, the domain of persuasive systems, it is easy to
imagine scenarios where humans are more likely to dismiss a request coming from
a machine than from another human. So, beyond the better access to the physical
domain, another reason formachines to employ a SoIC-TV driver (instead of sending
an email) would be to benefit from an increased ability to persuade other humans.

13.6 CONCLUSION
Summarizing, we have evaluated our Echoborg apparatus for multimodal behavior
shadowing (MEB) that is integrated with our existing Embodied Conversational
Agent (ECA) framework. Our research questions were about how the perception of
the interaction and perception of the individual agents would differ when the ECA
was embodied either by the MEB or by our virtual agent (VA). To summarize our
findings, let’s go back to Rostand’s play Cyrano de Bergerac that inspired Milgram to
develop the cyranic method, and ultimately inspired the Echoborgmethod.

The moral of the story was that Roxane was attracted to Christian’s body, but ulti-
mately fell in lovewithCyrano’smind. This is a feat not likely repeatedbyourMEB. In
our experiment, body andmindof theMEBare inversely incongruent - a humanbody
with the limitedmind of amachine. OurMEBwas perceivedmore human-like on the
surface, despite its limitedmind. However, thequalitativeanalysis showed that some
of these limitations shone through on other measures, and a higher powered study
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may reveal thatwithout a sociallymore capableECAsystem, the initial favor ahuman
embodimentmay receivewill turn intoanegative in the courseof the interactionwith
anMEB.

What’s more, we can say that (luckily), the titular Mind Transplant was not fully
achieved with our system. The EB actor remained in control of their own facilities
and required their own facilities to follow the events on the cyranic interface and
translate them into their own behavior. As we have discussed, this translation will
remain a source of error between the desired behavior of the ECA systemand the true
realization performed by a human embodiment. Future improvements to the cyranic
interface as well as a potential feedback loop between ECA and embodiment may be
worthwhile to explore for mitigation of these errors.

The concept remains useful for future research, where participants should overlook
their existing biases when interacting with machines, so that the MEB helps with
benchmarking improved artificial systems that Roxane could end up falling in love
with.
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14
DISCUSSION AND FUTURE WORK

In this final part, I will reflect on the work presented in this thesis, how it contributes
to the overall field of mediated social interaction technology, and what directions it
could take in the future. Where appropriate, I’ll also discuss ethical implications.

Taken side by side, the primary research questions investigated in the studies dis-
cussed in this thesis do not strictly build on each other. They do not aim to solve
a single problem, and thus do not allow a singular conclusion, evaluating the extent
to which some problem was solved. However, the studies presented in this thesis
do share a commonality: They employ novel technological artifacts or research ap-
paratuses to explore social interactions beyond what we experience in our everyday
context of co-located and mediated social interaction. As such, the contribution
of this research can perhaps best be examined in terms of how it contributes to
understanding the evolution of Mixed and Virtual Reality media. Slater summarized
the early research with VR with the focus on simulating known experiences - much
as television was originally used to mediate theater, before other experiences were
invented:

“Yet it is amedium that has the potential to go far beyond anything that has been experienced
before in terms of transcending the bounds of physical reality, through transforming your sense
of place and through non-invasive alterations of the sense of our own body” (Slater, 2009)

Again, the primary research questions of the studies presented in this thesis are
not explicitly about exploring or transcending the bounds of physical reality with the
apparatuses built for these studies. However, most provide some novel aspects in
the context in which they are applied, in the experience that they afford and the
way they were designed. In the following, we will discuss these aspects along three
themes. First, the experience of sharing mixed reality spaces in different ways with
other humans and machines, and second, the experience of perceiving those actors
we share space with when their agency is not always clearly defined. Finally, third,
we reflect on the role technology plays in affording these interactions, and reflecting
on the technology and software developed in the course of this thesis.



CHAPTER 14. DISCUSSION AND FUTURE WORK

14.1 THEME 1: SHARING SPACE IN MIXED REALITY
One theme in this thesis is thatmixed reality technology canbeused tomediate social
interactions in both virtual and physical shared spaces. In Chapter 2, we investigated
humans sharing space with virtual humans in a virtual environment. In Chapters 7
and 8, we usedmixed reality technology to allow remote users to navigate a physical
space, while at the same time showing an avatar of the remote user to local users
using augmented reality. The remote user shared the virtual representation of the
physical space with the local user in the same way that the local user shared the
physical space with the virtual representation of the remote user.

We learned that virtual humans violating social norms regarding the use of virtual
spacedoesn’t gounnoticedbyhuman interlocutors, causing themtobothadjust their
ownuse of the virtual space, and also affectinghow theyperceive the virtual human’s
personality. The way virtual embodied actors behave in virtual spaces matters. In
theory, the space in VR can be infinite, but in social interactions, use of space is a
social signal that matters.

This is also the case when we look at scenarios such as in the two experiments
with the OpenIMPRESS telepresence system. Here, to afford communication around
objects in the physical space of one user, we aligned the (representations of) physical
space and (representations of) user embodiments in such a way that they were
consistent with each other both for the local and remote users. This is required for
certain types of communication to work properly, such as establishing eye contact,
as well as for gaze direction and pointing gestures that reference other objects in the
physical space – or, for thatmatter, shared virtual objects, such as the sharedwidgets
used in the CPR study used to provide feedback on the local user’s performance to
both users.

However, note that the two apparatuses in Chapter 2 and Chapter 7 are also quite
different from each other in how they deal with (artificial) physical constraints
and realism of the experience. In the study on proxemics, we sought to simulate
a co-located interaction with VHs in VR. Human-like appearance of the VHs was
a priority, including an animation system that featured realistic locomotion for
(re-)establishing social distance. The participants did exclusively use their own
locomotion to reposition themselves in the room-scale virtual environment. With
the OpenIMPRESS system, we did not adhere to the same requirements. The remote
user was able to manipulate their position in the representation of the remote envi-
ronment using the hand-controllers, even while physically standing still. This could
be donewithout regards for obstacles, andwithout regard for constraints thatwould
be imposed by a human body. A human body needs to stand, sit or crouch to adjust
their point of view in space. Using the OpenIMPRESS interface, the RO can position
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themselves close to the floor, or inside a tight space in the remote environment, while
physically remaining in whatever position is comfortable1. Of course, these physical
constraints cannot be overcome by the local user that is engaged with the physical
space, but also for them, the experiencewill bedifferent fromaco-located interaction,
as the RO’s embodiment will still float around freely.

So, between the apparatuses in Chapter 2 and Chapter 7, the ways of how space is
shared are different. At the same time, for different use cases – simulating co-located
social interactions versus facilitating remote collaborations – other requirementswill
apply. The choice to disregard these physical constraints for the more application
oriented scenarios of the OpenIMPRESS seemed successful, as we found that remote
user’s experience in terms of social presence and usability, as well as team task
performance have improved when the remote user’s presence was not limited to
physical constraints2.

One of the obvious areas of improvement of the OpenIMPRESS system would be
in the capabilities of the RO embodiment in terms of communication modalities,
as it is currently limited to voice and position and rotation of head and hands.
Adding a face for stronger cues through eye-gaze and facial expressions may allow
for better communication. However, we can also speculate that the possibility for
users to violate social norms may come to play again once we also introduce such a
more capable, human-like embodiment for the RO. While this may allow for better
communication, affordances and expectations might also change and conflict with
the lack of physical constraints discussed above. A high-quality human head with
realistic skin and eyes floating throughwallsmay feelmore uncanny than our current,
simplistic avatar.

We’ve highlighted social presence as ameasure for how the presence of others and the
interaction with them is perceived between interactants in our telepresence system.
In Chapter 9, we provide a reflection on how we employ one of the most popular
measures of social presence in evaluations of (collaborative) telepresence systems.
We have highlighted the third, intersubjective dimension of social presence that
is implicitly included in the Networked Minds instrument, allowing for analysis of
perceived within- and cross-interactant symmetry. These indicate how interactants
perceive each other’s presence differently, and the extent to which this feeling is
mutual. Especially in the assymetric experiences such as the ones we address with
our OpenIMPRESS system, these symmetries may prove as a useful diagnostic tool
and deserve more attention in the future.

1Head movement through space are still tracked, and the virtual viewpoint reflects these
movements. The controller-basedmovements manipulate the root transform of the tracking area.

2Although it should be noted that the physical constraints in the FixedPosition condition were
different from the ones we described for the proxemics study
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14.2 THEME 2: SOURCES OF MIND
Another theme in this thesis is how humans perceive mediated social interactions
with other interactants of unusual or uncertain sources of agency. For example,
in the social conflict study in Chapter 3, we allowed a virtual human to engage in
a conversation with teachers by having the VH claim that they have a complaint
received from a real student, and are discussing it with the participant on behalf of
the exam committee. Naturally, there was no prior information on the participant
or prior students available to the agent. What’s more, we used the Wizard-of-Oz
method to control the VH utterances. Albeit in a different context, in theMultimodal
Echoborg (MEB) study in Chapter 13, the opposite happens: A human talks on behalf
of a machine. An Embodied Conversational Agent (ECA) system produced verbal
and non-verbal behavior which our confederate was asked to shadow using the MEB
apparatus.

In both cases, these deceptions, that is to say, the true level of agency or source
of mind of participants’ interlocutors were only disclosed to participants after the
experiment was completed. We investigated how participants experienced these
unusual types of mediated interactions.

From the social conflict study, we did gather some insights into what participants
thought about possible scenarios wheremachines are used tomediate these types of
conflicts on behalf of others. Some explicitly noted that there was uncertainty about
who the VH was, and consequently it was difficult to understand what the result or
possible outcome of the interaction would be. Others found it easier to talk about
the conflict with a machine compared to talking about it with a human, an effect
often observed in VH literature. Others again mentioned that they simply felt it was
not appropriate for a machine or Virtual Human to judge someone. In summary, the
unclarity or individual interpretations of the VH’s agency or source ofmindmay have
colored these interactions significantly on an individual level.

In the Multimodal Echoborg study, our analysis of the experience with the machine-
driven human focussed on more constructs from HCI instruments, such as game
experience andagentperception. Our initial hypothesiswas that overall, interactions
with the ECA would be rated more favorably when it was embodied by a human
(using the MEB apparatus) than when it was embodied by a VH. These hypotheses
were mostly not supported by the results. Our follow-up analysis suggests that
instead, the human embodiment raised expectations about the interaction that the
human embodiment could not fulfil, as it was limited to the capabilities of the ECA
system. Although not significant, the VH embodiment with the same capabilities
received higher average ratings on the believabilitymeasure.

Variations in the true source of mind is also a theme that was developed throughout
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this thesis when discussing the variations of our SoIC-TV telepresence services. We
explored scenarios both for how a human could rent a SoIC-TV driver for conflict
situations in Chapter 4, and how a machine may employ a human embodiment to
achieve goals requiring social interactions in the physical domain in Section 13.5.5.

Taking together both the experiences investigated in the user studies and the SoIC-
TV scenarios, we are painting a fictive, but plausible picture for how in a future
with increasingly pervasive technology that affords mixed reality mediated social
interactions, there are also opportunities for social interactionswith agents thatmay
not exactly fit into patterns that we are familiar with today from our daily co-located
social interactions. Machines acting on behalf of humans, and humans acting on
behalf of machines are perhaps only two extreme ends on a continuous scale of
social interlocutors we might encounter with mixed-agency. We learned that being
transparent about the true sources of agency may lead to less confusion on the part
of the user, while at the same time we speculated how intentional deception may
empower machines to achieve goals in the physical domain that they were not able
to achieve before.

Designers of these mixed-agency systems will also need to consider the complex
ethical aspects of these systems. Being deceived about who it is that we are talking
to is already a pervasive problem in normal interactions on the web. In future envi-
ronments that feature mixed reality technology, such as the Metaverse, interactions
with increasingly smart machines employing increasingly persuasive embodiments
for interactions will take place. Similarly, humans with malicious intentions may be
able to exploit the ability to appear in such environments with embodiments that
help them to appearmore trustworthy than theywouldbe in a co-located interaction.

A common ethical concern about the internet is that malicious players can exploit
the reach they gain through the internet in a way that would not be possible in the
physical domain. For example, sending out one million scam-letters may not be
profitable, while sending out tens ofmillions of scam emails comes at almost no cost.
Although we may be verging into a science-fiction scenario, we can conceive how
with a SoIC-TV telepresence system, a malicious actor could now exploit a network
of human actors at scale for a coordinated attack.

14.3 THEME 3: TECHNOLOGY
Finally, I want to reflect on the contributions made around the technology and
software developed in this thesis. As mentioned in the introduction, using existing
technology in a way to achieve new experiences has always been an important
motivation for this work. While some experiences may seem more mundane or

169



CHAPTER 14. DISCUSSION AND FUTURE WORK

common by the time this thesis is published, there are still some interesting aspects
to be discussed.

Starting with the studies on the OpenIMPRESS system for asymmetric telepresence
presented in Chapter 6, the implemented design aspects of this system were based
on existing work on mixed reality telepresence. In the study on the different imple-
mentations of the interface and telepresence experience inChapter 7, wewere able to
support a number of the initial design rationales. What’s more, we have integrated a
novel feature with themarker-based alignment of depth-sensors at the capture sites
(see Section 6.2.1). The resulting system is a framework that is both easy to use and
easy to extend to other settings, as was done for the AR-CPR study in Chapter 8.

Next, we have made some contributions to Virtual Human and Embodied Conver-
sational Agent technologies in the course of this thesis. The ASAP Realizer to Unity
bridge developed for and used in the studies involving ECAs (i.e. Chapter 3 and
Chapter 12) has since also been employed in other projects involving ECAs and
multimodal social robots.

We have also raised some questions on how ECA systems might need to be adapted
in the future in Section 13.5.5, if they need to be integrated in hybrid mixed reality
settings such as the SoIC-TV service. Here, classic ECA systems for virtual humans or
social robots typically implement a feedback system between the behavior planner,
and the embodiment that is realizing the requested behaviors. In mixed settings
such as the MEB setup, this means extending the system with real-time feedback
on the MEB’s (or SoIC-TV driver’s) performance, that is, on whether utterances
are completed, were interrupted, or spoken incorrectly, as well as monitoring the
progress on gestures and locomotion behaviors, to name but a few.

14.4 CONCLUSION
I have discussed a number of studies on different mediated interaction experiences
using mixed reality technology. Although these studies are varying in their primary
research questions, they paint an overall picture of how MR technology will, in the
future, not just allow experiences that transcend what’s familiar in terms of physical
experiences, but also transcend what is familiar to us in social experiences. Hybrid
interactions with humans acting on behalf of machines and machines acting on
behalf of humans, representedby various physical or virtual embodiments in amixed
reality will pose both challenges to designers and users of these systems.
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