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Abstract

The prospect of reality being complemented by a virtual sphere where hu-

mans are naturally embedded in their digital surroundings has inspired human
imagination in many ways. It carries the promise of transforming all aspects
of human life from health care to education, industry and entertainment on
a personal to a global level by making them more e cient, less cumbersome
or broadening and enriching their scope, in uences and possibilities via far-
reaching virtual means. The advancements in the elds of Virtual, Augmented
& Mixed Reality, Ubiquitous Computing, Internet of Things, Machine Learning
among others bring the realization of such scenarios ever closer.
Yet such transformative processes also carry a lot of risks and considerations.
Apart from security and privacy concerns similar to today’s problems, the pro-
cess of mixing di erent environments and interfering with aspects of human life
can have non-trivial social, psychological and cultural consequences.

This work presents a framework designed for Ubiquitous Mixed Environ-
ments. The framework is built to be generally applicable on all scales, yet it
understands itself as one piece to the puzzle: enabling exible communication
between interaction devices and facilitating individualistic setups that allow
users to control where and to what extent interaction happens by forming a
well-attuned and personalized digital "'skin" or "suit" that embodies them in a
virtual environment.

The thesis gives a technical and conceptual overview of the framework and ar-
gues design decisions. Tests and tools aimed at assisting use and development
are also presented.

It then explores use-cases with a focus on embodiment scenarios and how to ap-
ply and support modular and interoperable solutions as part of an open Mixed
Reality world.



Zusammenfassung

Die Aussicht, dass die Realitat durch eine virtuelle Sphare erganzt wird in

der Menschen auf naturliche Weise in ihr digitales Umfeld eingebettet sind hat
die menschliche Fantasie auf viele Weisen inspiriert. Sie bringt das Versprechen
mit sich alle Aspekte des menschlichen Lebens - von Gesundheitsvorsorge uber
Bildung bis hin zu Industrie und Unterhaltung - auf personlicher bis globaler
Ebene zu verandern indem sie e zienter oder weniger beschwerlich gestaltet
werden und ihr Horizont, die Ein usse und Moglichkeiten durch weitreichende
virtuelle Hilfsmittel erweitert und bereichert werden.
Jedoch tragen solch umgestaltende Prozesse auch viele Risiken und Bedenken
mit sich. Neben den Anliegen zu Sicherheit und Privatsphare die sich ahnlich zu
heutigen Problemen au ern kann das Vermischen von unterschiedlichen Umge-
bungen und der Eingri in Aspekte des menschlichen Lebens nicht-triviale
soziale, psychologische und kulturelle Konsequenzen haben.

Diese Arbeit prasentiert ein Framework, das fur Ubiquitous Mixed Environ-
ments entworfen wurde. Das Framework ist fur generelle Falle auf allen Ebenen
anwendbar, es versteht sich jedoch als ein Teil des Puzzles: das Ermoglichen
von exibler Kommunikation zwischen Interaktionsgeraten und die Forderung
individueller Kon gurationen die dem Nutzer Kontrolle daruber erlauben wann
und in welchem Ausma Interaktion geschieht indem sie eine gut abgestimmte
und personalisierte digitale "Haut" oder digitalen "Anzug" erzeugen, die/der
den Nutzer in einer virtuellen Umgebung verkorpert.

Die Arbeit gibt einen technischen und konzeptuellen Uberblick uber das Frame-
work und verargumentiert Entscheidungen zum Design. Tests und Werkzeuge
mit dem Ziel die Nutzung und das Entwickeln zu erleichtern werden ebenfalls
prasentiert.

Anschlie end werden Anwendungsfalle untersucht mit dem Fokus auf Embodiment-
Szenarien und wie modulare und kompatible Losungen im Rahmen einer o enen
Mixed-Reality-Welt angewendet und unterstutzt werden konnen.
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1 Introduction

1.1 Original Motivation

This endeavor originally started with the Neurorobotics Platform (NRP) as a
simulation platform for embodied robotics and the goal of letting humans join
the virtual robots in their simulated environment through the use of commer-
cially a ordable and available hardware.

The focus was to establish both robot and human as equal actors on a level
playing eld inside the simulation without one having privileged access to parts
of the physics or visualization nor being able to circumvent any of their internal
mechanisms - for example observing elements or performing actions that would
be considered physically impossible.

For a human user to be able to present themselves with agency in this manner
inside the virtual world of the robot, they would require a surrogate body - an
avatar - embedded in the physics engines of the simulator that they can take
over and control.

Given such a setup, it would allow for investigations in two directions.
Firstly, as the robot is being developed and tested inside this simulated scenery
during the rst phases of its life-cycle, it would be able to encounter human
behaviour and interaction with more of its complex and unpredictable facets -
something inherently di cult to simulate. Secondly, it would explore what is
necessary and what it means to bring agency to humans in a virtual environ-
ment when they are not the center piece but instead just one more actor inside
it - being exposed to all the limiting factors like physics calculations a ecting
their proxy body etc. that keep the virtual world consistent while trying to
approximate reality.

Due to several technical as well as political decisions during the development
of the NRP it became clear that real-time and interactive simulations were not
the primary consideration for the foreseeable future, i.e. the time-frame of
this work. Non-real-time simulation however is an obvious death sentence to
proper experiments involving human interaction in Virtual Reality (VR). In
consequence, the scope of this work changed to nding an approach that would
allow to

quickly set up an alternative environment involving the same base com-
ponents like physics engine, VR rendering, robot sensors & actuators, etc.

being able to adopt the already invested work for the NRP in terms of VR
rendering, human avatar motion controls, etc. as much as possible

allowing this separate solution to hook back into the original platform at
a later stage if possible



~ work in conjunction with all state-of-the-art utilities for VR and robotics
development and hopefully future developments which are occurring at a
fast pace

Following these considerations, it became clear that ful lling all these wishes
would require a framework that was highly con gurable and modular. The
impression also formed that its use might well extend beyond the scope of this
work alone and the base necessary mechanisms could also prove helpful in other
applications in the eld of Mixed Reality (MR) in general.

1.2 Generalizing the Original Goal

All of these considerations shifted the goal of this work towards a more general
approach of a framework designed for MR scenarios. The focus was on building
connections and interactivity between heterogeneous and distributed systems,
trying to nd solutions with the highly dynamic situations that are inherent to
MR.

To elaborate, let us extend the idea of bringing humans and virtual robots
together into the same room by reversing the roles of human and robot: we try
to bring the simulated robot into the real laboratory by means of augmented
reality.

Robots already are highly complex systems with physical and virtual parts to
them, so they seem like a good starting point for thinking about how these two
worlds can mix. We could opt to build a sort of proxy platform that acts as a
real-life representation for the robot so it can actually physically in uence its
environment. The closer that proxy gets to the actual capabilities of the robot
the more we are actually just building the robot in reality. This line of thinking
relates to the concepts of a digital twin, only it is approaching from the opposite
side and instead tries to establish a "real-life twin".

If we instead keep the robot purely virtual we would nevertheless need some sort
of room-scanning device creating a virtual representation of the environment
that we then can (partly) convey to the virtual robot as its point of view.

In the reverse case we seem to have a much easier time supplying a virtual
body to a human as the virtual world usually lends itself to be our playground
with little limitations. Trying to truly encompass the human capabilities as was
argued for the robot proxy before however is just as daunting of a task on closer
inspection.

To map all desirable forms of interaction and cover its full range, it would require
technology almost forming a "digital skin" for an individual user - involving

smart software that can translate and mitigate between human body and virtual
representation and environment, operating in a tight loop with the user and
acting as a sort of digital cognitive extension managing parts of the virtual



Figure 1: "Hyper-Reality" by Keiichi Matsuda.

aspects.
Such a system does not have to be limited to virtual extensions/augmentations
either, it could be similarly applied to real-life robotics (see 3.1.5).

E orts like Nvidia's Omniverse' or Meta's Metaverse® indicate that this
merging of realities is of great interest to global companies for various purposes
and forms of activity.

The concept Im "Hyper-Reality" 2 by Keiichi Matsuda poignantly paints a
picture of a ubiquitous case where realities overload each other (Figure 1).
In such an environment, how is it decided what is important, worth attention
and visualization and/or put into the foreground? How is it decided what to
interact with and how?

Lhttps:/iwvww.nvidia.com/gtc/keynote/ (last accessed 08-06-2022)
2https://about.facebook.com/what-is-the-metaverse/ (last accessed 08-06-2022)
Shttp://km.cx/projects/hyper-reality



2 Theoretical Background: Mixed Reality

Coming from the introductory scenario, the goal is to build a framework for
Ubiquitous Mixed Reality (UMR) and explore degrees of virtual embodiment.
This section will provide an overview over the terms Virtual Reality, Mixed
Reality and ubiquitous computing to see how they are de ned, what di erent
interpretations are o ered, what they imply and what conceptual boundaries can
be identi ed to form a better understanding of where the eventual framework
is placed and what it is trying to achieve.

2.1 Motivational Scenario Revisited

As a thought experiment, let us examine the virtual embodiment scenario of
a human in a virtual simulation from the introduction again and extend it
with additional hypothetical features to achieve a closer investigation of our
terminology.

In its original conception, it is as close to the colloquial interpretation of VR
as today's consumer hardware will allow us to go: a human joining a virtual
and fully simulated environment where things continue to happen even without
their involvement.

Once the human has a virtual body - or at least something that can replicate the
functionality of a body part - that is adhering to and embedded in the virtual
laws (of physics), they can use it to "get in touch" with the virtual world.

The robot on the other hand perceives its environment through its simu-
lated sensors and acts through its simulated actuators. The processing of its
sensors/actuators (cognition may be a bit of an overstatement), too, is entirely
reliant on synthetic computation via a brain simulation or simpler algorithms.
What do we call the reality the robotic system is processing? If we regard the
robot as its own individual system - as unintelligent as it may be - that has
to nd its way around an unknown environment by processing signals and we
locate it on the virtual end of the spectrum, the argument is that it perceives
true or the purest form of VR: there are no physical components in uencing
its perception, it is a purely simulated system existing in a purely simulated
environment performing simulated processing which forms its subjective sim-
ulated (or virtual) reality. Whatever technology a human would utilize, their
experience of that same reality would be a more mitigated and intermediate one
with remaining other-reality-in uences compared to the robot's perception.

What if we then tried to turn the physical-virtual dials for di erent aspects
of this scenario? What if we wanted to replace the simulated environment with a
real laboratory or robot test course? We could generate 3D scans of the physical
environment or try to generate live 3D mappings of the surrounding geometry



via SLAM algorithms ([1][2]), then place the virtual robot inside it. Instead
of a virtual robot we could alternatively imagine an intelligent virtual assistant
(IVA, see 4.5) in the same room.

Now the robot is facing the same issue as the human in the initial scenario
- it does not have a body (sensors / actuators attached to a platform) it could
use to interact with its environment.
If the 3D environment mapping is detailed and complete enough, we could
emulate a virtual camera perspective re ecting the robot's location and feed it
to the robotics internal systems. Checking the virtual robot's geometry against
the 3D mapping, we could also tell it when it supposedly bumped into a wall
or collided with objects. Given the live updates of the environment geometry
happen fast enough, this might even be possible for collisions with mobile entities
like real humans in the room. I0T devices located in the room could give the
robot additional impressions about its environment like temperature which it
might otherwise get from its on-board sensors.

But to have real physical presence and to be able to, in turn, physically
a ect its surrounding the robot would need a physical body or access to e.g.
actuators/e ectors. If not that, then it would have to rely on a system capa-
ble of emulating certain forces - in a simple form this could be achieved via
physical proxy objects and more dynamically via robotics systems moving and
providing appropriate haptic/force feedback throughout the physical environ-
ment. [3][4][5]
For the robot, we could start with a little proxy construction - just a platform
with wheels in the approximate dimensions and a stick with a camera attached.
We could extend this proxy until we realized the full robot. Now we introduce
a second and a third robot, which have not been fully realized and still rely on
physical proxy elements or are purely virtual. Maybe we have a person that
is physically present in the lab and another human joins the scenario through
virtual means using VR technology.
How about we throw a ball that is purely virtual into the scenario for all robots
and humans to play with together - the ball of course having virtual material
properties (elasticity, surface friction, etc.) and reacting to the physical envi-
ronment (carpet oor, cement wall, etc.).
As the virtual environment would be replaced with scans of a physical envi-
ronment or the robot being actualized with e.g. a camera, it would translate
towards physical reality (PR) in its experience and be part of a MR too - only
that it approaches the Milgram continuum([6] (see Figure 2) from the other end.
Can it translate fully to PR or will some minimal part of its perception always
remain VR as with humans utilizing a CAVE or HMD setup?

This gives the impression of several environments where all entities involved
are heterogeneous and complicated or even complex systems[7] in and of them-
selves, trying to perceive their environment(s) and interact with it. They, as well
as other entities, might exist on di erent ends of the continuum, maybe they



Figure 2: Milgram-Kishino continuum for categorizing AR, VR, MR. [6]

are comprised of physical and virtual components at the same time, maybe the
nature of what currently represents them changes over time and depends on the
circumstances.

Perception and interaction with the other environment can only happen if
mechanisms can be found to translate/mediate input & output and if rules of
causality between environments can be established. The intra- as well as inter-
environment rules of causality constitute action-reaction relations and de ne
possible interactions.

Some interactions we can choose and de ne ourselves, some are dictated onto us.
We can also see that there are some discrepancies and limitations between envi-
ronments that are not solvable and make interactions impossible with currently
available technology - as in the case of a system applying forces or emulating
physical barriers where current technology can only fake/emulate so much until

it becomes an intrusive hindrance itself.

The mixed environment itself becomes a complex system too, at the latest
when it involves in uences from ubiquitous computing and becomes a socio-
technological system on scales from individual to global involving personalized
computation, smart environments, machine learning and the risks that come
with such considerations.

2.2 Ubiquitous Mixed Reality & Environments

In 1994 Milgram and Kishino[6] introduced a virtuality continuum along a 1-
dimensional axis, particularly focused on MR visual displays. In Figure 2 we
see the continuum with real (i.e. physical) and virtual environment lying on
the outer bounds and Mixed Reality (MR) spanning all scenarios where some
in uence or component of both worlds is present, like Augmented Reality (AR)
or Augmented Virtuality (AV).

According to Speicher et al. [8] the Milgram-Kishino continuum is still
the most cited source when it comes to de ning MR. Speicher et al. also state,
however, that there is no singular established de nition for MR and that varying
and sometimes contradictory interpretations exist between experts.

Arguably, MR is very multi-faceted and multi-dimensional in its nature so a



linear scale is not quite adequate when talking about what MR encompasses
currently and possibly in the future. If the goal is to build a framework set in
the eld of MR or Mixed Environments (ME), it is necessary to nd at least
useful models re ecting central aspects of it. In order to think about these
models, an informative (working) de nition is helpful or at least should serve
to clarify the approach the framework is taking on the matter.

2.2.1 Virtual Reality & Environments

In Milgram et al.'s work on "A taxonomy of mixed reality visual displays"[6]
the real environment and the virtual environment are the outer boundaries of
the mixed reality continuum. The term physical environment instead of real
environment would be more distinguishing here as the termreality is heavily
used for all aspects of the spectrum and the interpretation of what isreal is
rather vague.

To expand on the scope of what a virtual environment implies: what is today
available as VR applications or hardware is hardly the conceptual boundary of
what we can envision as an equivalent reality on the other end of the spectrum.
It often re ects the current technical limitations for human-centric immersive
3D technology trying to mimic aspects of our physical environment or substitute
it.

But it often also entails a limiting scope when thinking about what a VR/VE
means in full consequence. Trying to explore these conceptual boundaries, the
common factors and di erences between physical and virtual environments and
what constitutes an environment in general might give some better ideas for a
consistent de nition. This work takes the word "virtual" 4°67 as to mean "arti -
cial", "synthetic", "computer generated" or "only indirectly evident" instead of
"decidedly not real" or " ctional". As an additional note, a VR/VE is seen as
possibly including very abstract processes not necessarily aligning with familiar
physical reality concepts.

There may also arise the notion that virtual stands for whatever is not the
original subjective reality, i.e. what is virtual reality from our perspective, for a
virtual existence from that virtual reality it is normal reality and them experi-
encing our physical environment would be their virtual reality. This notion is of
course problematic because it confuses terms or makes them di cult to use for
consistent communication. In that case one might just label our physical envi-
ronment as PE and the virtual one as VE to clarify and ensure the statements
made are referring to the same environment.

4https://www.merriam-webster.com/dictionary/virtual (last (last accessed 08-06-2022)

Shttps:/iwww.thefreedictionary.com/virtual (last (last accessed 08-06-2022)

Bhttps://dictionary.cambridge.org/us/dictionary/english/virtual (last (last ac-
cessed 08-06-2022)

7https:/iwww.dictionary.com/browse/virtual (last (last accessed 08-06-2022)



Due to this vagueness, this work seeks a clear separation of the termeality
and environment. For example, we have to acknowledge that our interpretation
of our physical surroundings as our physical reality heavily relies on our per-
ception through the senses and cognition available to us, mediating signals and
forming our interpretation.

Nevertheless, we would certainly not deny a fully blind person to be living in
the same objective reality as a person with intact vision as it is possible for both
to share and agree upon observations about it, e.g. the pinch of a needle. [9]

The discussion will consequently useeality as an indication of a subjectively
formed representation using senses and agency within an objectiwvironment.
One could instead pre x terms with subjective/objective (e.g. SMR / oMR), but
reality / environment are felt to form a clearer distinction and cleaner reading
experience.

A very de ning characteristic of our physical environment is that we are
very much trapped inside it and nothing can transcend its causal e ects (to our
knowledge). It is the boundary condition for our existence. Another aspect is
a certain persistence of entities and actions having considerable consequences.
As the ultimate indicator: if the consequences of a process can be so drastic as
to cause our death, then we can not help but consider it very much real (also
see 3.1).

A more logical equivalent as an analog to our physical environment would be
to have a virtual environment with (more or less) persistent entities, properties,
events and causality rules, possibly even observers and simulated consciousness
living inside it. This environment would not necessarily have to adhere to the
same laws and stipulations as our physical environment nor would it have to
work on the same time-scale. Consciousness, too, could be very non-human.
To put it at an equivalent scale: if it was possible to simulate a whole planet,
star system, galaxy or even universe together with a population of conscious
observers that had no need or possibility to escape it, then that simulation
would constitute their reality. This comes closer to what one could interpret as
a strict or "pure" virtual environment.

Any process inside the simulation may be completely oblivious to what is going
on in our external physical environment - the only thing of consequence to
internals of the simulation is the outside physical hardware being kept intact
and operating. There would be no need or means to escape the simulation.
This existence, in turn, re ects propositions by the simulation hypothesis[10]
about the nature and composition of our physical reality - only if we built and
ran the simulation, we could be sure about its true nature as a sort of arti cial
"sub-reality".

Some works like the one of Robert J. Bradbury on Matrioshka-Brains [11]
even try to think about how hardware to run simulations on such a massive
scale could be theoretically achieved within the constraints of our reality. And
while such technologies can assuredly be put o into the far future (if ever



achievable), imaginations and thought experiments along these lines might serve
to shift the mindset a little into conceptualizing a world where the virtual is
acknowledged as potentially its own form of environment/reality and is not just

a single playground extension to hop into and forget about immediately after
closing it. One could imagine virtual spheres of existence that persist and evolve
with little outside intervention or explicit consent. It may help to recognize the
eventual complexity of a space where physical and virtual entities (co-)exist,
collaborate, combine, compete and truly mix with each other.

This is not to mean that we should start building VEs for arti cial minds
completely bypassing humanity. If humans build VEs and use VR, it should be
of assistance to humans.

Naturally it will re ect concepts that are familiar and easy to grasp and handle
for us like 3-dimensionality, speaking to our human senses and having agency by
controlling elements exclusive to us, i.e. having a body as a manifest corporeal
representation that grounds us in said environment (3.1).

But whenever an application is primarily geared towards human senses and is
not so much interested in establishing something independent that resembles
an environment it might be better to use terms like "immersive technology"
[12][13] to avoid this interpretation con ict of "reality” vs. "environment".

The mediating step of making certain properties visible, understandable and
interactive to humans does not encompass all aspects of what a virtual envi-
ronment might be, yet is often labeled as VE. In fact, a virtual environment
that continues to evolve without a human overlooking or controlling it seems
to conform much more with the understanding of "reality” than a user-centric
immersive application.

Expert opinions and interpretations

When Speicher et al.[8] interviewed experts to characterize virtual reality,
they pointed towards an arti cially constructed reality and to fully immersive
technology with a focus on head-mounted displays (HMDs) and the ability to
visit remote places.

Example: 360 Video
As examples for VR, two experts hamed watching 360video using an HMD -
whereas watching it on a smartphone 2D display was not considered VR.

Discussion:
This example hints at the important distinction, when there is VR hardware
and technology at work but the content is in the form of static playback. One
may label it with the term reality as it plays with one's perceived surroundings.
Arguably though, excluding outside visual (and maybe auditive) perception of
physical reality, and replacing it with virtual content that adjusts analogously
with head/posture movements to how physical reality would, does alter a big
part of human perception but is not nearly enough to "just ignore" and replace
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physical reality altogether. Alternatively one may just call it a more elaborate
and immersive presentation of a video playback.

In terms of environment however there is almost no dynamics, it is a static
video where entities do not really interact with each other and perform rule/event-
based exchanges. The only available in uence is being able to adjust one's per-
spective.

On this note, agent-based modeling and simulations[14] have more landmarks
of a virtual environment - even when not displayed in an immersive way - than
video playback. This eld of research also relies on the term "environment"
to describe the space or boundary condition an agent is perceiving and acting
within. Examples given in [14] of environments for agents are the physical world,
a user via a graphical user interface, a collection of other agents, the internet, or
a combination of them. Agents themselves are characterized with the properties
of autonomy (internal state and decision making without direct intervention),
reactivity (situated in environment, respond in a timely fashion), pro-activeness
(capable of initiative, not just reactions) and social ability (interaction with
other agents and humans through an agent-communication language, achieve
goals with the help of cooperation or negotiation).

These characteristics for agents also serve well to classify how dynamic a VE
is. The more agent-like elements a VE is comprised of, the more the VE will
turn from a static background into a system with momentum that is capable
of producing more wide-ranging or variable consequences when interacted with.
In consequence, mixing with such a VE produces more involved results and
possibilities.

Example: CAVE
Another example for VR named was a CAVE system[15][16].

Discussion:
CAVEs - just like HMD-based systems - serve to illustrate the aforementioned
point: they may immerse the user and produce some aspects of VR, but they
will not be able to exclude the physical environment nor the implications of the
user's body (3.1.1). One can very much run against the walls of a CAVE and
hurt one's nose and feet. With HMDs one can still get entangled in video cables
or hit objects in the room (or the room itself) if not careful. All these things
serve as a very quick reminder about the other environment (and in consequence
its reality) we're still beholden to.
CAVE and HMD setups certainly try to minimize any in uences coming from
physical interactions. But save for a direct VR brain interface with signal ex-
change blocking and bypassing our normal perception, these in uences will al-
ways remain to some extent. Even wearing VR equipment and the tiring e ects
caused by it can break immersion and pull us back to (physical) reality. Later
arguments about embodiment (3.1) will pick up on details of this consideration.

Example: Movie "The Matrix"
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On the topic of brain interfaces, the movie "The Matrix" ® was also named as
an example of VR. This work of ction presents a world where humans are held
inside a simulated world indistinguishable from physical reality through a brain
link. In this ctional work, still the virtual presence vanishes with the death of
the physical body.

Discussion:

Here it is important to consider what is being identi ed as VR - the construct of
the Matrix as a shared virtual environment or the brain interface used to enter it.
Inthe rst case (VR = VE), this question follows: the virtual reality(environment)
in the movie is also occupied by purely arti cial minds and agents. If one was
to remove all human existences from the Matrix itself and leave its simulation
to the machines only, would it stop being a virtual reality? In other words: is
the involvement of humans a necessary criterion for a virtual reality and any
reality in general?

If VEs are to be interpreted as an outer boundary for a spectrum, the def-
inition of a VE as a "side-reality” that is exclusively dependent on human in-
volvement is not a de nition this work follows, as it removes many interesting
considerations and possibilities for the modeling of mixed environments (or real-
ity for that matter) - autonomous agents or assistants that remain active when
the user is not, among others.

Instead, it is considered as a system that may indeed be very limited in its
complexity and time-scale of existence or heavily rely on human input. But any
human involvement short of digitalizing a human mind and uploading it should
be considered MR with a heavy focus on the VR side - in some cases referred
to as AV. Respectively the actual outer boundary lies further o to the side
and includes more than immersion of human senses - something that may be
implied by the continued arrows in the original continuum ([6]) but not so much

in other discussions about the characteristics of VR.

If one would prefer the term simulated reality instead of virtual reality for
this de nition, one would have to specify that simulation is not meant with the
connotation of reproducing/approximating physical laws but to be any form of
virtually generated dynamic and rule-based process.Synthetic reality may be
another alternative term. Cyberspacecould be seen as another option, but car-
ries the connotation of a uni ed and all-encompassing "aether" where a virtual
environment is understood here to potentially be limited in its scale.

One might also try to di erentiate between digital and virtual environments,
both being generated by arti cial means but the latter explicitly being a 3D
reality familiar to physical reality concepts.

8Silver, J. (Producer) & Wachowski, L. and L. (Directors) (1999). The Matrix [Film].
United States: Warner Bros.

12



2.2.2 Mixed Reality & Environments

This section will take a closer look at what it means to mix realities and envi-
ronments. To avoid confusion, most examples will be limited to considerations
about mixing only two environments - the physical environment PE and the
virtual environment VE. There may potentially be many di erent environments
that are trying to mix of course, and in these cases they will receive distinguish-
able labels.

Expert opinions and interpretations

Next to VR and AR, Speicher et al.[8] also asked experts to give their inter-
pretation and important aspects for MR. The experts were asked to categorize
three (deliberately provocative) examples as either mixed reality or not: (1)
listening to music; (2) Tilt Brush, a painting application utilizing stereoscopic
video HMDs and handheld controller motion for brush strokes (3) Super Mario
Bros—(SMB), a video game typically played on a TV screen with a gamepad.

Example: Listening to music
Listening to music was not an example of MR for most interviewees in [8].

Discussion:
When looking at ME, just like with the VR 360 ° video example there is little
dynamics within the environment. Given a visual application that would be
decidedly categorized as MR by everyone, the mere addition of audio playback
via attached headphones would probably only considerably elevate the MR ex-
perience if it dynamically reacted to the listeners spatial pose. It would be
interesting to see how experts would categorize a technology like the "AUUG
Motion Synth" ® where 3D hand/ nger poses and movements dynamically adjust
tone, pitch and octave to create live music but otherwise focuses on an auditive
experience (the conductor's movement may actually be interpreted as visually
enhancing to the experience). This may be an indication that dynamic (recipro-
cal) interaction (i.e. an exchange of events that have noticeable in uence) from
one environment to the other is key.

Example: Tilt Brush
The example of Tilt Brush was almost unanimously classi ed as VR instead of
MR. One expert put it under MR with the reasoning that VR is a kind of MR
according to the Milgram-Kishino continuum.

Discussion:
Following prior examples and argumentations on VR, for this work it would
be more accurate to classify it as MR leaning heavily towards VR - but not
exclusively VR. One may disagree with the subsumption of VR under MR based
on the idea that - taken to its extreme end - a virtual reality does not need to

https:/iwww.auug.com/  (last accessed 08-06-2022)
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mix with physical reality. As for a VE, there is very little internal pro-active
momentum on the virtual side e.g. the only dynamic comes from the user's
inputs.

Example: Super Mario Bros—
With the video game example of Super Mario Bros— there are a few interesting
points as well. The experts of [8] were unanimous in their refusal to call SMB
mixed reality. Reasons given were that it's just input, a missing spatial aspect,
a notion of "if this is MR, then everything is" and a gap between real world and
game GUI.

Discussion:
It is true for a single player video game, just as with Tilt Brush, that very little
happens without the player's input. In comparison, a game that is essentially
playing itself would be a sort of VE/VR within the interpretation of this work.

On the notion of input, arguably the press of a button on a gamepad is a
more direct and faster link (and therefore integration) of a human's intention
into a virtual environment than for example motion controls as is the case with
Tilt Brush. It represents less physical e ort (e.g. mapping physical actions
to virtual reactions) and is therefore reducing the reach and complications of
mixing both realities. The presentation of the game's output on a 2D screen
however leaves a lot of possibilities to perceive physical reality and thus puts a
lot of weight towards physical reality again.

Another interesting observation is that video games featuring a shared world

(i.e. social aspects) with tradeable in-game resources - often located in the
massively-multiplayer online (MMO) genre - regularly form mechanisms of ex-
changing real world currency for in-game resources. Some game publishers o er
sanctioned ways for these transactions. But especially the cases where this hap-
pens without the publishers' intent or is even expressly forbidden by them as to
not negatively a ect the general player experience, it still happens quite often
that a black market forms. Players want to exchange their real-world resources
against virtual resources and would consider losing virtual resources a very real
loss to themselves. The notion of "realness” seems to be heavily reinforced
through the social aspects as well as all players having autonomy, reactivity and
pro-activeness within the game world to some degree.
Yet in the case of SMB very few people would consider paying money to achieve
something inside the game world to be a sensible course of action. This is prob-
ably due to the game's sole focus on the single player (no social aspect) that
makes it entirely inconsequential after turning it o .

Some works further categorize additional realities with technology and mech-
anisms of extending, diminishing or altering perception of physical and virtual
objects.

Schnabel et al.[17] categorize the methodology by which (visual) perception is
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Figure 3: Classi cation of reality technologies according to Schnabel et al.[17]

altered as follows: Virtual Reality is presented as technology that "[...] cre-
ates a total Virtual Environment (VE) [...]". Mixed Reality in comparison is
named as a more expansive form of VR with two major modesAugmented
Reality and Augmented Virtuality with one end of the spectrum being aug-
mented/complemented by objects from the other end.Mediated reality, then, is
a general concept of altering sensory input by computationally ltering it - this
includes Diminished Reality which deliberately removes or blends out objects.
Ampli ed Reality , on the other hand, is used to describe processes of objects
controlling how inherent perceivable properties are being expressedampli ed
Reality is contrasted with Augmented Reality which super-imposes virtual in-
formation onto physical objects while leaving the perception of properties of
physical objects (mostly) untouched. Virtualized Reality describes the process
of capturing a physical scene in its spatial structure and virtualizing it, in turn
being able to synthesize new virtual perspectives from that scene description.
They continue to place each term along two dimensions (see Figure 3):

1) The correlation of action and perception, meaning how much action and per-
ception are happening within the same space. Handling physical objects, action
and perception coincide and "we can see what we do".

2) The extent to which physical entities are interacted with.

As discussion on the termMediated Reality, it should be considered that even
the human senses and consequent signal processing in the brain are already
a mediating step of constructing reality[9], as disorders like (visual) neglect
show[18].
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Figure 4: The Multimediated Reality Continuum according to Mann et al.[19].
Some axes are correlated, thus do not form an orthonormal basis.

Mann et al.[19] add to the discussion by investigating the termXR (or X-
Reality), again presenting three con icting interpretations. They give mediality
its own dimension for categorization and provide examples for phenomenological
aspects of altering reality perception that stay purely within physical means like
making electromagnetism perceivable through visual or tactile means - calling
it Phenomenological Reality
They also discuss the role ofArti cial Intelligence (Al) and Humanistic Intelli-
genceas the concept of human-in-the-loop-Al. This puts the senses and e ectors
of humans in a feedback loop of controllability (surveillance) and observability
(sousveillance) with machine sensors and actuators. This reciprocal sensing is
seen as the fundamental technological basis fdviultimediated Reality.
Multimediated Reality (Figure 4) is characterized as a multi-scale, multi-modal,
multi-sensory, multi-veillant, multi-disciplinary and multi-dimensional contin-
uum for describing "reality” technology. The origin of this multi-dimensional
reality continuum is regarded to constitute an absence of any sensory stimula-
tion (e.g. total sensory deprivation). Multimediated Reality is also about how
humans interact with their environment, and technology extending their body
and mind to that end. As an abbreviation for Multimediated Reality "All R",
"*R" or "ZR" are suggested.

A conclusion from all of this could be the following:
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Humans strive to alter/enhance their perception and agency through technolog-
ical means. Whether it be our base biological senses or technology mapping to
those senses, all of it serves as a mediating step to form our (subjective) reality
of an (objective and independently existing) environment.

2.2.3 Ubiquitous Computing

Weiser [20][21] originally described ubiquitous computing as a world where in-
formation and computation is available everywhere in a world of fully connected
devices which seamlessly integrate into everyday life while becoming virtually
or e ectively invisible. This is also described as "calm" technology existing and
working peripherally [22][23], "invisibile” computing [24]. Comparing it against
virtual reality he said that "Unlike virtual reality, ubiquitous computing will
integrate information displays into the everyday physical world. Its proponents
value the nuances of the real world and aim only to augment them" ([21], p.71).

Lyytinen and Yoo[25] provide a further distinction along the dimensions of
mobility/embeddedness between mobile (high mobility, low embeddedness) and
pervasive (low mobility, high embeddedness) computing. Ubiquitous computing
will then combine the advances of both ideas.

Mobile computing can be achieved either by small-scale devices that can be car-
ried, t into pockets and clothing or by making computation available through
broadband networks accessed through lightweight devices. The ability to bring
and access computation almost anywhere on the world, however, also discloses a
limitation when the mobile device cannot retrieve contextual information about

its current working environment and adjust its computation accordingly. It is
also stated that a manual recon guration to changing environments by the user

is something that the average user does not want to perform.

Pervasive computing as the idea of an area being populated by sensors, pads,
badges and physical/virtual models of physical/social/cognitive environments
can remedy this lack of context by obtaining and providing information about
the environment where the device is embedded in. The authors describe this
process to be reciprocal in that the environment should also be capable of de-
tecting other (mobile) devices entering the environment and making appropriate
changes in their computation.

This mutual dependency and interaction is estimated to lead to a new capacity
for systems to act more "intelligently" upon and within their environment.

Di erent authors have described several characteristic features of ubiquitous
systems and applications. These give an overview and can inform technical
decisions as well as challenges a system is potentially facing:

Distributed, Omnipresent Systems
The environment will consist of many small-scale mobile and pervasive devices
located in very dierent places, relying on wired and mostly wireless inter-
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connectivity for communication. The networking between devices will likely be
decentralized and modular. [21][26][27]

Heterogeneous Devices and Information
The devices in use may be personal or shared in nature. They greatly di er in
capabilities (older generation devices, cheap vs. expensive, manufacturer, dif-
ferent nature/purpose, etc.) and purpose (e cient / proprietary data formats).
Multiple services including di erent databases, data formats and access rights
are involved in a single situation. Applications themselves also have to move be-
tween devices when engaged at di erent times or circumstances which requires
interoperability. [28][27][29]

Appearance, Explicitness
Devices and computation manifest themselves in a calm, invisible, disappear-
ing, peripheral, ambient background manner. Computational capabilities are
embedded in everyday objects and situations. [21][22][23][24]

Resource Constraints
Small-scale devices have limited computational power, the physical size also
aects e.g. available display space. Since devices can be mobile, the overall
available resources also depend on the currently present amount/type of de-
vices. Available bandwidth is also limited with increased number of devices and
increased communication. [21][28][25][30]

Context-Awareness
A central aspect of making computation smarter is to enable devices to share
their context and work within the context of their spatial, functional but also
semantic surroundings, thereby adapting computation to changing situations
in order to reach better performance and/or more helpful conclusions. It also
opens avenues for completely new possibilities and considerations for human-
computer-interaction when input can be given indirectly and e ortlessly. It
is a foundation to better support heterogeneous device constellations, applica-
tion/task adaptation and resource constraints.
[25][26][31][32][27][33][28][34][35][36][37][38][39][40][30]
This topic will be elaborated in Section 4.7.

Dynamic Adaptation
Environments in general but also user's intentions, goals and actions change
due to new developments and circumstances. Applications will (automatically)
adjust accordingly, and communicate what restructurings happened and why.
[28][26][36](30]

Social Factors
Ubiquitous scenarios will in most cases involve a social component. The social
environment of a user plays a role in terms of context. But the technology itself
also has an impact on social dynamics. [28][27][26]

18



The Internet of Things (IoT) as a highly related eld has been quoted as a
technology with similar characteristics: Large Scale, Intelligence, Sensing, Com-
plex System, Dynamic Environment, Massive Amount of Data, Heterogeneity,
Limited Energy, Connectivity, Self-con guring, Unique Identity, Context aware-
ness. [41]

With this vision of course also come challenges and novel considerations.
Green eld's book titled "Everyware: The dawning age of ubiquitous computing”
[40] discusses many technical but also social aspects.

In terms of individual user experience these are some of the topics identi ed:
The user experience will be permanently engaged instead of an intentional and
focused human-machine interaction ([40] Thesis 9). Users also get engaged
inadvertently, unknowingly and unwillingly ([40] Thesis 16). One has to consider
that most users will not be experts in this kind of technology ([40] Thesis 17).
The use of such systems is ambient and peripheral instead of active and focused
([40] Thesis 18). Such "calm" technology then carries the problem that the
physical form of objects may not hint at the digital capabilities that are attached
([40] Thesis 38).

The new and indirect ways of interaction with the digital environment will
also require new forms of HCI. Haptic interfaces in the form of tangible media
or physical computing are mentioned as interfaces that join the physical and
digital spheres and go beyond what we already know from e.g. voice and touch
interfaces. Interfaces that understand natural gestures can work intuitively and

e ortlessly, in more complicated cases they can rely on learned movements and
muscle-memory of the user. Some gestures are culturally specic or di erent
though, another point to consider for context. ([40] Thesis 10)

One should also take into account that ubiquitous systems can encompass
all scales and varieties of locations.
This ranges from the human body (biosensors) to rooms, buildings, cities, and
the globe ([40] Thesis 11-15). On larger scales, dealing with a multiplicity of
users, inputs, intentions, devices and systems may lead to con icts ([40] Thesis
20). Yet this (re-)combination of practices and technologies may also grow to
become bigger than the sum of their parts ([40] Thesis 21).
Weiser[21] includes a quick estimation of how bandwidth intensive such an en-
vironment would be, even for just an o ce building and further suggests that
the crucial metric should be bits per second per cubic meter indicating that
respecting locality of data should make a big di erence in bandwidth consump-
tion.

There are some potential and some de nitive risks that have to be paid at-
tention to.
The inter-related nature of everything is something that could be taken advan-
tage of. The highly enriched and available amount of data carries the risk of
being cross-correlated if not secured and protected, i.e. an attacker inserting
itself into the loop and accessing and recording data not meant for them could
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lead to malicious data mining and unwanted identi cation of users across ap-
plications and environments leading to extensive pro ling and transparency of
human beings ([40] Thesis 22).

Systems not only need to protect against malicious abuse, they also need to
consider social impact and implications, how cultural di erences are re ected
in the internal decision-making, semantic reasoning and context analysis ([40]
Thesis 23). The introduction of such technology, especially with respect to be-
fore unrelated and untouched everyday situations and analog elements, can be
intrusive, mediating and transformative to the original process ([40] Thesis 34).
The exposure of otherwise latent information that would typically go unnoticed
or is quickly forgotten is at risk of being made explicit or even recorded by
ubiquitous systems, which can lead to social and psychological discomfort ([40]
Thesis 35). The goal of making all aspects of daily interaction machine readable
and understandable also means that they have to t into technical standards,
formats and protocols. This, too, is a certain kind of explicit exposure and
imposes a "rigid" approach to things as it can in uence the way humans think
about such systems when everything needs to be identi able, searchable and t-
ting into conventions ([40] Thesis 36). There is a certain contradiction in many
elements of everyday life being tacit, unprecise or unspoken versus IT systems
that need things to be as explicit as possible ([40] Thesis 37).

When talking about "calm" and "hidden" technology, this also means that cer-
tain intentions or agendas behind their use are equally opaque to the user,
making an informed decision about how their data is utilized di cult ([40] The-

sis 39).

The seamless integration of so many aspects of life may actually be something
that is undesirable. It may lead to a di usion of boundaries, e.g. ownership
and responsibility. This can contradict the initial desire for e ortlessness in the
interaction ([40] Thesis 40).

Some risks are also inherent to the technological architecture chosen to re-
alize ubiquitous systems.
The freedom given to users also depends on the architecture and design of a
system to some extent ([40] Thesis 42). The algorithms, standards and norms
will require human agency, judgement and compliance in one form or another
([40] Thesis 43).
There is a general tendency in humans to anthropomorphise and socialize in-
teraction with arti cial systems. For that reason it may be incumbent on ubig-
uitous systems to become more "friendly" and relatable in appearance and be-
haviour in order to be received more generously and less like a nuisance ([40]
Thesis 45). When a user is faced with new, unfamiliar, advanced technology or
considers themselves less adept than desirable in handling it, there's the impulse
to blame themselves for faulty behaviour and interaction. The system is rather
accepted as given, good and working as intended even if this may not be the
case ([40] Thesis 46).

Finally, some challenges for conducting research can be given.
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Ubiquitous computing as a eld in its early stages of development involves not
only solving existing problems. Instead it will encounter issues worth investi-
gating that are still to come up through new inventions, conceptions and imag-
inations. [25]

It will involve very individual problems on a global scale, e.g. e ects of wear-
ables on a global market in various environments. [25]

Research must involve both social and technical aspects, and analysis must be
conducted on di erent scales from individual to teams to organizations. [25]

To achieve adaptable and composable environments a semantic modeling is re-
quired. This includes models for user preferences, tasks, goals, needs and device
capabilities. This can be achieved through ontologies. [28][42][43][44][45]

A software infrastructure has to be built that is capable of nding, delivering
and adapting relevant applications for a given context, environment or task
[28][46]

Applications need to be developed and con gured according to their composi-
tion of services and user interfaces. Their data ow needs to be orchestrated.
Applications will be seen more as a high-level description of a user task instead of
a single piece of software targeted towards a particular environment/hardware.
Applications will also need to specify their interaction logic on the level of in-
tentions and their requirements on the basis of data and computation. Creating
reusable services will be a bigger challenge as they will relate to physical arti-
facts (sensors/actuators) for a particular case. [28]

Finally, validating user experience will be an extensive task, consisting of large-
scale user studies and wider deployment. The scenarios are inherently dynamic
with varying social backgrounds and use of heterogeneous devices. This makes
conducting consistent evaluations more complicated. It will involve more eld
research instead of contained laboratory experiments. [28]

Relevant elds of application are manifold. [27][26]
Identi ed, among others, are mobility[34][47] & logistics[48][49] , living[50][51],
health care [38][33][52], industry and economy, food and pets, security of doc-
uments, ticketing, education [39][37][53], workspace, travel, entertainment and
military[54].

2.2.4 Reality vs. Environments

Aggregating all the previous considerations in this section on the nature of
physical reality, mixed reality, virtual reality, their environments and how they
intertwine, a conclusion relevant to this work should be made about an appro-
priate terminology to represent realities, environments and what is necessary to
allow them to properly mix and interact.

The taxonomy of [17][19] are helpful additions to clearly distinguish the
di erent approaches of altering perception and presenting virtual content, thus
the word reality is entirely tting.
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This work is more concerned with the environments and clearly distinguishes
them from the technology used to represent them as a reality. There should
be a clearer split between the technology used to "access" virtual content - i.e.
the mediating step that allows perception - and the virtual content itself. As
soon as MR applications evolve beyond a single technology focus, as soon as
they become more than a closed sandbox entirely dependant on the processing
hardware, the environment itself will play a distinguished role and must be
recognized as a separate problem from the reality technology. The content or
environment may in the future not be accessed through the same means by
everyone, meaning one user may opt to view it on a 2D desktop and another
user may put on a VR HMD.

When it comes to the term "reality”, there is certainly a very deep philo-
sophical or ontological rabbit hole that one could descend into. In this context,
radical constructivism[9] should only be named as a school of thought that
makes a clear distinction between the objective reality or environment and the
subjectively constructed interpretation of the same reality. This is not the focus
of this work however.

Instead this thesis is trying to nd some very base assumptions of what consti-
tutes an environment, how these base principles can be used to describe di erent
environments (physical and virtual) and how to support dynamic behaviour be-
tween them. The goal is to derive a consistent approach to technically describe
exchanges between environments and how to e ectively model them:

1) The rst assumption is that an environment consists of (more or less) persis-
tent entities with certain properties. The properties can be expressed in some
form, and can possibly be in uenced through processes inside and outside of the
entity. It also means that di erent observers can come to similar conclusions
about the properties or state of entities and the environment in general. This
consent often reassures its "realness".

2) The second assumption is that interactions or events between entities follow
dynamic but consistent laws of causality. They imply relations and processes.
The reactions to these actions/events, too, must have a certain persistence and
consequence. A system where actions do not have perceivable, lasting, relevant
and comprehensible consequences is di cult to be accepted as "real".

Addendum:

Something that goes along with the base assumptions but only plays a role when
relating environments to each other is a demand for consequence and agency. If
the processes within one environmentA can not have noticeable consequences
for a second environmentB beyond a minimal eeting scope or single individual
observer, the rst environment A will usually not be considered "real" by the
generality of the second environmentB. If neither environment can a ect the
other one in a meaningful way, there is little need to pay attention to the events
of either from the perspective of the other one as it may just as well not exist
or be an internal part of a singular entity. Nevertheless, to entities within one
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environment it is still "real".

It is a bit unfortunate and possibly the source for some of the divergent in-
terpretations found in related work presented that these assumptions very much
t a description of objective reality. But as the term virtual reality is loaded in
research already, it seems to invite even more confusion to talk about (object)
physical reality and virtual reality in this context. Instead the terms "physi-
cal environment" and "virtual environment" are used to describe the objective
base here and anything carrying the su x "... reality” is taken as any form of
subjective interpretation or mediation of the former. As such, the term physical
environment could be exchanged with objective physical reality but to form a
clearer distinction while reading this work and because it has some tting anal-
ogous use in related elds of science, the term environment will be preferred.
For physical environments then, these two assumptions are obviously re ected
in particles and the laws governing forces and interaction between them. For
a virtual environment, it may try to simulate physical laws in their detail and
operation yet it may also be very abstract, simple and/or arti cial in its func-
tion - since one of the enticing aspects of VR and MR is often stated to be the
ability to diverge from or expand on what would physically be allowed.
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3 Re-Embodiment Scenarios

This chapter describes the original idea from the introduction about re-embodiment
in VR. It rst explores some of the works related to theoretical background about
embodiment and how it applies to VR and MR applications. After that, it de-
scribes some of the experimental setups that happened before the development
of Ubi-Interact - indicating some of the considerations that later in uenced its
design. It closes with a setup testing Ubi-Interact's applicability and intended
modularity for embodiment scenarios speci cally and MR scenarios in general.

3.1 Related Work

The examples and scenarios native to ubiquitous mixed reality deal with a
close or sometimes even intimate relation between technology and its user by
wearing devices that directly overlay our senses or monitor our physical status
(HMDs, digital glasses, spatial audio, biosensors, gesture/posture recognition,
EMG, EEG, ...). Human cognition is also targeted for integration, sometimes
explicitly through e.g. EEG devices, sometimes more implicitly.

VR technology tries to "drag" a user into a di erent world and o er new
experiences. Quite often the stated goal is a feeling of immersion and presence
for the user. How the user is represented inside the virtual environment varies:
they may be a silent watcher - incorporeal but able to look or move around,
they may be granted (usually handheld) gadgets through which they can trig-
ger specialized interactions or they may receive a full body representation that
moves in sync with their physical body.

With ubiquitous computing, the question is more about how devices and
virtual interfaces in uence and integrate with ourselves, our body and the image
we have of ourselves when they are always present and are physically close
to us and/or easily reached in the virtual sense - similar to how we use our
smartphones today already.

Whenever there is an e ort to bring di ering environments together there
is the issue of how to represent an entity from one environment by means of
another environment. If the environments are dissimilar enough they appear
as entirely abstract, indiscernible or unknowable to each other. An entity thus
needs a form and expression that ts the other environment for it to be embed-
ded and recognizable. Examples for this are the virtual replacement body in
VR but also a ubiquitous service making itself aware and engaging with us.

At the same time, the form an entity takes may very well in uence the way it in-
teracts within its environment's constraints and how the internal computation or
cognition attunes to these interactions - in that sense outer form/representation
also in uences internal processes. This in turn can have a reciprocal e ect on
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the entity itself and its behaviour. [55][56]

This concept of external form a ecting internal or underlying computa-
tion/cognition, forming a more and more inseparable and indiscernible unit
the tighter this integration becomes is represented in several aspects of this
work: whether it be the virtual self representation of a human in egocentric
VR, the use of additional tools and interaction devices in a ubiquitous digital
environment or the steering of co-located, remote or virtual robotics systems.

3.1.1 Body, Mind, Tools and Technology

We use technology as a tool to enhance/alter/substitute our capabilities. In
the case of physical (motor/sensory) capabilities, tools can be the carpenter's
hammer, a pen for writing, glasses to improve vision, the sword of a ghter, a
musician's instrument or the keyboard used to type out this sentence.
Neurological studies[57] suggest that during tool use our (visual) perception
does not stay limited to the hand wielding the tool but extends to the contact
point or target of the tool where its intended e ect actually occurs. During use
and with increased pro ciency, the tool itself takes a background role in our
perception and becomes, in a sense, quasi-transparent. One does not have to
look at the keyboard while typing, the ngers know where they are placed and
where to move. And if one were to exchange the keyboard that one is used to
with a di erently-sized or formed one, one would loose some of the typing speed
and would need to recalibrate rst. Likewise, the blind person's cane and its
mediated tactile feedback to the hand is so well integrated that it can be used
as a "feeler" for the environment.

Furthermore, technology can also expand cognitive capabilities. A prominent
example given by Clark and Chalmers[58] deals with a person su ering from
Alzheimer's disease who is using a notebook to remember crucial things and
navigate the world. They argue that the constant use and heavy reliance on
their notebook makes it essential to their life and to them as a person as a base
for their cognitive processes much like a healthy person relies on their memory.
It plays as much of an important role on the cognitive level as the blind person's
cane becoming an essential "feeler" to them on a physical level.

The smartphone we use daily is another highly personalized device assisting in
communication and memory.

3.1.2 Body Image & Body Schema

The automatic bottom-up sensory and organizational integration process to
form an internal representation of the body is called a body schema. It is
dynamic and malleable to some extend, representing spatial and biomechanical

25



information derived from multi-sensory input that can also include important
aspects of the environment, even just temporarily. It is not limited to the
biological body, but may include tools and technological extensions [59][60].
Complementary, the top-down representation is referred to as body image. It
relies on lexical-semantic descriptions and is connected to three modalities: 1)
perceptual experience of the body, 2) conceptual understanding of the body and
3) emotional attitude towards the body.

Body schema and image are not separate. Examples stretching into both image
and schema and exploring their connections are the cane of a blind person ([61],
p.165) or a prosthetic limb ([62]). [63][64][65]

When it comes to VE and ME applications, it is clear that the goal is to have
objects/tools/interfaces extending into the di erent environment and allowing
us to incorporate them into our body schema and use them to become an active
participant.

The same could also be said for truly ubiquitous computing environments. In
an environment surrounded by virtual assets, humans are generally blind to
what is happening around them on the other end of the spectrum. We need
either an equivalent to the blind person's cane that we can use to "get in touch”
with it - some of these interfaces eventually becoming part of our body schema
again. Or the virtual systems need some way of making themselves known to
us. A ubiquitous service accompanying us as users may have multiple ways
of embodying itself on displays, through audio alone, etc. depending on the
situation. It may be bene cial to them to rely on a variable "body schema"
for their smart assistance as well, relating back to some of the points made by
Green eld[40] about "friendly" and relatable interfaces.

3.1.3 Disembodiment vs Re-Embodiment

Especially in the case of VR there often exists the notion that - in a cartesian
sense - the body is left behind and it is only our mind and our senses fed by the
VR technology that are important to consider for the virtual world.

Merleau-Ponty however argues from a phenomenological point that there is
no such reduction. The body and mind can not be mutually separated ([61],
p.84-102). There is further neurophysiological evidence that such a separation is
incomplete and that embodiment is a bottom-up as well as a top-down process.
[9][63]

In comparison, true disembodiment occurs during a failure of body schema
as well as body image to induce desired motor skills. It is the feeling of an alien
object that one has no control over.

De Preester[62], too, argues that the use of technology does not imply the
human capability for disembodiment but instead requires re-embodiment We
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do not so much leave our body behind, instead we extend our bodily self to
include the technology, even just temporarily.

De Preester further o ers a distinction between body extension and incorpo-
ration of non-bodily items, the latter involving more drastic alterations and
conditions. Tool use, for example, is seen as changing motor and sensory capac-
ities, but not the feeling of body ownership.

True re-embodiment is then seen as a matter of incorporation with a required
shift in subjective experience. In a categorization of limb, perceptual and cog-
nitive extensions/prostheses this would necessitate a changed feeling of body
ownership, a change in subjective perceptual experience and a change in felt
ownership of thought respectively.

Finally, Buongiorno[66] argues that for the digital space, the distinctions
made by De Preester are more complex and that digital embodiment is a blurred
complementary process of bodily extension and incorporation of objects.

3.1.4 Virtual (Re-)Embodiment

Kilteni et al.[67] built a working de nition for the sense of embodiment in
VR. They identify three underlying supporting senses: self-location, agency
and body ownership.

Self-location refers to the spatial experience of being collocated inside a body.
Out-of-body experiences constitute a disturbed self-location. [68][69]

Agency means motor control that follows intent and the concious experience of
will. [70][71][72]

A sense of body ownership is connected to a feeling of possession over a body
and the body being the source of sensory feedback [70][71][72]

Concerning fundamental limitations of virtual re-embodiment and telepres-
ence, Dolezal[73] gives the impossibility for risk of bodily harm (death in the
extreme case). Physical contact and proximity are also mentioned as cases where
virtually replicating e.g. the comfort of touch or presence inherent to physical
reality seems impossible.

As mentioned by Tsakiris et al.[74], synchronicity between multi-sensory
feedback (e.g. visual and proprioceptive) is a crucial factor for embodiment.
The increasing end-to-end latency between the user's movement and visual feed-
back through the VR HMD will negatively a ect embodiment e orts.

Caserman et al.[75] cite a number of thresholds evaluated through user studies.
Results show that a latency beyond 63ms for visual updates induces cybersick-
ness symptoms. Above 101ms feeling of body ownership was concluded to be
signi cantly a ected.

A study by Waltemate et al.[76] cites 75ms as a limit to motor performance and
perception of simultaneity. Sense of agency and body ownership are determined
to deteriorate at thresholds of 125ms and again noticeably above 300ms but
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never vanish completely.
The e ects of linear latency vs. jitter were compared by Roth & Latoschik[77].

Seeking a validated method of measurement for virtual embodiment, Roth
& Latoschik[77] designed and tested a virtual embodiment questionnaire.
They highlight the three factors of ownership, agency and change in a perceived
body schema.

VR opens the possibility to display the environment from a non-egocentric
perspective. Dierent studies[78][79][80] have tested the e ects and came to
the conclusion that diverging from an ego-centric reference frame and visual
perspective overall negatively a ects embodiment.

VR not only allows a change in perspective, but also of body structure and
capabilities though.
Kilteni et al.[59] investigated to what degree a virtual arm could diverge from the
physical one in posture and length before breaking with the sense of ownership.
Kasahara et al.[81] performed a study on how visualizing one's body in VR in
a spatio-temporally deformed state a ects embodiment and the perception of
one's body. They came to the conclusion that perception can be altered, e.qg.
extrapolating movement by around 100ms into the future would cause a feeling
of reduced weight.

As Yee et al. [82] argue, VR can also be used an escape to the "tyranny" of
the laws governing us, inventing bene cial ways to partly break with or subvert
familiar mechanisms of embodiment like being able to keep eye contact with
more than one person. Such departures from the conventions and limitations of
our physical experience may provide bene cial or simply interesting experiences.

3.1.5 Robotics, Teleoperation, Telepresence

The elds of robotics, teleoperation and telepresence also o er many examples
of control over additional or remote limbs and machines. Often, the goal is
to recover or increase (felt) agency while keeping the cognitive load low. The
system's design should support the user in both directions.

Llorens-Bonilla et al.[83] designed a Supernumerary Robotic Limbs (SRL)
system with two additional robot arms worn as a backpack. It is meant to
reduce workload, especially in over-head tasks, by assisting with grasping and
holding objects.

They emphasize the importance of communication and coordination between
the SRL system and its operator. Decoding the intention of the user is a key
aspect for the system to work properly.

Penaloza and Nishio[84] performed an experiment where healthy participants
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were challenged to control a third robotic arm via a Brain-Machine-Interface
(BMI) using non-invasive EEG sensors.

The study compared performance between a single task condition of grasping a
bottle with the robot arm and a multi-tasking condition adding a ball balancing
task using the subjects' natural hands in addition to the robot arm grasping.

Martens et al.[85], too, utilized a non-invasive EEG interface to control a
robot. They conclude that the system could potentially be improved in its
awareness of incorrectly interpreted commands by including and learning from
error-related potentials[86] detected via the BMI.

Teleoperating a Nao humanoid robot has been achieved by Stanton et al.[87].
To train the mapping of movements between human and robot body, they uti-
lized full-body motion capture and machine learning.
During a calibration phase, the human user was asked to follow a pre-programmed
sequence of movements and perform them in synchrony with the robot. A neu-
ral network was then trained on the synchronized data of body poses between
human and robot. The trained network would then map the human motions to
the robot during live use.

Sivakumar et al.[88] used available online videos of hand movement to train a
teleoperation system on the task of translating human hand movement captured
with a single camera onto a robot arm with a four- ngered hand. The tasks
for previously untrained subjects involved object pickup, rotation, stacking,
pouring, opening and closing drawers.

3.2 Libraries, Tools & Platforms

Development of the systems described hereafter naturally involved additional
software. This is a short list of the major ones and a description of their speci c
relevance.

3.2.1 Unity3D

Unity3D ° is a game engine providing visual rendering, physics simulation, an-
imation, GUI, /O and component-based scripting APIs. It also provides in-
tegration for VR and AR applications. It enjoys widespread adoption in the
scienti c community.

10 https:/funity.com/ (last accessed 26-03-2022)
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3.2.2 Three.js

Three.js!? is a cross-browser 3D library based primarily on WebGL rendering.
Animation modules are available and it can be integrated with physics engines
like ammo.js or Oimo.js.

3.2.3 babylon.js

Babylon.js'? is an open web rendering engine.
Some of the relevant features are integration for WebXR and the Mixed Reality
Toolkit library as well as animation and physics engine support.

3.2.4 Gazebo

Gazebd?[89] is an open-source robotics simulation platform. As such, it focuses
on accurate sensor and physics simulation but also provides visual rendering.
A transport module provides a pub/sub messaging system and services which
build upon Google Protocol bu ers and ZeroMQ.

3.25 Nengo

Nengd*[90] is a Python-based library for spiking and non-spiking neural net-
works.

It features an easy to use GUI and special API allowing to map mathematical
functions into SNNSs.

3.2.6 Neurorobotics Platform

The Neurorobotics Platform (NRP) 1°[91] is a platform connecting di erent sim-
ulators for the purpose of experiments embodying brain models in simulated
robots. It features brain or neural network simulators that can be connected to
robotics and physics simulators.

The mission statement of the Neurorobotics Platform[91] is to investigate
biologically realistic models of the brain via spiking neural network simulations.

1 https:/ithreejs.org/ (last accessed 26-03-2022)

12 https:/iwww.babylonjs.com/  (last accessed 26-03-2022)
B https://gazebosim.org/home  (last accessed 26-03-2022)
L4 https:/lwww.nengo.ai/  (last accessed 26-03-2022)

15 https://neurorobotics.net
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In order for such brains to perform realistic sensory-motor tasks, they require
embodimentin a realistic environment. They require a robot body that anchors
them. The physical construction and properties of this robot, e.g. the length and
weight of a gripper arm or the material it is made of, do need to be considered
and attuned to by the brain to use them e ciently. A change in the length
of the robot's legs, their material's exibility or their contact surfaces requires
a change in the computational processes inside the brain that make the robot
walk properly.

Inits current version (up to 3.2) the supported neural simulators are NEST[92],
Nengo and TensorFlow®[93]. For robotics and environment simulation, Gazebo
and ROS are deployed.

All simulators are updated in a closed loop to guarantee their synchronization.
In order to transmit data between the di erent simulators and their individual
design architectures, data formats, etc. the NRP uses so-calledransfer Func-
tions. These are Python code snippets called between each simulator update.
They are the means to map and transform data and signals from one simulator
to the other, e.g. transforming spikes from brain simulator to voltage for a robot
actuator.

With version 4.0, the architecture of the NRP becomes more open and
general-purpose. Simulators are encapsuled intBngines and an arbitrary num-
ber of them can be connected into a synchronized simulation. The concept of
Transfer Functions, now called Transceiver Functions, is kept.

The NRP also includes a web frontend, o ering among other things a visual
rendering through Three.js of the simulation environment whose updates are
communicated via ROS topics.

3.2.7 PID Controller

PID controllers[94] are a form of continuous feedback loop control well estab-
lished in industry and robotics.

They are commonly used to regulate the dynamics of a system, like a robot
arm driven by a motor moving into a target position, with the goal to avoid
overshooting the target while still providing a minimal or adequate response
time for reaching the target.

The controller works by constantly calculating an error term between the set
target state and the current state of a system. Based on this error the three
name-giving proportional, integral and derivative correction terms are calcu-
lated and used to update the system state.

Each of the correction terms can be tuned by a factor, giving the adjustable
parameter space for a PID controller. Variations like PD controllers with two

16 https://www.tensorflow.org/
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parameters also nd application.

3.3 Dealing with Discrepancies between Environments

Whenever environments are brought together the degree to which they are spa-
tially, temporally and/or semantically separate in their interaction is an in u-
ence to be respected.

Especially when both environments appear next to each other or are supposed
to work similarly as with typical VR/MR applications and 3D spatial registra-
tion and tracking, the immersive integration of these realities can quickly form
expectations about what must be happening inside the distinct environments
even if their separated nature makes this impossible.

Some examples already given in Section 2.2.1 and 2.2.2 describe a clear
mismatch of object placement and general structure between a physical and a
virtual room when body movement is tracked and a one-to-one mapping be-
tween environments is desired. As seen in Section 3.1.4, introducing even a
small amount of latency between the movement of the physical arm and the
movement or just visual rendering of the virtual arm can result in disturbing
the expected behaviour of the observed virtual arm which leads to a loss of
embodiment.

In this case the issues may be prevented through increased performance or more
detailed observations about either environment. At some point, however, dis-
crepancies become unavoidable because the limitations like a wall or similar
blocking object are inherent to either environment and not reproducible or in-
tended to be reproduced on the other end. Here, di erent solutions have to be
pursued.

If, for example, the virtual arm adheres to a simulation of physics, that same
simulated realism may forbid it from moving exactly like the physical arm be-
cause of diverging properties like mass and weight distribution or motor strength
and range of motion. Teleoperation scenarios show the exact same issues, only
there the behaviour of the other environment is more evidently di erent and
thus there is less demand or expectation of an alignment between both.

With increased immersion, any occurring mismatches are less expected and po-
tentially disturb embodiment as studies cited in Section 3.1.4 show.

Together with Jonathan Haudenschild!’ a small-scale preliminary study
on detected body-posture discrepancies between human and humanoid virtual
avatar has been conducted. The study compared the e ectiveness and induced
level of discomfort of di erent methods for visual, auditory and haptic feedback
to replace the missing tactile and proprioceptive feedback.

One of the scenarios was how to deal with physical impossibilities, e.g. when a

17Haudenschild, J. (2018). Virtual Embodiment: Dealing with Discrepancies between the
Virtual and the Real Body [Unpublished Bachelor's Thesis]. TUM.
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Figure 5: Top: User positioned inside a wall, view of outside geometry is blocked
and unnatural color indicates undesired state. Bottom: ghostly second arm vi-
sualizing discrepancy between limb postures. Adopted from Jonathan Hauden-

schild's thesis.
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user standing unobstructed in a room is free to move their head or whole body in
any direction whereas the virtual avatar would be blocked by a virtual wall. As
physically restricting the user's movement would require considerable additional
e ort in hardware and pose potential risks, other methods of providing feedback
and preventing users from peeking through walls have to be investigated. Vi-
sual e ects on their eld of view like blurring, distortion, fading to black and
changes in virtual geometry appearance were tested. Visual distortion received
very negative feedback while blurring, fading to black and a change of colors
were graded highest but also resulted in disorientation and discomfort for some.
Blocking out all geometry apart from the interior of the wall upon entry would
let subjects keep their orientation while also blocking their view (Figure 5, top)
but was not as e ective in preventing this behaviour as e.g. fading their vision
to black.

Regarding discrepancies in limb posture when for example bumping into ob-
jects, three feedback methods were evaluated for the arms. Especially in cases
where limbs are out of sight the lack of tactile and proprioceptive feedback
is exempli ed. Firstly, visual feedback in the form of a ghostly second repre-
sentation of the user's own arm posture was made to appear once divergence
between it and the avatar's arm posture exceeded a certain threshold (Figure
5, bottom). Secondly, auditive feedback in then form of a monotone sound was
given. Thirdly, the controller held by the user and used to track their hand
position was made to vibrate giving tactile feedback. Here, the tactile feedback
was decidedly preferred.

3.4 Robot Hand Control using SEMG

Together with Tieck et al.[95], an experiment was conducted integrating the
signals of a surface electromyography (SEMG) armband with a robot hand. It
detected nger movements through the sEMG sensors and subsequently trig-
gered movement re exes in the form of motion generators for appropriate robot
ngers.

The experimental setup (Figure 6) used the ThalmicLabs Myo Armband-®
and the Schunk SVH robot hand® with their signals connected via a spiking
neural network (SNN) pipeline simulated in Nengo.

EMG data was accessed using an open-source Python Al while the Schunk
hand provides a ROS interface. Nengo as a simulator is running in Python.

Figure 7 shows the full pipeline. Here, instead of focusing on the technical
details and implementation steps it is more interesting to focus on the gen-
eral segments and how they could be applicable to other studies and setups,

18 https://developerblog.myo.com/ (last accessed 08-06-2022)

19 https://schunk.com/de_en/gripping-systems/highlights/svh/ (last accessed 08-06-
2022)

20 https://github.com/dzhu/myo-raw/ (last accessed 08-06-2022)
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