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0Abstract
Immersive systems, like Augmented and Virtual Reality, o�er new paradigms for
digital interaction, but confining users to a single reality o�en presents drawbacks
for complex tasks. Cross-Reality systems, which integrate multiple realities into a
single experience, have significant potential to enhance existing professional work-
flows by combining the unique strengths of physical and virtual environments. This
dissertation investigates how Cross-Reality can enhance professional workflows by
using the traditional o�ice as a primary use case, focusing on the central question:
How can CR enhance existing workflows in physical se�ings by extending
the physical environment with virtual content and environments?

To address this, the dissertation presents a body of empirical work structured
around isolating and investigating one core design challenge for each of the three
primary types of Cross-Reality systems. The work first addresses transitional
Cross-Reality systems, which allow users to switch between di�erent realities, by
examining how to design e�ective transitions. It demonstrates that in task-driven
scenarios, users prioritize e�icient transitions that minimize cognitive disruption
over more elaborate or interactive ones. Next, the dissertation tackles the funda-
mental problem of unwanted occlusion in Augmented Virtuality, a form of sub-
stitutional Cross-Reality systems, which integrate objects from one reality into
another. It introduces and evaluates technical strategies to ensure physical tools
remain accessible within virtual spaces, revealing a critical trade-o� between the
e�icacy of these solutions and user experience factors like cybersickness. Finally,
the research explores multi-user Cross-Reality systems that enable collaboration
between multiple users who may be experiencing di�erent degrees of virtuality
simultaneously, and the complexities of enabling collaboration across multiple
stages, underscoring the unique challenges of supporting shared awareness and
managing asymmetric roles.

These findings are grounded by a detailed analysis of the underlying hard-
ware, which highlights how technical and perceptual issues inherent to Video
See-Through and Optical See-Through Head-Mounted Displays directly impact
the feasibility and design of Cross-Reality systems. The overarching contribution
of this dissertation is to provide a set of empirically-grounded design principles
for applying Cross-Reality in productivity-focused environments. By shi�ing the
design focus from entertainment to pragmatic qualities, this work o�ers valuable

iii



insights into creating Cross-Reality systems that genuinely enhance workflows, pri-
oritizing e�iciency, usability, and seamless interaction while navigating technical
limitations.
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0Zusammenfassung

Immersive Systeme wie Augmented und Virtual Reality bieten neue Paradigmen
für die digitale Interaktion, doch die Beschränkung auf eine einzige Realität führt
bei komplexen Aufgaben o� zu Nachteilen. Cross-Reality-Systeme, die mehrere
Realitäten in einer einzigen Erfahrung vereinen, haben ein erhebliches Potenzial,
bestehende professionelle Arbeitsabläufe zu verbessern, indem sie die einzigartigen
Stärken physischer und virtueller Umgebungen kombinieren. Diese Dissertation
untersucht, wie Cross-Reality professionelle Arbeitsabläufe verbessern kann, indem
sie das traditionelle Büro als primären Anwendungsfall nutzt und sich auf die
zentrale Frage konzentriert:Wie können Cross-Reality-Systeme entworfen
werden, um die Nutzererfahrung und die E�ektivität von Aufgaben in
kognitiv anspruchsvollen Büroumgebungen zu steigern?

Um dies zu beantworten, präsentiert die Dissertation eine Reihe empirischer
Arbeiten, die darauf abzielen, eine zentrale Designherausforderung für jeden der
drei Haup�ypen von Cross-Reality-Systemen zu isolieren und zu untersuchen.
Die Arbeit befasst sich zunächst mit transitionalen Cross-Reality-Systemen, die
es Nutzern erlauben, zwischen verschiedenen Realitäten zu wechseln, indem sie
die Gestaltung e�ektiver Übergänge untersucht. Es wird gezeigt, dass Nutzer in
aufgabenorientierten Szenarien e�iziente Übergänge bevorzugen, die kognitive
Störungen minimieren, gegenüber elaborierteren oder interaktiveren Optionen.
Als Nächstes befasst sich die Dissertation mit dem grundlegenden Problem der un-
gewollten Verdeckung in Augmented Virtuality, einer Form von substitutionalen
Cross-Reality-Systemen, die Objekte aus einer Realität in eine andere integrieren
oder ersetzen. Sie führt technische Strategien ein und bewertet diese, um sicher-
zustellen, dass physische Werkzeuge in virtuellen Räumen zugänglich bleiben.
Dabei wird ein kritischer Kompromiss zwischen der Wirksamkeit dieser Lösungen
und Nutzererfahrungsfaktoren wie Cybersickness aufgezeigt. Schließlich unter-
sucht die Forschung multi-user Cross-Reality-Systeme, die die Zusammenarbeit
mehrerer Nutzer, die gleichzeitig unterschiedliche Virtualitätsgrade erleben, ermög-
lichen, und die Komplexität der Kollaboration über mehrere Stufen hinweg, wobei
die einzigartigen Herausforderungen bei der Unterstützung eines gemeinsamen
Bewusstseins und der Verwaltung asymmetrischer Rollen hervorgehoben werden.

Diese Erkenntnisse werden durch eine detaillierte Analyse der zugrunde liegen-
den Hardware untermauert, die aufzeigt, wie technische und perzeptive Probleme,
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die Video See-Through und Optical See-Through Head-Mounted Displays inne-
wohnen, die Machbarkeit und das Design von Cross-Reality-Systemen direkt
beeinflussen. Der übergeordnete Beitrag dieser Dissertation besteht darin, eine
Reihe empirisch fundierter Designprinzipien für die Anwendung von Cross-Reality
in produktivitätsorientierten Umgebungen bereitzustellen. Durch die Verlagerung
des Designfokus von Unterhaltung auf pragmatische�alitäten bietet diese Arbeit
wertvolle Einblicke in die Entwicklung von Cross-Reality-Systemen, die Arbeits-
abläufe wirklich verbessern, indem sie E�izienz, Benutzerfreundlichkeit und eine
nahtlose Interaktion priorisieren und dabei technische Einschränkungen berück-
sichtigen.
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1 Introduction

1.1 Motivation

Immersive systems, like Augmented Reality (AR) or Virtual Reality (VR) systems,
allow us to enhance how we interact with physical and virtual content. By seam-
lessly blending digital elements with the physical world or creating entirely virtual
environments, these technologies enable more intuitive, engaging, and innovative
ways to interact, collaborate, and accomplish complex tasks [57, 72]. These im-
mersive systems can provide di�erent amounts of virtual content. For example,
with VR, the user is fully immersed in a complete virtual environment. In contrast,
with AR, the user is immersed in the physical environment, which is enriched with
virtual content [57].

With their ability to enhance presence and enable intuitive interactions with
virtual content, these systems are not limited to entertainment, such as games or
movies [13, 77]. They are increasingly being used in professional environments,
including Industry 4.0 [60], healthcare [7, 69], and traditional o�ice se�ings [89].
While each degree of virtuality has advantages, like VR’s high presence in virtual
environments and intuitive interaction with virtual content, they all have multiple
drawbacks. Like in VR, users can experience increased fatigue [85, 94] or might
have a limited sense of the physical environment. Precise input, like text input
and pointing, may be di�icult with common input devices [37, 38]. In AR, for
example, the user has a higher sense of the physical environment and can use a
mouse and keyboard for more precise input, but the user is limited to the physical
environment [72].

To counteract these drawbacks, it might be useful not to limit the experience to a
single degree of virtuality but to integrate multiple degrees into a single experience,
depending on the current task situation. This allows keeping existing workflows
in the physical environment and only enhances the experience with immersive
systems instead of adjusting the whole workflow to fit into a virtual environment.
This concept of integrating multiple degrees of virtuality into a single experience
is also called Cross-Reality (CR) [4].

The potential of this approach has been demonstrated in various research proto-
types. For instance, transitional CR systems have been explored to allow designers
to switch from a common desktop CAD so�ware for conceptual design to an
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Chapter 1 Introduction

immersive VR environment for spatial exploration [81]. Despite these promising
examples showing that CR is technically feasible, its application and potential
benefits in cognitively demanding scenarios lack su�icient research [39]. Much
of the prior work has focused either on replicating existing workflows entirely
within VR or on redesigning them for a purely virtual se�ing, rather than explor-
ing a balanced integration that CR allows [41, 89]. This leaves a critical gap in
understanding how to design these hybrid experiences to genuinely augment and
extend existing physical workflows. Therefore, the main research question this
thesis investigates is:

How can CR enhance existing workflows in physical se�ings by extending
the physical environment with virtual content and environments?

To further understand these possibilities of CR in physical se�ings, I investigate
multiple approaches to applying CR in this thesis. To build a broad, foundational
understanding of the underlying concepts and terminology, I will first discuss the
current state of research about immersive systems and their field of applications,
before investigating the current state of cross-reality research and how it could
improve physical se�ings. This established context then allows for a more focused
and contextualized examination of cross-reality as a direct starting point for my
own investigation of my research question.

1.2 Related Work

As stated above, immersive systems allow the user to fully immerse themselves
into a virtual environment. Slater defined the term “immersion” as the number of
“sensorimotor contingencies” (SCs) a system supports [77]. These SCs are actions
a user can perform in order to perceive the environment, like moving their head,
walking around, or touching virtual objects. For example, if a user is using a
common PC setup with a Monitor and moves their head, the image on the monitor
stays the same. If the user, however, is using a 6-DOF tracked HMD, the head
movement a�ects the images on the HMD, due to the head-tracking capabilities.
Therefore, using these definitions, an HMD provides a higher immersion than a
common PC setup with a monitor.

The Reality-Virtuality Continuum

These definitions do not only apply to complete virtual environments. As already
mentioned, immersive systems can provide di�erent degrees of virtuality, which
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Related Work Section 1.2

Figure 1.1: Visual representation of Milgram’s Reality-Virtuality Continuum (RVC) [57],

illustrating the spectrum from Physical Reality (PR) through Augmented Reality (AR)

and Augmented Virtuality (AV) to a Virtual Reality (VR). Cross-Reality (CR) describes the

concept of using multiple stages within a single experience. The abbreviation “XR” is used

as an umbrella term for all stages of the RVC in this thesis.

describes the amount of virtual content of the environment the user is immersed in
[57]. To formalize this, Milgram proposed the “Reality-Virtual Continuum” (RVC)
to describe and categorize di�erent immersive systems that describe di�erent
degrees of virtuality, by introducing four di�erent stages of the continuum, each
described in detail in the following. In this thesis, I will use the abbreviation XR
as an umbrella term for all four stages. Figure 1.1 shows all four stages that are
discussed in the following and their position on the RVC, as well as depicting the
concept of CR.

Physical Reality or Real Environment

Physical Reality or Real Environment constitutes the le�most stage of the RVC. In
the original publication by Milgram et al. [57], this stage was only named “Real
Environment”, but for simplicity and consistency with the other stages, I will use
the term “Physical Reality” (PR) in my thesis. It is defined as an environment
consisting solely of real content, perceived without any technological mediation or
augmentation, therefore, with no degree of virtuality. This represents the baseline
physical environment as directly experienced by the user.

One could argue that PR does not qualify as an immersive system, as no virtual
content is involved that could be perceived by any SCs defining the level of im-
mersion of said system. However, when introducing the idea of CR, its concept
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Chapter 1 Introduction

becomes easier to understand when explicitly considering PR as one of the stages
that an immersive system can support within this continuum.

Augmented Reality

Augmented Reality (AR) is characterized by the integration of virtual content into
the physical environment and is placed towards the le� side of the RVC with some
degree of virtuality. In AR, the physical environment remains the primary context,
but it is enhanced or augmented by virtual content. Azuma stated in his survey
about AR in 1997 that for an application to be considered AR, it generally must
meet three key criteria: It combines real and virtual content, it is interactive in
real-time, and the virtual content is registered with the physical environment in
three dimensions [5]. The applications of AR are diverse and rapidly expanding
across multiple research fields. For example, in science and medicine, AR can be
used to overlay medical imaging data like CT or MRI scans onto a patient’s body
for surgical planning or intervention guidance [7], and it enables visualization of
complex biological data [7] or abstract scientific concepts like electromagnetic
fields [52] within their spatial context. In education, AR can create interactive
learning environments where students visualize and manipulate 3D virtual models,
such as human anatomy or historical artifacts, superimposed in their physical
environment, with studies suggesting benefits like increased engagement and
motivation [1]. Industry and manufacturing can utilize AR to provide workers
with overlaid instructions for complex assembly or maintenance tasks or to enable
remote assistance where experts guide field technicians using AR annotations [60].

Augmented Virtuality

Augmented Virtuality (AV) resides closer to the virtual end of the continuum and
is defined as the converse of AR. With AV, the user is predominantly immersed
within a virtual environment, yet physical content is brought into that virtual
environment. While clearly defined in foundational literature and acknowledged
in recent reviews [54, 57], AV appears significantly less explored and implemented
compared to the other stages [35]. This relative scarcity might stem from technical
challenges or fewer identified compelling use cases. AV primarily serves two
main application areas. Firstly, AV integrates physical objects into virtual se�ings
to enhance interaction and usability; examples include incorporating physical
keyboards to improve text input in VR [12, 16, 37, 54], integrating physical tools
like notepads enhanced with virtual content [83], and bringing everyday items
such as phones [2, 22, 24, 74] or even food [14, 59] into the virtual environment
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to support natural interactions and real-world tasks. Secondly, AV enhances user
awareness of their physical surroundings for safety and situational awareness,
using techniques like visual guiding paths for obstacle avoidance [83], smartphone-
based obstacle detection systems [47], physical object replicas [46], visual proximity
indicators [80], unobtrusive notifications [90], various methods for visualizing
bystanders [68, 88], and tools to selectively blend real-world views into VR [84].

Virtual Reality

Virtual Reality (VR), also referred to as a Virtual Environment by Milgram [57],
marks the rightmost stage of the RVC. It is defined as a solely virtual environ-
ment within which the user is fully immersed. This virtual environment replaces
the user’s perception of the physical environment. Key characteristics include a
high degree of immersion, along with additional interaction a�ordances within
the virtual environment. The core strength of VR lies in its capacity for enabling
experiences or environments impossible, impractical, dangerous, or prohibitively
expensive to replicate in PR [9, 42, 43, 53, 86]. This makes VR valuable for training
and simulation, providing safe, controllable environments for high-risk procedures
like surgical simulation [69], emergency response drills [86], and firefighter train-
ing [6], allowing repeated practice without real-world consequences. In therapy
and healthcare, VR is e�ective for exposure therapy to treat phobias and PTSD
by controlled exposure to feared stimuli, pain management through distraction,
physical and motor rehabilitation for conditions like stroke or Parkinson’s disease,
cognitive training, and even treating visual disorders [43]. In science, VR allows
researchers to explore complex data, such as 3D spatial data [49]. The gaming
and entertainment industry leverages VR’s immersive capabilities for engaging
games [71] and virtual tourism [31, 92].

Benefits and Drawbacks

Each stage of the RVC o�ers distinct advantages and disadvantages. The PR
provides the benefit of authentic, unmediated, and familiar experiences already
known to the user. However, PR is constrained by physical limitations, making
certain scenarios dangerous, impractical, or excessively costly to replicate, as
mentioned before, and presents challenges in accessibility [23, 58], control [78],
and the comprehensible presentation of abstract information, likemultidimensional
data [76].

AR enhances situational awareness and decision-making by providing contextual
digital information, for example, in medical [7] or industrial applications [64]. It
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can create more engaging and e�ective learning experiences while users still remain
in their physical environment [66]. Key drawbacks include being bound to the
physical environment, like in PR, and hardware limitations such as cumbersome
headsets or perceptual problems like restricted field of view [29] and inaccurate
occlusion [33].

AV can enhance virtual interaction through the integration of real-world objects,
such as keyboards for text input [54], or improve user awareness of their physical
surroundings for safety [83]. Nevertheless, AV is markedly less explored than other
stages, primarily due to the substantial technical complexity of seamlessly integrat-
ing real and virtual content and a current scarcity of clearly defined, compelling
use cases.

VR o�ers the benefit of an immersion in entirely virtual environments, enabling
experiences that are hard to create in PR or AR, as discussed before. However, the
complete disconnection from the physical world, while core to VR, means the aware-
ness of the immediate physical environment and any bystanders is typically lost
[47, 83]. Significant drawbacks also include the prevalence of cybersickness [93], of-
ten cumbersome hardware with persisting technical limitations [29], challenges in
intuitive interaction [13], and di�iculties with fundamental tasks such as e�icient
text input and selection compared to traditional 2D interfaces [37, 38].

Another critical factor underlining the capabilities and limitations of the di�erent
stages across the RVC is the concept of Extended World Knowledge (EWK), which
refers to the amount of information a system possesses about the virtual or physical
environment it displays [57]. A system with high EWK has extensive data on
its surroundings, such as object geometry and lighting, allowing it to adapt to
changes and enable complex interactions. Virtual environments, being entirely
digital, inherently provide high EWK to the system. This high level of knowledge is
what allows for the creation of fully immersive and interactive worlds, a key benefit
of VR. Conversely, AR systems must actively sense the physical environment, o�en
with sensors that capture only rudimentary information, resulting in a low EWK.
Many of the drawbacks associated with AR, such as challenges with realistic
occlusion and seamless interaction with the physical environment, stem from this
fundamental limitation. Similarly, the technical complexity of AV arises from the
challenge of integrating physical content (of which the system has low EWK) into
a virtual world (high EWK). Thus, the level of EWK is a crucial concept that helps
explain why certain functionalities are robust in one stage of the continuum but
remain di�icult in another.
The related work exemplarily shows distinct benefits and drawbacks of each

stage of the RVC, and highlights that certain stages are be�er suited for certain
tasks than others. This provides the core rationale to investigate whether a strategic
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integration ofmultiple stages into a single experiencemightmitigate the drawbacks
of each stage.

Cross-Reality

The concept of Cross-Reality is a potential solution to combine the benefits and
overcome the drawbacks of each stage. As explained earlier, an immersive system
that supports Cross-Reality is not bound to a single stage, but can switch between
each stage freely. These Cross-reality systems can be broadly categorized into
three types, as outlined by Auda et al. [4]:

Transitional systems allow users to switch between the di�erent stages through-
out the experience. This could involve transitioning from AR to VR through
a metaphorical portal or gradually overblending the physical environment
with the virtual environment.

Substitutional systems repurpose physical objects for use in virtual environ-
ments (e.g., integrating a real keyboard into VR for typing) or vice versa,
enhancing immersion through tangible interaction.

Multi-user systems facilitate collaboration between users experiencing di�erent
degrees of virtuality, such as an AR-equipped surgeon working alongside
a VR-based medical trainer. These systems o�en overlap, creating layered
experiences where transitions, object integration, and multi-user interactions
coexist in a single experience.

One of the first examples of a CR system is “The Magicbook” by Billinghurst et
al. [10, 11], which enables seamless switching between PR, AR, and VR. It functions
as a physical book with printed text and images, but when viewed through an
AR device, virtual content is overlaid onto its pages. Users can further transition
from that exocentric AR perspective into an egocentric VR experience, entering
the virtual environment by “flying” into the book. The Magic Book is not limited
to a single user but allows simultaneous usage by multiple users, who can see each
other within and across the di�erent stages. For example, a user inside the AR stage
can see the users immersed in VR moving inside the virtual environment displayed
on the book. Therefore, “The Magicbook” is categorized as both a transitional and
a multi-user CR system and shows the potential of CR to improve storytelling, e.g.,
by switching perspective, as well as collaboration by allowing for multiple users to
be in di�erent stages without negatively a�ecting co-presence.

Another notable CR system is the “Cross-Reality Study Tool” (CReST) developed
by Cools et al. [20]. CReST is designed to support researchers in synchronously
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conducting and observing VR user studies by providing the experimenter with an
AR perspective. In this setup, the experimenter, using AR, can monitor and control
the experiment while the participant is fully immersed in the VR environment. This
inherently creates a multi-user CR experience where the experimenter and partici-
pant operate concurrently at di�erent points on the RVC, specifically addressing
the asymmetric roles involved in typical VR user study scenarios. Unlike tools
focusing on asynchronous data analysis or replays, CReST emphasizes real-time
support for the experimenter. Therefore, CReST is categorized as a multi-user CR
system, demonstrating the potential of CR to enhance research methodologies by
facilitating more direct and synchronous oversight of VR experiments.

Cools et al. [19] later also investigated how a life-sized, movable vertical surface
could serve as an interface across di�erent stages. Their system is a prime example
of both a substitutional and transitional CR system, allowing a user to switch
between a physical or virtual surface within a physical or virtual environment. An
exploratory user study had participants perform various tasks, such as drawing and
solving puzzles, which required di�erent types of haptic feedback. The findings
revealed a significant trade-o�: while a virtual surface was more convenient and
faster to reposition, users strongly preferred the tangible, haptic feedback of the
physical surface for tasks that benefited from continuous touch.
In the domain of Design and Engineering, Stark et al. [81] explored a hybrid

modelling system for designing CAD models. Their work proposed a methodology
for integrating immersive VR with traditional desktop CAD systems to enhance
product development workflows. The core idea was to leverage VR for early-
stage conceptual design tasks, such as free-hand 3D sketching, exploring spatial
relationships, and evaluating proportions in a one-to-one scale, while utilizing the
precision and established tools of desktop CAD for detailed modeling, refinement,
and accuracy-dependent operations. This hybrid approach aimed to combine the
intuitive and spatial benefits of VR with the robustness of established 2D CAD
systems running on a PC setup in PR, allowing designers to transition between both
stages, depending on the task. User studies conducted as part of their research
indicated that designers appreciated the spatiality and formability o�ered by
immersive 3D sketching and found it to be faster and more stimulating than 2D
methods. This system is classified as a typical transitional CR system, where the
design workflow moves between the PR of the desktop CAD setup and the virtual
environment in VR, demonstrating the potential of CR to improve engineering
design processes by strategically combining the benefits of the di�erent stages.
Tian et al. [83] present an approach to use CR to integrate physical objects

into the VR experience. Instead of merely overlaying representations of physical
objects, their system analyzes the user’s physical environment from an egocentric
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perspective using depth sensing and deep learning to discern the layout, geometry,
and a�ordances of nearby objects. This understanding is then used to enhance
interaction in several ways: for instance, by providing visual guidance in the form
of a “hollowed guiding path” that directs the user’s hand to a physical object
like a cup without significantly disrupting the VR experience. Furthermore, the
system creates hybrid user interfaces, such as an “augmented physical notepad”
where a real notepad is enhanced with virtual bu�ons or sliders that repurpose the
physical rim of a desk for virtual control, thereby leveraging tactile feedback from
the real world. This system is a clear example of Augmented Virtuality, where the
predominantly virtual environment is enriched by incorporating and understanding
real-world elements. It also exhibits characteristics of a substitutional CR system by
repurposing physical objects for interaction within VR. User studies demonstrated
that participants responded positively to these novel approaches, preferring the
augmented physical notepad for its tactile feedback and finding the visual guidance
e�ective for balancing interaction convenience and keeping presence. This work
illustrates that CR is not solely about visually switching between stages of the
RVC, but also involves bridging the purpose and a�ordances of physical or virtual
objects to the other stages, like the cup or the writable surface of a notepad, across
the RVC to enrich the overall experience.
To be�er understand and structure the complexities inherent in CR systems,

particularly those involving transitions between di�erent degrees of virtuality, re-
searchers have proposed several conceptual frameworks. Pamparau [65] introduced
a mathematical formalization (�8 ) for combining multiple stages, representing po-
tentially distinct XR experiences within one system. For example, the MagicBook
[10, 11], which allows switching between PR (reading the book), AR (viewing
overlays), VR (entering the pages), could be formally described as an �3 system
combining these three stages (�3 : '+%' ×'+�' ×'++' → '+ ). Further, Pamparau
proposed the concept of an XR transition protocol (C?8 ) to explicitly define the
specific hardware and so�ware mechanisms enabling movement between these
stages, such as pu�ing on an AR HMD or triggering the “flying” into the pages [65].
Complementing this structural approach, Auda et al. [3] proposed the “Actuality-
Time Continuum”, a visualization framework that extends the RVC with a temporal
dimension, allowing for the depiction of dynamic transitions and interactions of
users and objects across di�erent stages over time. Focusing specifically on collab-
oration within multi-user CR systems, Schröder et al. [73] developed metrics and
visualizations to systematically analyze and interpret collaboration pa�erns in CR
systems. Together, these works provide essential tools for formalizing, visualizing,
and analyzing the intricate nature of CR experiences.

These related works provide a strong foundation for this thesis by demonstrating
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the potential of CR in various professional applications. For instance, transitional
systems have shown how switching between a physical workstation and a virtual
environment can enhance design tasks, and substitutional systems provide a model
for integrating physical tools to improve usability [83]. Furthermore, systems like
“The Magicbook” [10, 11] and “CReST” [20] illustrate how CR can support multi-
user collaboration. However, while these examples collectively show that the
core concepts of CR are beneficial for task-driven workflows, they o�en present
proof-of-concept demonstrations without deeply investigating the foundational
design challenges that arise in cognitively demanding scenarios. This provides the
rationale for the main research question: to move beyond demonstrating potential
and systematically investigate how these core CR concepts can be designed to
e�ectively enhance complex physical workflows.

1.3 Use Case: O�ice Work

While the central research question is broad, a focused investigation of a specific
use case allows for a more detailed and practically relevant analysis. Such a suitable
use case should feature a diverse range of tasks where a single degree of virtuality
might not be optimal for all activities. For example, a se�ing where some tasks
might benefit from the precision and tactile feedback of physical tools, while others
could potentially be improved by the unique a�ordances of VR, such as spatial
interaction or 3D visualization. Although numerous use cases, such as industrial
maintenance, medical training, or architectural design, fulfill these requirements,
this dissertation selects the traditional o�ice work se�ing as a representative use
case. This choice is motivated by the fact that the o�ice environment inherently
fulfills the key requirements for such an investigation: it features a diverse range of
tasks, from text input and reading physical documents to complex data visualization
or collaborative design reviews, where no single degree of virtuality is optimal for
all activities. This creates a potential benefit for switching between or integrating
di�erent realities to optimize a given workflow. From a practical standpoint, the
o�ice se�ing is straightforward to implement and test within a typical laboratory
environment, and, because o�ice work is such a widespread and familiar se�ing, it
simplifies the recruitment of participants who can relate to the tasks and provide
relevant, experience-based feedback.
The idea of enhancing physical o�ice workflows with XR is not new, as re-

searchers explore ways to leverage immersive systems in professional se�ings.
Guo et al. [41], for instance, investigated the use of XR for prolonged o�ice work,
demonstrating the feasibility of performing typical o�ice tasks using integrated
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physical tools within an immersive environment over a full 8-hour workday. While
such work establishes that o�ice activities can be sustained in XR by addressing ba-
sic user needs, it primarily replicates the existing o�ice workflow within the virtual
environment, without using the unique a�ordances provided by VR, such as spatial
interactions, 3D visualizations, and virtual locomotion. Wilson & D’Cruz [89] pre-
sented another idea of “Workplaces of the Future”. Instead of copying the existing
workflow into a virtual environment, like Guo et al., they presented redesigned
workflows that ditch the traditional o�ice se�ing and only use the new a�ordances
provided by VR. For example, they presented an “immersive modelling” workflow
where the user is fully immersed in VR and can load, modify, and create virtual
objects using custom tracked input devices, like a 3D mouse. While these studies
show a long-standing interest in enhancing o�ice workflows, both primarily focus
on enabling work fully immersed in VR and either keeping the existing workflow or
completely redesigning it to fit into VR. Building on this interest in immersive sys-
tems for professional contexts, Bharwaney et al. [9] conducted research specifically
on the application of VR in workplaces. Through interviews with learning leaders
and a review of existing literature, their study explored the perceived a�ordances,
limitations, and future directions of VR in this domain. Key a�ordances identified
included the simulation of dangerous scenarios, interpersonal skill development,
potential cost savings, and social learning opportunities, aligning with the elabo-
rated benefits of VR in Section 1.2. Notably, the study also mentioned “bridging
real and virtual” as an a�ordance and discussed the anticipated “expansion of AR
learning” as a future direction, implicitly acknowledging the value of integrating
di�erent degrees of virtuality within a workplace context.

In a similar approach, other researchers have focused specifically on the con-
straints and opportunities of using VR in everyday professional environments.
Bellgardt et al. [8] argue that the design of VR applications is critically a�ected by
the usage environment and propose three scenarios based on user mobility: si�ing,
standing, and walking. Their si�ing scenario, which assumes a user is seated at
a desk, is particularly relevant for o�ice work, as it prioritizes user comfort for
prolonged sessions over achieving maximum immersion, making it well-suited for
abstract tasks like data analysis. Building on this concept, Zielasko et al. [95] focus
the idea of "deskVR," a fully-immersive VR experience designed to be seamlessly
integrated into an analyst’s existing seated workflow. They posit that a seated
position reduces fatigue and cybersickness, which is crucial for long-term profes-
sional use. A key opportunity identified in both works is the integration of the
physical desk and objects on it, such as keyboards, into the virtual experience. This
integration can provide passive haptic feedback and serve as a tangible anchor to
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the real world, potentially increasing presence and performance while reducing
fatigue.

Foundational research by Carvalho et al. [15] exemplifies this hybrid approach
by addressing how to support complex tasks that require switching between dif-
ferent interaction paradigms. They developed the HybridDesk, a semi-immersive
prototype that combined immersive VR environments with a traditional WIMP
desktop to facilitate a 3D annotation task. Their core contribution was the focus
on designing the transitional interfaces between these environments, guided by
the principle of interaction continuity. Through an exploratory study, they investi-
gated how to manage the perceptual, cognitive, and functional breaks that occur
when users switch between di�erent hardware and so�ware setups. Their work
serves as a key early example of a transitional system designed not to replace
the desktop workflow but to extend it, demonstrating the value of leveraging the
distinct strengths of di�erent realities for a single, complex professional task.
As the examples show, o�ice environments encompass a wide range of tasks.

Some demanding high precision and physical interaction, others benefiting from
immersive spatial representation or enhanced presence – it becomes clear that
no single degree of virtuality may be optimally suited for all o�ice scenarios. CR,
with its inherent capacity to enable transitions between or integration across the
RVC, o�ers a promising approach to dynamically leverage the most appropriate
degree of virtuality and interaction modality for each specific o�ice task, workflow,
or collaboration need. With CR, it’s possible to keep part of the existing physical
workflows and use the a�ordances of the physical o�ice se�ing, like text input
via a keyboard, but redesigning other parts to allow for full immersion in VR and
adapting its provided a�ordances.
Therefore, CR could o�er three primary approaches to improving everyday

o�ice work, aligning with the categories defined by Auda et al. [4]: By le�ing the
user transition from the physical o�ice to a virtual environment (Transitional),
integrating the required physical content of the o�ice into a virtual environment
(Substitutional), or incorporating collaboration through di�erent stages of the RVC
(Multi-user). While multi-user systems target collaborative o�ice tasks, transitional
and substitutional approaches o�er applicability to a wider range of workflows
than multi-user systems. Therefore, in this thesis, I will primarily investigate the
potential of transitional and substitutional CR systems and will only briefly explore
multi-user CR systems. Thus, I refine my initial research question to:

How can transitional, substitutional, andmulti-user Cross-Reality systems
be designed to enhance user experience and task e�ectiveness within
a physical and cognitively demanding o�ice workflow?
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Core Challenge Core Challenge Core Challenge

Technical Challenges

Discussion

Transitional Systems Substitutional Systems Multi-user Systems

Figure 1.2: The structure of this dissertation. First, each CR system is discussed, and a

core challenge for each system is investigated. The technical challenges that impacted the

investigation are investigated. Finally, the �ndings are discussed.

To tackle this research question of how CR can enhance physical o�ice work-
flows, this dissertation investigates the viability of CR by focusing on several
foundational design challenges that are essential for its practical application. It is
important to note that this thesis does not a�empt an exhaustive analysis of all
possible challenges within CR. Instead, it strategically isolates and investigates
one such a foundational design challenge within each CR system (transitional, sub-
stitutional, and multi-user) to work towards a robust, foundational understanding.
By demonstrating that these challenges can be successfully addressed, this work
collectively builds towards a comprehensive answer to the overarching research
question.

Figure 1.2 shows the overall structure of the approach of answering the research
question in this dissertation. The exploration begins with transitional systems,
which allow a user to switch between their physical o�ice and a virtual environ-
ment. These switches, however, might have an negative e�ect on the user’s task,
for example if they unwillingly act as an interruption. The first publication pre-
sented [28] investigates a foundational challenge for this system: how to design
these switches to mitigate possible negative e�ects on the user’s task, a question
largely unexplored in prior work. This core work is supported by a complementary
publication that provides a conceptual framework for classifying XR transitions
[32].

Next, the focus shi�s to substitutional systems, where it might be useful to
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is not limited to transitional CR systems. It is used in every experience where
switches appear, mostly between two environments. Therefore, transitions are
also commonly used in classic media, such as films and video games, supporting
continuity or highlighting narrative shi�s, but also in XR within a single stage, e.g.,
when a user is switching between two distinct virtual environments in VR.

Prior research about transitions in classic media [18, 21, 56, 79] and XR [36, 45,
55, 67] showed that these transitions can a�ect various aspects, like continuity,
usability, user experience, task performance, etc., positively and negatively. The
design of transitions is crucial for improving physical o�ice workflows with CR
systems. This importance stems from the fact that a switch between stages is a
complex event, involving more than simply changing the level of virtuality. Such a
switch usually also involves a complete context switch with a new task, narrative,
and available interactions. For example, when using the Magicbook and the user
switches from AR to VR, the user is no longer a passive observer but an active
participant in the virtual scene that they can navigate in. Such a potential context
switch could have multiple implications regarding factors like user experience and
task performance. When a switch involves a new task, it might be beneficial to
help the user forget about the previous task to focus on the new one fully.
The so-called “cognitive residue” [36] can hinder switching to an entirely new

task, interfering with focus and e�iciency. Research on task switching suggests
that removing cognitive residue is essential for e�icient engagement in a new
task, as unresolved cognitive traces from the previous task can impair information
processing and decision-making [51]. However, when the switch keeps the same
task, preserving cognitive residue may enhance workflow continuity by keeping
task-relevant goals andmental models active. For example, when a user moves from
an AR-based workstation to a VR environment while continuing the same design
process of a 3D CADmodel. Go�sacker et al. [36] investigated the e�ect of multiple
transitions on cognitive residue and found that the duration of a transition could
a�ect cognitive residue. As previously mentioned, this aspect of cognitive residue
and its possible impacts on task performance is only one of many implication of
such a context switch. However, the example of cognitive residue shows three
important aspects about switches in CR: First, such a switch is more than a switch
in virtuality, possibly a�ecting important factors like task performance. Second,
the desired direction of the e�ect heavily depends on the se�ing. Third, as shown
by Go�sacker et al. [36], transitions can have an impact on that e�ect.

Therefore, to enhance physical o�ice workflows through transitional CR systems,
choosing a transition in such a se�ing is not a trivial but a foundational design
challenge that may directly impact users experience and task performance. How-
ever, most research into transitions, especially in XR, has focused on entertainment
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and gaming contexts, where the main focus is hedonic qualities such as enjoyment,
presence, and interactivity. In contrast, o�ice-based se�ings involve a di�erent set
of cognitive demands. Knowledge work requires high cognitive e�ort, where users
must maintain focus over extended periods while handling multiple streams of
information. In such contexts, transitions must support pragmatic qualities such
as e�iciency, clarity, and usability rather than merely optimizing for engagement
or presence. Furthermore, much existing research on transitions in XR investigates
transitions within a single stage of the RVC, mainly between two VR environments,
rather than across multiple stages. However, the switch in virtuality could also
lead to additional side e�ects.

So, in summary, we found two gaps in previous research regarding transitions
in a CR o�ice se�ing that need to be addressed to understand the e�ects, like
increasing presence, of transitions and how to design a transition. First, in previous
research, the users are not focusing on a cognitively demanding task, so the
transition becomes more like a “tool” rather than an entertaining “toy”. Second,
most research investigates transitions within a single stage of the RVC.

These two gaps are directly linked to the central research question of this thesis.
To determine if a transitional CR system can genuinely enhance existing workflows
in physical se�ings, it is essential to evaluate its core mechanisms under conditions
that reflect those workflows. O�ice work is inherently cognitively demanding,
making the first gap a critical barrier; applying findings from entertainment-
focused studies to a productivity context could be unreliable. Similarly, because
transitional CR for o�ice work inherently involves moving between the physical
o�ice (PR/AR) and virtual environments (VR), understanding transitions across
di�erent RVC stages is fundamental to the research question. Addressing these
gaps is, therefore, a prerequisite for providing a meaningful answer to how such
systems can be e�ectively designed for professional use.

2.2 Simple and E�icient? Evaluation of Transitions

for Task-Driven Cross-Reality Experiences

Building on the research gaps identified in the previous section, my first publication,
titled “Simple and E�icient? Evaluation of Transitions for Task-Driven Cross-
Reality Experiences” [28], focused on two things: how transitions a�ect users
during demanding cognitive tasks and how they work when moving between
di�erent stages of the RVC. I explicitly formulated and investigated two core
research questions arising from the identified gaps:
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traditional se�ings. They hypothesized that in VR, the interaction methods them-
selves, rather than solely the task demand, might heavily influence perceived Flow
and Workload. A compelling interaction style could potentially induce a state of
Flow that is more related to the VR experience itself than to focused task execution,
potentially distracting from the primary task and leading to poorer performance.

Study II: Investigating Transitions in Cross-Reality

The second study was designed to directly address RQ2, investigating whether the
e�ects observed in Study I would translate to transitions across di�erent stages
(CR), specifically between AR and VR. The implementation of this CR version of
the memory game was also published as a Demo at the IEEE VR conference in
2024, where it received the Best Demo Award [27].
The study design was largely the same as Study I, using the identical memory

game structure and transition techniques. The key di�erence was the hardware
and environments used. I employed a Varjo XR-3 headset, which o�ers seamless
switching between video see-through AR and VR. This allowed participants to
transition between a physical o�ice environment and the virtual farm environment.
The physical o�ice study room and the virtual farm were spatially aligned within
the physical space to enable a safe and free movement for the participants. I used
a ceiling cable management system to minimize the impact of the headset’s cable
on participants’ movement. 26 participants took part, including some who had
been in Study I. I collected the same range of subjective and objective measures as
in Study I.

As seen in Figure 2.3, the findings from Study II largely supported and extended
the results of Study I. The preference for e�icient transitions persisted in the
CR context. Cut and Fade received high ratings for Usability and Preference,
while Portal was again rated lower in Usability and Task Load, with participants
highlighting its complexity and the added di�iculty imposed by the physical cable
for transitions requiring significant movement. The qualitative feedback reinforced
the value placed on speed and simplicity.
A particularly interesting finding in Study II emerged with the Fade transition.

While not the most preferred overall, it received a significantly lower Task Load
score and higher Presence-related �estion scores compared to some other transi-
tions. I hypothesized that in the AR-VR transitions of Study II, where there was
a notable visual incoherence between the realistic physical o�ice environment
and the low-poly virtual farm, the momentary fade-to-black provided by the Fade
transition might have acted as a visual reset, helping users adjust to the change in
visual style and potentially reducing cognitive load associated with this adjustment.
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1. For tasks requiring focused cognitive e�ort, e�iciency must be considered
when choosing or designing transitions. Fast and simple transitions like Cut,
despite their lack of visual continuity, can be highly usable and preferred by
users.

2. Consider how transitions might mediate perceptual issues like visual inco-
herence between environments. Transitions that momentarily break visual
continuity, like Fade, might be beneficial when the connected environments
have significantly di�erent visual styles.

3. Highly interactive transitions (e.g., Portal, Orb) should be used with
caution in task-driven contexts, as their complexity or required physical
interactions may hinder usability unless that interaction is inherently tied
to the task itself.

This work provides empirical evidence supporting a shi� in focus from purely
entertainment-driven transition design principles towards prioritizing pragmatic
qualities like e�iciency and usability in XR applications intended for demanding
tasks, laying important groundwork for applying transitional CR concepts to
enhance existing o�ice workflows. It also highlights visual coherence as a crucial
factor to consider in CR transitions, warranting further investigation.

2.3 Towards a Comprehensive Taxonomy of XR

Transitions

The extensive literature review I conducted for my first publication on evaluating
transitions in task-driven CR [28] brought a significant challenge into focus: the
absence of a standardized, comprehensive framework for understanding and clas-
sifying transitions within the rapidly evolving landscape of XR. While individual
studies had explored specific transition techniques or their e�ects in particular
contexts, there was no overarching structure to truly guide researchers and devel-
opers in systematically selecting, designing, or comparing transitions across the
diverse range of XR applications. Inspired by this clear need and building upon
the initial categorization work I had already begun, I, along with my co-authors
Benjamin Weyers and Daniel Zielasko, undertook on a more dedicated e�ort to
address this gap, resulting in the publication titled “An Application and Implemen-
tation Context-driven Perspective on Transitions in XR: Towards a Comprehensive
Classification” [32]. This paper represents what I see as a crucial first step towards
developing that much-needed comprehensive taxonomy for XR transitions.
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In this work, my approach was to investigate the nature of XR transitions by ex-
amining them from two distinct but complementary perspectives: the Application
Context and the Implementation Context. The first perspective, Application Con-
text, involved analyzing the function of transitions within various use cases. This
exploration covered domains such as the interactive transitions in Entertainment ap-
plications and the need for e�icient transitions in Work Applications. Furthermore,
I analyzed the role of transitions in guiding users during Onboarding & O�boarding,
as well as their nuanced use for Behavioural Manipulation.

The second perspective focused on the Implementation context, examining the
technical factors that shape how transitions are designed. This involved investi-
gating how a system’s EWK limits the feasibility of certain transition types and
the challenge of using transitions to mitigate Visually Incoherent Environments.
The analysis also considered how subtle Di�erences in Implementation of the same
concept, such as a Portal with or without a preview, can significantly alter the
user’s experience. This multi-faceted analysis, based on a broad review of prior
research, allowed for the identification of common themes and critical distinctions
necessary for a structured classification system.
Based on this comprehensive analysis of both application and implementation

contexts, I was able to extract what I believe are five essential requirements that
any comprehensive taxonomy of XR transitions must fulfill. These requirements
are designed to provide a structured and nuanced way to classify and understand
the complex and multifaceted nature of transitions in XR. Firstly, a taxonomy
should articulate the Purpose and Supported Key Measures a transition serves
within a specific application context. This means considering the intended goal
(e.g., facilitating e�icient task switching, enhancing immersion, providing critical
notifications) and the key user experience or performance measures it is meant to
influence. Secondly, classification needs to consider Who or What is Switching:
Whether the transition creates the illusion that the user is moving between environ-
ments, that the environment itself is transforming around the user, or if it relates
to the appearance or change of other entities switching between stages. Thirdly, it
is crucial for a taxonomy to account for the System Requirements, particularly
the level of EWK needed, as this fundamentally determines the feasibility and
quality of certain transition types in di�erent XR setups. Fourthly, a truly useful
taxonomy should highlight its potential to Compensate for System Limitations,
indicating how specific transitions can help mitigate negative e�ects arising from
technical constraints or design flaws, such as assisting users in coping with visual
incoherence between disparate environments. Finally, the Degree of Interaction
involved in triggering and experiencing a transition is a key characteristic. For
example, the taxonomy should di�erentiate between transitions that are auto-
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matically initiated by the system and those that require varying levels of user
involvement, or whether a transition requires additional interaction, like a portal
that the user needs to walk through.
To demonstrate the practical utility of the proposed taxonomic requirements,

they can be directly applied to the six transitions evaluated in the task-driven
context of the “Simple and E�icient? Evaluation of Transitions for Task-Driven
Cross-Reality Experience” study [28]. This application not only classifies the
transitions but also contextualizes why certain transitions were preferred in that
specific scenario.

Purpose and Supported Key Measures: The primary purpose of all six tran-
sitions was to facilitate e�icient task switching during the memory task.
However, the study revealed that in a cognitively demanding context, the
key measures that participants valued were Usability and e�iciency, not
interactivity or continuity. Simple transitions like Cut and Fade directly
supported these measures, leading to higher preference ratings [28].

Who or What is Switching? As categorized in the study, the transitions primar-
ily fall under the User-Centered type, creating the illusion that the user is
moving to another environment. This applies to Cut, Fade, Dissolve, Orb,
and Portal. In contrast, the Ri� transition, with its animated e�ect of the
world breaking apart, has characteristics of an Environmental Transition,
where the environment itself appears to be changing [28].

System Requirements: A core selection criterion for the evaluated transitions
was their low dependence on RWK. This was a deliberate choice to ensure
their applicability in a Cross-Reality se�ing where information about the
physical environment is limited. All six transitions—Cut, Dissolve, Fade,
Ri�, Orb, and Portal—were successfully implemented with minimal EWK,
making them suitable for both VR-VR and AR-VR scenarios [28].

Compensate for System Limitations: The findings from Study II (AR-VR) pro-
vided a clear example of this requirement. The Fade transition was hypoth-
esized to help mitigate the negative e�ects of visual incoherence between
the realistic physical o�ice and the low-poly virtual farm. The brief fade-to-
black acted as an “eye reset”, helping users adjust to the starkly di�erent
visual context, which was reflected in its lower Task Load scores [28]. The
preview function of theOrb and Portal transitions could also serve a similar
preparatory purpose.
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Degree of Interaction: The transitions varied significantly in their interactivity.
Cut, Dissolve, Fade, and Ri� were user-initiated via a simple bu�on press,
representing a low degree of interaction. In contrast,Orb (requiring the user
to grab an object and move it to their head) and Portal (requiring the user
to physically walk through a gateway) demanded a much higher degree of
interaction. The study’s results suggest that in a task-driven o�ice context,
this high degree of interaction was perceived as “cumbersome” and led to
lower usability scores [28].

This application demonstrates how the taxonomy can serve as an analytical tool,
providing a structured language to dissect why certain transitions are more or less
suitable for a given context. It moves beyond simple preference ratings to explain
the underlying functional and technical characteristics that drive user experience
in task-focused CR systems.
While this publication does not claim to present the complete, fully developed

taxonomy, I believe it lays crucial groundwork by identifying these fundamental
requirements from a context-driven perspective. By proposing these requirements,
my co-authors and I aimed to provide a foundational step for the XR community
towards a more structured and systematic understanding of transitions, which is
absolutely essential for e�ectively designing and implementing user-friendly XR ap-
plications, including those specifically aimed at enhancing cognitively demanding
scenarios, like o�ice workflows.

2.4 Conclusion

This chapter investigated the potential of transitional CR systems by addressing
the foundational design challenge of how to create e�ective transitions to enhance
existing workflows in physical o�ice se�ings. The core premise explored was
that for a system to be a genuine enhancement, the transition itself must be
designed to support the user’s cognitive state in relation to their task. My primary
publication, “Simple and E�icient? Evaluation of Transitions for Task-Driven Cross-
Reality Experiences” [28], provided the initial insight by demonstrating that when
the user’s task remains consistent across environments, prioritizing e�iciency is
paramount. In these cognitively demanding scenarios, participants favored fast,
unobtrusive transitions like Cut, suggesting that when task continuity is high, the
transition should be a minimally disruptive tool.

However, as discussed earlier, the principle that transitions should always mini-
mize disruption is not universal. The optimal design is highly dependent on the
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nature of the context switch, particularly when there is a significant change in
task between environments.

The work of Go�sacker et al. [36], for example, demonstrates that transitions can
be used as a tool to intentionally clear the user’s mind. Their findings show that
longer transitions were significantly more e�ective at reducing spatial cognitive
residue compared to an instantaneous switch. This suggests that a deliberately
“ine�icient” or disruptive transition can be beneficial when the goal is to help a
user disengage from a prior context to fully focus on a new one, such as moving
from a highly analytical task to a creative or social one.
Furthermore, the work of Kim et al. [48] highlights the importance of a transi-

tion’s timing and its function as a preparatory phase. Their study revealed that a
transition placed before a learning task improved immediate memory retention
compared to other conditions. This aligns with task-switching theory, where the
transition can serve as an e�ective “cue-stimulus interval”, giving the user the
necessary time to mentally prepare and reconfigure for the upcoming task. A
transition, in this context, is not merely a switch but a priming mechanism that
prepares the user for what comes next.
Collectively, my findings show that previous research from entertainment-

focused se�ings, which o�en prioritizes interactivity and continuity to maintain
immersion, is only applicable to a limited extent in task-driven contexts. As also
shown by Go�sacker et al. [36] and Kim et al. [48], the design priorities fundamen-
tally shi� towards cognitive management. Therefore, it is critically important to
understand the rationale of a switch to design and implement a suitable transition
in a cognitively demanding task, presumably more so than in an entertainment
se�ing. Enhancing o�ice workflows requires selecting a transition that manages
the cognitive switch appropriately for the upcoming task, either by preserving
context with an e�icient transition, clearing the mind with a deliberately engaging
one, or preparing for a complex new task with a well-timed preparatory one.
In hindsight of the main research question, the work presented in this chap-

ter demonstrates that transitional CR systems are indeed capable of enhancing
physical o�ice workflows by extending the se�ing with a virtual environment.
This research provides a strong empirical and conceptual foundation for achiev-
ing this enhancement. It refines the initial finding that e�iciency is important
by introducing the crucial, context-dependent variables of cognitive residue and
cognitive preparation. The proposed first steps towards a taxonomy [32] provide
the conceptual toolkit to apply this knowledge, establishing the criteria, such as
the Degree of Interaction and System Requirements, needed to make a principled
design choice. The key takeaway is that the “best” transition is one that is fit for
purpose, and understanding the cognitive goal of the context switch is the most
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critical factor in solving the foundational design challenge. Future work should
validate these principles in realistic, long-term o�ice tasks to fully assess the impact
of this context-aware approach on workplace productivity and user well-being.
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3 Substitutional Cross-
Reality Systems

3.1 Introduction

While the previous chapter explored the potential of transitional CR systems to
enhance physical o�ice workflows by enabling users to move between distinct
environments along the RVC, this chapter focuses on a di�erent facet of CR:
substitutional CR systems. A substitutional CR system is characterized by the
meaningful integration or replacement of an object from one reality into another,
where it is repurposed to serve a new function or take on a new appearance [4].

On one hand, a physical object can be integrated into a virtual environment.
This is the core idea of AV (see Section 1.2), where a user is primarily immersed in
a virtual environment and physical objects are integrated into the environment
for the user to perceive and to interact with. On the other hand, a virtual object
could also be integrated into the physical environment. For example, a user in
AR could hold a generic physical block, which is visually substituted in real-time
with a detailed, interactive 3D model of a complex machine part, allowing them to
inspect a virtual prototype with the benefit of physical touch.

While substitutional CR encompasses both directions, this chapter will primarily
focus on the first case: the integration of physical content into virtual environments,
a scenario defined by AV. This focus is directly motivated by the dissertation’s
central theme of enhancing physical o�ice workflows. O�en, the greatest potential
for enhancement lies in moving a task into a virtual environment to leverage its
unique a�ordances, such as infinite screen space or immersive 3D visualization.
However, this transition to a virtual environment creates an immediate need to
bring essential physical tools—keyboards, mice, notepads—into that virtual space to
maintain e�iciency and usability for fundamental o�ice tasks. Thus, AV represents
a critical implementation of substitutional CR for this use case.

However, the seamless integration of physical content into a virtual environment,
particularly when the user can move virtually within that environment, presents
significant technical and perceptual challenges. One such fundamental, yet o�en
underrepresented, issue identified in my research is the problem of occlusion of
physical content by virtual content in AV. As seen in Figure 3.1, when physical
objects are integrated into a virtual environment, some virtual content could unin-
tentionally block the user’s view of the physical content. This unwanted occlusion
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Figure 3.2: Resolution strategies within the task phases. The ATR strategy is applied

during the travel phase, where the teleport preview is automatically rotated to resolve

unwanted occlusion after teleportation (left section). The RDW strategy is applied during

the survey phase, subtly redirecting the user during physical walking around the tree to

resolve an initially occluded desk (right section). Importantly, only one of these resolution

strategies was applied during a task, depending on the current condition [25].

To investigate this, I focused on scenarios where a user’s virtual movement could
lead to a virtual object (like a tree in the virtual environment) obstructing the
view of a physical object (like a workstation with a monitor, keyboard, and mouse)
integrated into the virtual space. Such a scenario directly reflects the challenge of
maintaining access to physical o�ice tools while immersed in a virtual task space.
Drawing inspiration from techniques used in passive haptics for maintaining
physical-virtual alignment, I proposed and investigated two system-controlled,
task-agnostic strategies to resolve unwanted occlusion:

Redirected Walking (RDW): This strategy subtly adjusts the user’s virtual
movement (using rotation, translation, and curvature gains) while they are
physically walking to steer them into a virtual position from which the
physical object is no longer occluded. This happens gradually and ideally
imperceptibly [61, 82].

Automatic Teleport Rotation (ATR): This strategy, applied during a virtual
teleportation, automatically calculates an occlusion-free virtual position and
rotation for the user relative to the integrated physical object and rotates the
user’s view and the virtual environment during the teleport transition to align
them correctly upon arrival. This is based on the principle of aligning the
virtual environment relative to the physical objects during virtual locomotion
to ensure the integrity of passive haptics [87, 91].

To evaluate these strategies, I conducted an exploratory within-subject user
study. The study involved 34 participants, each performing 15 trials per condition
in a counterbalanced order, using a Varjo XR-3 HMD which enabled the AV setup
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via its video-see-through and masking capabilities. In cooperation with the forestry
o�ice Trier, I developed a task set in a virtual forest that integrated a physical
desk and PC. The virtual forest scenario allowed me to strike a balance between a
plausible, semi-realistic analytic task and a controlled environment. By adjusting
parameters such as the number of trees and their Diameter at Breast Height (DBH),
I could control the frequency of unwanted occlusions, thereby isolating potential
e�ects of the resolution strategies.

The study’s task was structured into two main phases to simulate a complex
workflow. First, in the travel phase, participants used teleportation to navigate
through the forest to a highlighted tree. Upon arrival, the survey phase began,
which required participants to physically walk around the tree to count virtual
beetles of a specific color displayed on the physical monitor. They then had to
use the physical mouse and keyboard to input their count. As seen in Figure 3.2,
the resolution strategies were applied in di�erent phases to isolate their e�ects:
ATR was active during the teleportation in the travel phase, while RDW was
active during the physical walking in the survey phase. I evaluated the strategies
based on their e�icacy and their impact on cybersickness, user satisfaction, task
performance, and orientation.

Key findings from my study revealed that unwanted occlusion was successfully
induced in 91% of trials on average. The ATR strategy was significantly more e�ec-
tive at resolving these occlusions, successfully clearing 98% of cases compared to
RDW’s 74%. However, this higher e�icacy came with a trade-o� in user experience.
Participants reported feeling "dizzy" with both methods, but cybersickness scores
trended slightly higher for ATR, and user satisfaction was highly polarized, with
some praising its e�iciency while others found its automatic rotation "annoying"
and "imprecise". In contrast, RDW received more balanced feedback. Although
controversial, ATR was perceived as a more useful strategy for resolving occlusion
by participants who deemed resolution necessary. In terms of orientation, no
significant di�erences in absolute pointing accuracy were found, with performance
being generally low across both conditions. A significant di�erence did emerge,
however, in signed pointing error, with participants exhibiting a directional bias
that was opposite to the rotation applied by the strategies, an e�ect I could not
fully explain. Finally, I concluded that neither strategy had a substantial negative
impact on task performance, workload, or the user’s sense of agency.
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3.3 Conclusion

The study’s findings provide valuable insights into tackling the occlusion problem
in AV and have direct implications for designing substitutional CR systems for
o�ice environments. Both RDW and ATR were found to be e�ective in resolving
unwanted occlusion, but ATR achieved a significantly higher resolution rate (98%)
compared to the more gradual RDW (74%). This suggests ATR is highly suitable
for workflows where constant, unobstructed access to physical tools is paramount.
However, RDW’s resolution is tied directly to user movement; an occlusion present
upon arrival persists until the user begins to physically walk, a potential drawback
for tasks requiring immediate access to physical tools. This higher e�icacy of
ATR came at the cost of user experience. The data suggested that ATR might
induce slightly higher levels of cybersickness, and user satisfaction ratings were
polarized—some found its direct approach useful, while others found the automatic
rotation intrusive. RDW received more balanced feedback. This highlights a
recurring theme throughout this dissertation: the design of e�ective CR systems
o�en involves a critical trade-o� between technical e�icacy and user comfort, a
principle observed both in the selection of transitions in Chapter 2 and the choice
of occlusion resolution strategies here.
These findings must be considered within the study’s limitations. The inves-

tigation used a single, static physical object and an abstract task in a virtual
forest. While the forest task successfully induced occlusion, the occluding objects
(trees) may not fully represent the dynamic virtual content common in virtual
o�ice se�ings, such as data visualizations or architectural models. Therefore, the
e�ectiveness of these strategies against more complex virtual assets requires fur-
ther investigation. Furthermore, the research focused solely on system-controlled,
task-agnostic strategies. Future work should explore user-controlled or task-aware
resolution strategies and validate these principles in realistic, long-term o�ice tasks
to fully assess their impact.

In conclusion, this chapter has highlighted the potential of substitutional CR to
enhance physical o�ice workflows by integrating physical tools into immersive
virtual environments. It addressed the critical challenge of unwanted occlusion,
demonstrating that e�ective resolution strategies exist but come with inherent
trade-o�s between e�icacy and user experience. This work confirms that extend-
ing the physical environment into a virtual workspace is a viable and powerful
approach, contingent on actively managing the visibility and usability of the inte-
grated physical content. These insights contribute to the overarching goal of this
dissertation by providing empirically grounded principles for designing the next
generation of productive and user-centric CR o�ice systems.
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4 Multi-User Cross-
Reality Systems

4.1 Introduction

While the previous chapters explored the potential of transitional and substitu-
tional CR systems to enhance individual o�ice workflows, collaboration remains a
cornerstone of professional environments. CR’s potential extends beyond single-
user applications to encompass systems that enable multiple users, who may be
experiencing di�erent degrees of virtuality, to collaborate e�ectively. As defined
by Auda et al., these are known as multi-user CR systems, which facilitate in-
teraction and collaboration between users who may be physically separated and
using a mix of immersive or traditional interfaces [4]. Such systems o�er powerful
new paradigms for teamwork by allowing participants to leverage the distinct
advantages of each stage on the RVC based on their specific roles or tasks. In
an o�ice context, this could manifest as a design review where an engineer uses
VR to manipulate a full-scale 3D model, a project manager uses AR to see that
model overlaid on a physical prototype, and a remote client joins from a traditional
desktop, with each participant having an optimal view for their role.
Foundational work in this area sought to bridge the gap between collocated

and remote collaborators. The TwinSpace infrastructure, for example, was an
early e�ort to connect physical interactive workspaces with collaborative virtual
worlds, aiming to redress the imbalance where remote participants are o�en at
a technological disadvantage [70]. By creating a common model based on an
ontology and a robust communications layer, TwinSpace demonstrated how to
create deeply interconnected “virtual smart spaces” that could be mapped to
physical rooms, allowing remote and local teams to work together more equitably
[70].
A key characteristic of many professional collaborations, and thus a central

theme in multi-user CR, is asymmetry in roles, knowledge, and interaction capa-
bilities [30, 31]. This asymmetry is not a flaw to be eliminated but a reality to be
designed for. A concrete example from an industrial context is the ergonomic work-
place design system proposed by Chu et al., where an AR-equipped ergonomics
expert observes and guides a VR-immersed operator performing a complex as-
sembly task [17]. In this system, the RVC stage is explicitly tailored to the user’s
role: AR provides the expert with an overlaid third-person view combining the
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Mixed Reality in Asymmetric Collaborative Environments: A Research Prototype for

Virtual City Tours
Section 4.2

Figure 4.1: Overview of the prototype: The guide (left), her/his view (middle), and the

view of a visitor (right) [31]. (©2021 IEEE)

4.2 Mixed Reality in Asymmetric Collaborative

Environments: A Research Prototype for

Virtual City Tours

The publication “Mixed Reality in Asymmetric Collaborative Environments: A
Research Prototype for Virtual City Tours” [31] details the development and evalu-
ation of a multi-user CR system created to investigate the foundational challenge
of managing asymmetry in collaborative CR. The system was implemented as a
prototype for virtual city tours, which naturally embodies an asymmetric role divi-
sion: a guide acts as the primary user who leads the tour and provides information,
while visitors are secondary users who experience the tour. A central aspect of this
research was the novel assignment of di�erent RVC stages to these roles. As seen
in Figure 4.1, the guide utilized AR, allowing them to remain grounded in their
physical workspace while it was augmented with an array of virtual controls and
information. The visitors, conversely, were fully immersed in a VR model of the
ancient city of Trier. This specific AR-for-primary, VR-for-secondary configuration
was chosen to address a gap in the literature, which had more commonly explored
AR for passive or secondary roles [30].

The system’s design was architected to provide the AR-equipped guide with
a powerful and flexible interface for managing the tour and interacting with the
VR visitors. To achieve this, the guide’s physical workspace was conceptually
and physically divided into two distinct virtual workspaces: a “Deskzone” and a
“Warpzone”.

The Deskzone was centered around the guide’s physical desk and functioned
as a command center for overview and macro-level control. Here, the guide could
interact with an augmented physical map that displayed schematic representations
of the VR visitors at their real-time locations in the virtual city. By dragging a
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visitor’s icon to a new location on the map, the guide could trigger a visual indicator
in the visitor’s VR view, e�ectively guiding them through the city. The desk also
hosted a "mini-warpzone," a miniature, interactive 3D model of the virtual city that
allowed the guide to monitor a specific area without fully entering the virtual city.

TheWarpzonewas designed for direct, eye-level interaction and co-presence. The
guide could physically walk away from their desk into the surrounding warpzone
area, which triggered a seamless transition into a life-sized, fully immersive version
of the virtual city, placing them alongside the visitors’ avatars. This transition
mechanism, leveraging physical movement, was designed to be an intuitive and
embodied method for switching between the two modes of interaction: overview
and direct engagement.

This unique, embodied transition between the Deskzone and Warpzone can also
be classified using the taxonomic framework developed in Chapter 2. From the
perspective of the primary user (the guide), the Purpose of this transition is to
switch between two distinct modes of operation—macro-level overview and direct,
immersive engagement in an educational context, part entertainment and part
work context, therefore aiming both for a high place and plausibility illusion and for
e�iciency. As it involves the guide’s own physical movement, it is a clear example
of a User-Centered transition with the highest possible Degree of Interaction.
Its System Requirements include a moderate level of EWK, as the system must
be aware of the physical boundaries of the zones to trigger the context switch.
While not designed to compensate for a technical limitation, one could argue
that it compensates for the cognitive limitation of managing two disparate views
simultaneously by physically separating them. The mixed feedback from experts,
who found it both “engaging” and potentially “tedious,” highlights the critical trade-
o� between interactivity and e�iciency that the taxonomy aims to capture [31].

Interaction for the guide was further enriched through the use of tangible objects.
The guide could use augmented physical props, such as wooden chips or printed
documents, to select and instantiate 3D models of historical artifacts. For instance,
a generic wooden chip could bring up a radial menu of available models, while an
augmented document about the Porta Nigra would exclusively generate a model of
that structure. The guide could then grab these newly created virtual objects and
carry them into the warpzone to share and discuss with the visitors. All interactions
with virtual menus and objects were performed using direct hand tracking.

To evaluate the prototype’s approach to managing asymmetric collaboration,
semi-structured interviews were conducted with 10 experienced city tour guides.
Their expert feedback yielded several critical insights. The guides universally
recognized the potential of such a multi-user CR system for creating novel touring
experiences, particularly for historical sites that no longer exist or are physically

38





Chapter 4 Multi-User Cross-Reality Systems

shows that CR can indeed enhance collaborative physical workflows. It does so by
creating flexible team environments where roles can be distributed across the RVC.
However, this enhancement is not automatic. It requires a thoughtful design pro-
cess that directly addresses the complexities of multi-user, multi-reality interaction.
The work presented here contributes to this by providing empirically grounded
principles for designing for the primary user in an asymmetric system. While the
exploration in this dissertation was brief, it firmly establishes the importance of
the collaborative dimension and points toward critical areas for future research,
such as improving user representation and refining interaction techniques to build
the next generation of collaborative CR o�ice systems.
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5 Technical Considerations
for Cross-Reality Systems

The empirical investigations into transitional, substitutional, and multi-user CR
systems presented in the preceding chapters rely heavily on the capabilities and
limitations of the underlying hardware, specifically HMDs. While Optical See-
Through (OST) HMDs have historically been used for AR, Video See-Through (VST)
HMDs have seen a resurgence and are increasingly employed for CR applications
due to advantages like a wider field of view and be�er occlusion capabilities.
However, both OST and VST HMDs introduce their own sets of technical and
perceptual challenges that are critical for researchers and developers to understand
when building e�ective CR experiences.

To provide insights into these practical challenges from a development perspec-
tive, my colleagues and I investigated a small subset of the common issues faced
when working with HMDs for CR applications, as there are many more that are
yet to be addressed, such as precise and stable tracking. This work is detailed
in two publications. The first provides a broad, developer-oriented overview of
the perceptual issues inherent in VST HMDs. The second focuses on the specific,
critical challenge of implementing hand occlusion for mid-air interaction in AR,
a problem that came up during the development of the prototype for virtual city
tours discussed in Section 4.2. This chapter summarizes the key findings from these
papers, highlighting the technical limitations that influence the user experience in
the types of CR systems discussed in this dissertation.

5.1 Perceptual Issues in Mixed Reality: A

Developer-Oriented Perspective on Video

See-Through Head-Mounted Displays

My colleagues and I investigated issues that researchers and developers currently
face when using VST HMDs in “Perceptual Issues in Mixed Reality: A Developer-
Oriented Perspective on Video See-Through Head-Mounted Displays” [29]. This
involved providing firsthand information about conducting science with these
devices, drawing on our own development experiences, scientific sources, and a
user survey. The goal was to o�er helpful insights into challenges that are o�en
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action regardless of display perfection. These issues can lead to eye strain,
headaches, and influence interaction performance.

An experimental survey with 20 participants we performed during our demo
showcase at the IEEE VR’25 conference [27], surprisingly showed no conscious
perception of distortions, even a�er explanation. This led us to hypothesize that
subtle factors like lighting or a “demo mindset” might mask these issues, yet they
can still contribute to negative outcomes like cybersickness.

In summary, this publication provided a crucial, developer-oriented perspective
on the myriad perceptual and technical challenges inherent in VST HMDs. It
underscores that while VST o�ers significant advantages for CR, its limitations,
particularly concerning latency, distortion, and data accessibility, must be carefully
considered and, where possible, mitigated during the design and development of
e�ective CR applications.

5.2 E�ects of Hand Occlusion in Radial Mid-Air

Menu Interaction in Augmented Reality

To investigate the critical problem of hand occlusion in AR, my colleagues and I
conducted a study detailed in the publication “E�ects of Hand Occlusion in Radial
Mid-AirMenu Interaction in Augmented Reality” [33]. Correctly handling occlusion
is a major depth cue and crucial for realistic perception and intuitive interaction
in AR environments. Based on participants’ feedback on our work discussed in
Chapter 4 about multi-user CR systems, we hypothesized that providing correct
hand occlusion would improve mid-air menu interaction usability.

We implemented a model-based hand occlusion method on a Hololens 2. Partici-
pants (N=30) performed a mid-air menu selection task using pinching and tapping
interactions, both with and without hand occlusion enabled. The results were
complex: hand occlusion negatively impacted pinching usability but positively
a�ected tapping usability. Further analysis revealed that this unexpected outcome
was likely due to several interfering side e�ects of our implementation:

Unintentional Occlusion: The hand model sometimes unintentionally hid parts
of the virtual menu, particularly frustrating during the more expansive pinch-
ing gesture.

Low Acceptance : Many participants found the e�ect irritating and unrealistic,
perceiving it as a “shadow” rather than convincing occlusion.
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Latency : Noticeable latency caused the hand model to lag behind the user’s real
hand, leading to an unnatural appearance and reducing believability. This
issue is a pervasive problem in VST HMDs, as discussed in Section 5.1.

Lack of Accommodative Focus Cue : The fixed focal plane of the Hololens 2
(2.0m focal distance) created a visual mismatch between the sharply focused
virtual menu and the out-of-focus real hand, further reducing the believability
of the occlusion. This fundamental HMD limitation is also discussed in
Section 5.1.

This work demonstrates that even a theoretically beneficial feature like oc-
clusion, crucial for realistic perception and interaction, can fail in practice if its
implementation introduces perceptual artifacts that outweigh its benefits. It high-
lights the immense di�iculty of achieving seamless and convincing interaction in
current-generation CR hardware.

5.3 Conclusion

The work presented in this chapter provides a crucial technical grounding for the
empirical findings of this dissertation. The first paper established the broad land-
scape of perceptual issues in VST HMDs, explaining the root causes of challenges
like motion-to-photon latency, visual incoherence, and display distortions that
were observed in Chapter 2 (e.g., a�ecting the perception of transitions between
visually disparate environments) and Chapter 3 (e.g., impacting accurate spatial
perception for occlusion management and the integration of physical tools). The
second paper provided a deep dive into a specific, critical challenge—hand occlu-
sion, demonstrating how even a theoretically beneficial feature can fail in practice
due to underlying technical limitations related to latency and visual fidelity.

Collectively, these technical investigations underscore that the seamless blend-
ing of realities, which is the core promise of CR for enhancing o�ice workflows,
remains a significant technical challenge. While the empirical chapters demon-
strate the potential and user preferences for certain CR interaction paradigms,
this chapter explains why achieving perfect integration is so di�icult. It highlights
the ongoing need for hardware and so�ware advancements, as well as greater
transparency from manufacturers regarding display properties and data access,
to truly unlock the full potential of CR for demanding professional applications.
Understanding these fundamental perceptual and technical limitations is essential
for designing realistic and e�ective CR o�ice systems that can transition between
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stages, integrate physical tools, and support collaboration without inadvertently
hindering user performance or comfort.
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6 Discussion

This dissertation set out to investigateHow can transitional, substitutional, and
multi-user Cross-Reality systems be designed to enhance user experience
and task e�ectiveness within a physical and cognitively demanding o�ice
workflow?. The exploration unfolded across three distinct but interconnected
areas of CR: Transitional CR Systems (Chapter 2), Substitutional CR Systems
(Chapter 3), and Multi-User CR Systems (Chapter 4). Furthermore, Chapter 5 pro-
vided a necessary technical perspective on the underlying hardware that enables
many of these CR experiences, particularly highlighting the perceptual and imple-
mentation challenges of VST HMDs and OST HMDs, which are mostly used when
implementing CR applications. While Chapters 2, 3, and 4 delved into specific CR
mechanisms and user interactions, Chapter 5 grounded these discussions in the
realities of current XR technology. Taken together, these chapters provide a compre-
hensive perspective on the potential and complexities of integrating various forms
of CR into professional, cognitively demanding environments like the traditional
o�ice. This meta-discussion synthesizes the key contributions of these chapters,
highlights the common threads and complementary insights, and reflects on how
they collectively inform the overarching research question and future work.

Chapter 2, focusing on Transitional CR Systems, addressed the ability for users to
seamlessly move between di�erent stages of the RVC, such as between a physical
o�ice (PR/AR) and a virtual environment (VR). The empirical studies presented
in “Simple and E�icient? Evaluation of Transitions for Task-Driven Cross-Reality
Experiences” [28] provided critical evidence that for task-driven scenarios, the
design principles for transitions fundamentally shi� from those typically favored
in entertainment contexts. The consistent preference for fast transitions like Cut
over more interactive ones like Portal or Orb across both VR-to-VR and AR-to-VR
transitions underscored the importance of e�iciency during context switches in
cognitively demanding tasks. This directly informs the thesis question by demon-
strating that enhancing o�ice workflows through transitions requires prioritizing
pragmatic qualities to support task continuity rather than focusing solely on engag-
ing experiences. The challenges highlighted, such as managing visual incoherence
across environments with di�erent visual styles and the impact of physical con-
straints (like headset cables) on transition design, further emphasize the unique
considerations when applying transitional CR in hybrid physical-virtual spaces.
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within a single task space (Substitutional CR), demanding technical solutions for
issues like occlusion to maintain the usability of familiar physical tools, a process
inherently constrained by VST camera and display properties. Finally, it encom-
passes facilitating the Collaboration of multiple users potentially in di�erent RVC
stages (Multi-user CR), which requires careful design of shared awareness cues
and tailored interfaces to bridge di�erent perceptual and interaction spaces, with
each user’s experience potentially a�ected by the perceptual issues of their cho-
sen HMD. The findings across all areas reveal a consistent need to move beyond
entertainment-focused XR design principles towards prioritizing pragmatic quali-
ties like e�iciency and task performance in professional contexts. The importance
of considering system limitations, environmental characteristics, and the specific
demands of the o�ice task emerges as a recurring theme, strongly informed by the
technical realities presented in Chapter 5.
Despite the valuable insights gained across these areas, this dissertation has

limitations. The empirical studies primarily used abstract tasks (memory game,
bug assessment) which, while designed to be cognitively demanding and neces-
sitate the investigated CR mechanisms, may not fully capture the complexity
and richness of real-world o�ice workflows. The evaluations were also relatively
short-term, leaving the long-term e�ects of sustained use of these CR techniques
on factors like fatigue, cognitive load over a full workday, or skill acquisition largely
unexplored. Furthermore, the studies were conducted using specific hardware
and environments (with Chapter 5 detailing the inherent issues of such hard-
ware), and generalizing the findings requires validation across a wider range of
CR technologies and o�ice scenarios. The exploration of multi-user CR was also
foundational, indicating a need for more in-depth empirical investigation within
actual collaborative o�ice tasks.
Looking ahead, future research should build upon this foundation by evalu-

ating the investigated CR techniques (e�icient transitions, occlusion resolution
strategies) within realistic o�ice tasks, such as document review, data analysis,
or virtual meetings. It is also crucial to investigate the long-term e�ects of using
transitional and substitutional CR systems on productivity, comfort, and user
acceptance over extended periods, considering how the perceptual issues high-
lighted in Chapter 5 might manifest cumulatively. A promising avenue involves
developing and evaluating integrated CR o�ice systems that combine transitional
and substitutional elements, for example, allowing users to seamlessly transition
into a virtual workspace where physical tools are integrated, while actively miti-
gating technical challenges like occlusion and distortion. Conducting empirical
studies on multi-user CR systems specifically tailored for o�ice collaborative tasks
is also necessary, focusing on metrics of shared presence, communication e�ec-
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tiveness, and collaborative task performance across di�erent RVC stages, taking
into account the disparate perceptual experiences of participants using di�erent
hardware. Leveraging the proposed taxonomy of XR transitions can guide the
systematic design and comparison of transition techniques across di�erent CR
o�ice applications and hardware, informed by the technical constraints. Finally,
exploring adaptive CR systems that can dynamically adjust the RVC stage, transi-
tion style, or integration strategy based on user state, current task demands, or
environmental conditions represents a significant next step, potentially adapting
to mitigate the very perceptual issues discussed in Chapter 5.

In summary, this dissertation aims to advance the understanding of how Cross-
Reality can be leveraged to enhance existing physical o�ice workflows. By dissect-
ing the potential contributions and challenges of transitional, substitutional, and
multi-user CR systems, and providing empirical evidence, conceptual frameworks,
and insights into the underlying technical complexities, it lays crucial groundwork
for the design and implementation of future CR o�ice environments. The key
takeaway is that successful CR integration in professional se�ings hinges on a
task-centric design approach that prioritizes e�iciency, usability, and seamless
interaction across physical and virtual realms, all while acknowledging and strategi-
cally addressing the perceptual and technical limitations of current XR technology,
ultimately enabling users to fluidly extend their physical workspace to harness
the unique a�ordances of the Reality-Virtuality Continuum.
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7 Conclusion

This dissertation investigates the potential of Cross-Reality (CR) to enhance exist-
ing workflows within traditional physical o�ice se�ings. Motivated by the unique
capabilities of immersive systems to blend physical and virtual content and en-
vironments, yet acknowledging the inherent drawbacks of limiting experiences
to a single degree of virtuality, the central research question guiding this work
was: How can transitional, substitutional, and multi-user Cross-Reality sys-
tems be designed to enhance user experience and task e�ectiveness within
a physical and cognitively demanding o�ice workflow? To address this
question comprehensively, the dissertation explored di�erent facets of CR, investi-
gating transitional, substitutional, and multi-user systems, while also examining
the fundamental technical considerations imposed by current hardware.

Chapter 2 investigates Transitional CR, focusing on systems that enable users
to switch between di�erent stages of the Reality-Virtuality Continuum (RVC).
The empirical studies presented provided crucial insights into how the design of
transitions impacts user experience and performance in cognitively demanding,
task-driven scenarios, like o�ice work. Contrary to findings in entertainment-
focused contexts, the results demonstrated a clear user preference for e�icient
transitions that minimize disruption and cognitive load during context switches,
highlighting the need to prioritize pragmatic qualities like speed and usability
for productivity applications. Challenges related to managing visual incoherence
between disparate environments and the influence of physical constraints on tran-
sition design were also identified. The conceptual work towards a comprehensive
taxonomy of XR transitions o�ered a structured framework for understanding and
classifying transitions based on their purpose, the nature of the switch, system
requirements, ability to compensate for limitations, and degree of interaction,
providing a valuable tool for designers of future transitional CR o�ice systems.

Chapter 3 investigated Substitutional CR, specifically focusing on the integration
of physical objects and aspects of the physical environment into a predominantly
virtual se�ing (Augmented Virtuality). This approach is particularly relevant for
o�ice tasks where users need to leverage the a�ordances of virtual environments
while maintaining access to familiar physical tools. The research presented tack-
led the critical problem of unwanted occlusion of integrated physical objects, a
significant barrier to e�ective interaction with physical tools in AV. By exploring
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strategies like Redirected Walking and Automatic Teleport Rotation, the work
demonstrated the technical feasibility of mitigating occlusion, while also revealing
inherent trade-o�s between resolution e�icacy and user experience factors such as
cybersickness. These findings underscore that successfully extending the physical
environment into a virtual workspace requires not only integrating physical tools
but also actively managing their visibility and usability within the virtual context.

Chapter 4 provided a brief exploration ofMulti-user CR, examining systems that
support collaboration between users experiencing di�erent degrees of virtuality.
While not empirically investigated within this dissertation, prior work and expert
feedback highlighted the potential of multi-user CR for collaborative o�ice tasks
and underscored the unique challenges involved. Key considerations include
establishing e�ective shared awareness across disparate realities, representing
users clearly, and designing interfaces tailored to di�erent roles and RVC stages to
facilitate seamless interaction, communication, and increased co-presence. This
chapter emphasizes that the enhancement of o�ice workflows through CR extends
beyond individual productivity to encompass team-based activities, introducing a
distinct set of design challenges.

Chapter 5 o�ered a necessary technical perspective on the underlying hardware
that enables many of the CR experiences discussed, focusing on Perceptual Issues in
Video See-Through HMDs. By detailing challenges related to registration accuracy,
visual fidelity of the captured real world, display distortions, eye-to-camera o�sets,
latency, and the limitations imposed by restricted access to environmental data,
this chapter grounded the discussions of the preceding chapters in the realities of
current XR technology. It highlighted that the perceptual issues encountered in
empirical studies, such as visual incoherence or challenges with spatial perception,
are o�en rooted in these fundamental hardware and so�ware pipeline limitations.
Understanding these technical constraints is crucial for designing realistic and
e�ective CR systems and interpreting user experience findings.

Synthesizing the insights from these chapters, this dissertation demonstrates
that enhancing physical o�ice workflows with CR is a multifaceted endeavor re-
quiring a holistic approach. It necessitates addressing challenges at the level of
user interaction design (Transitions, Substitutional Integration, Multi-user Collab-
oration), informed by an understanding of the underlying technical capabilities
and limitations of the hardware (Technical Considerations). The research consis-
tently points towards a need for a paradigm shi� from entertainment-focused XR
design principles to a task-centric approach that prioritizes pragmatic qualities
essential for productivity, such as e�iciency, usability, and seamless interaction.
The importance of considering system limitations, environmental characteristics,
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and the specific demands of the o�ice task emerges as a recurring theme across
all areas of investigation.

The primary contribution of this dissertation lies in providing empirical evidence
and conceptual frameworks that specifically address the application of Cross-
Reality within cognitively demanding, productivity-focused environments like
the traditional o�ice. By moving beyond entertainment contexts, the work o�ers
valuable insights into how di�erent forms of CR can be designed and implemented
to genuinely enhance existing workflows rather than simply replicating them
in a new medium or introducing unnecessary complexity. The identification of
e�iciency as a key driver for transitional CR in task-driven se�ings, the investigation
into resolving occlusion for substitutional CR, the highlighting of challenges in
multi-user CR collaboration, and the detailed analysis of VST HMD limitations
collectively contribute to a more nuanced understanding of CR’s potential and the
practical considerations for its successful integration into professional workspaces.

Despite these contributions, this dissertation has several limitations. The empiri-
cal studies, while designed to be cognitively demanding, utilized abstract tasks that
may not fully capture the complexity and variety of real-world o�ice workflows.
The evaluations were relatively short-term, limiting insights into the long-term
e�ects of using these CR techniques on factors like fatigue, cognitive load over a
full workday, or sustained productivity. Furthermore, the studies were conducted
using specific hardware and environments, and generalizing the findings requires
validation across a wider range of CR technologies and o�ice scenarios. The ex-
ploration of multi-user CR was foundational, indicating a need for more in-depth
empirical investigation within actual collaborative o�ice tasks.

Building upon this foundation, future research should aim to validate the inves-
tigated CR techniques within realistic o�ice tasks and investigate their long-term
e�ects on productivity, comfort, and user acceptance. Developing and evaluating
integrated CR o�ice systems that combine transitional and substitutional elements,
while actively mitigating technical challenges like occlusion and distortion, rep-
resents a crucial next step. Empirical studies on multi-user CR systems tailored
for specific o�ice collaborative tasks are needed to understand and optimize team
performance across di�erent RVC stages. Leveraging the proposed taxonomy of
XR transitions can guide the systematic design and comparison of transition tech-
niques, informed by the technical constraints of the hardware. Finally, exploring
adaptive CR systems that can dynamically adjust the RVC stage, transition style, or
integration strategy based on user state, current task demands, or environmental
conditions holds significant promise for creating truly intelligent and user-centric
CR o�ice environments.
In conclusion, this dissertation has illuminated the path towards enhancing
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physical o�ice workflows through Cross-Reality. By systematically investigating
transitional, substitutional, and multi-user CR systems, and acknowledging the
foundational technical challenges, it provides valuable insights for researchers and
developers aiming to integrate immersive technologies into professional se�ings.
The journey towards seamless and e�ective CR o�ice environments is ongoing,
but the findings presented here underscore that by prioritizing task-centric design,
addressing underlying technical limitations, and understanding the multifaceted
nature of human-computer interaction across realities, we can unlock the transfor-
mative potential of CR to fluidly extend our physical workspaces and redefine the
future of o�ice work.
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8.1 Abstract

The inquiry into the impact of diverse transitions between cross-reality environ-
ments on user experience remains a compelling research endeavor. Existing work
o�en o�ers fragmented perspectives on various techniques or confines itself to a sin-
gular segment of the reality-virtuality spectrum, be it virtual reality or augmented
reality. This study embarks on bridging this knowledge gap by systematically
assessing the e�ects of six prevalent transitions while users remain immersed in
tasks spanning both virtual and physical domains. In particular, we investigate the
e�ect of di�erent transitions while the user is continuously engaged in a demand-
ing task instead of purely focusing on a given transition. As a preliminary step, we
evaluate these six transitions within the realm of pure virtual reality to establish
a baseline. Our findings reveal a clear preference among participants for brief
and e�icient transitions in a task-driven experience, instead of transitions that
prioritize interactivity and continuity. Subsequently, we extend our investigation
into a cross-reality context, encompassing transitions between virtual and phys-
ical environments. Once again, our results underscore the prevailing preference
for concise and e�ective transitions. Furthermore, our research o�ers intriguing
insights about the potential mitigation of visual incoherence between virtual and
augmented reality environments by utilizing di�erent transitions.

© 2024 IEEE. Reprinted, with permission, from Nico Feld, Pauline Bimberg, Benjamin Weyers,
and Daniel Zielasko. Simple and E�cient? Evaluation of Transitions for Task-Driven Cross-
Reality Experiences. IEEE transactions on visualization and computer graphics PP (2024). doi:
10.1109/TVCG.2024.3356949.
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8.2 Introduction

The reality-virtuality continuum (RVC) [50] describes a spectrum of stages that
range from the completely real to the completely virtual. On one end of the
spectrum is the real environment stage, the actual physical world without any
technological enhancements. Moving along the spectrum, there is the augmented
reality (AR) stage, where virtual objects are superimposed on the real world. Further
along, is the augmented virtuality (AV) stage, a primarily virtual environment
incorporating real-world objects. At the far end of the spectrum lies the virtual
reality (VR) stage, a virtual environment entirely simulated by computers, o�en
experienced through VR head-mounted displays (HMD). Each stage in the RVC
has its benefits and limitations concerning its use [22, 30, 31, 53, 61, 62, 85, 88].
For example, VR allows for a higher place illusion than a Desktop-PC [70] in the
real environment stage, but precise interactions and text entries are usually more
di�icult to perform [47, 75]. Therefore, it stands to reason that the inclusion of
multiple stages can help an application serve a wider variety of use cases. Prior
work already shows that this could benefit various use cases, like collaboration
[6, 12, 37, 38, 61, 64], urban planning [10], design [3, 36, 38, 75], entertainment
[41], and immersive analytics [20, 22, 23, 30, 52, 53, 54, 65]. Recent technical
advancements, such as high-quality video see-through head-mounted displays
(HMD), allow even easier access to multiple stages of the RVC, e.g., AR to VR and
vice versa, without changing hardware. We denote this inclusion of multiple stages
of the RVC into a single application as Cross-Reality (CR) in this work.

When utilizing multi-stage scenarios for an individual user, the application must
provide a mechanism to transition between these stages [53]. The concept of
transitions is not limited to CR and is commonly used by writers, filmmakers, and
VR/AR developers to provide continuity to the experience or break the continuity
on purpose to underline a change of context. Transitions can range from diegetic,
seamlessly blending into an experience, to disruptive, where they may be abrupt
or strange and potentially break the experience [52, 53]. Further, they can connect
environments in di�erent stages, like an excavation site of Roman ruins (AR) and a
virtual replication of those sites (VR) [21], or environments on the same stage, like
two subsequent levels in a VR Game.

The influence of transitions in di�erent stages of the RVC and their subsequent
implementation is the subject of extensive research [7, 12, 16, 32, 33, 48, 51, 52, 73,
80]. However, in most study designs, the user’s a�ention is primarily and exclu-
sively directed toward the transitions rather than the task at hand. Many AR/VR
applications do not require direct interaction by the user, e.g., a virtual museum
[89], but even in these cases, a potential transition is rarely the focus but only a
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preventing other boxes in the current environment to be opened. Apart from this
limitation, the user can transition to the other environment at any time.

A simple gamification element is applied, where the user gains points for found
pairs and loses points in case of a mismatch against be�er knowledge. This element
is introduced to prevent simple try-and-error approaches and motivate the user to
remember the objects correctly, thus increasing the task di�iculty and potential
e�ects of the transitions on task performance. We decided to use such a gamifi-
cation element rather than applying time pressure to increase di�iculty, as this
could push the user to unwanted try-and-error approaches instead of using their
memory. To minimize the e�ect of the user’s random selection of the boxes, the
order in which the objects are revealed by the user is predefined by defining the
content of a box only when the user first opens it. This keeps the order of discovery
the same for each user. Further, by placing the boxes in the environments and not,
e.g., in a grid on a table, we add an additional spatial component to our memory
task to motivate the user to build spatial maps. This could help the user further by
building additional thought bridges to spatial content. Spatial orientation plays
a role in many applications, and for this reason, we also want to confront the
di�erent transitions with this factor to provoke possible di�erences. Thus, we
assume in advance that Portal is not the fastest method to perform, but through
the avoidable consistent spatial overlay as well as mental integration between
di�erent spaces, advantages could show up in just this spatial component of the
memory game.

To evaluate the objective measures, we also define two phases the user can
be in while solving the memory game. When no pair is known to the user, they
are in the so-called Exploration Phase. While being in the Exploration Phase, the
user is gathering information about the memory game. If the user knows at least
one pair, the user is in the Searching Phase. In this phase, we assume the user is
trying to find the known pair using their memory. Therefore, the Searching Phase is
suitable for measuring task performance measures, like Error Rate. The Exploration
Phase, on the other hand, might give insights into strategies on how the users
gather information about the memory game, e.g., the order of boxes opened, which,
however, is not part of our evaluation.
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(a) The o�ce environment in AR (b) The farm environment in VR

Figure 8.4: Overview of the o�ce environment in AR (a) and the farm environment in VR

(b). The layout of the farm environment is adapted to �t within the o�ce environment, so

the risk of hitting physical objects is minimized.

3, which supports both VR and AR without the need for a hardware change. As
the Varjo-XR 3 requires a cable, we use a VR ceiling cable-management system
to minimize the movement limitations a cable induces. Further, we change the
virtual o�ice environment with a physical o�ice environment and adjust the farm
environment to fit with the new physical environment. Both the virtual farm
environment and the physical o�ice environment are depicted in Figure 8.4. The
second study also received approval from the ethics council of our institution.

Participants

26 Participants took part in the study, of which 5 (19.2%) already took part in
Study I. They were compensated with 10€ each for participating and drawn as a
convenience sample from a mailing list of our university. The participant’s age
ranged from 20 to 35 years with "3= = 24.50, �&' = 22.75 − 28.00. 8 (30.8%)
participants identified as female, 18 (69.2%) as male. 20 (76.9%) stated to have prior
experience with VR, 9 (34.5%) with AR, and 9 (34.5%) with 3D video games. 2 (7.7%)
participants stated to be le�-handed.

Analysis

The descriptive statistics are depicted in Figure 8.5. The inferential statistics are
listed in Table 8.3. The complete data and a detailed analysis results report can be
found in the supplement material. Again, we use a one-way ANOVA with repeated
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(h) Simulator Sick-
ness

Figure 8.5: The descriptive statistics of our results for Study II (# = 26), along with the

signi�cant post hoc tests.

measures for parametric and a Friedman test for non-parametric measures to
identify the e�ects of the transitions. We report them as significant when ? <= 0.05

and apply t-tests or Dunn tests with Bonferonni corrections as post-hoc tests in
such a case. The Friedman tests reveal di�erences between all six conditions for
Usability (SUS-Score), the Presence-related�estions, and Task Load (NasaTLX).
The post hoc tests for Usability (SUS-Score) yield di�erences between Cut and
Portal, Dissolve and Portal, and Fade and Portal. For the Presence-related
�estions, they yield di�erences between Fade and Ri�, Fade andOrb, and Fade
and Portal. Further, we find di�erences for Task Load (NasaTLX) between Fade
and Orb, and Fade and Portal.
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demand is the cause, it would likely a�ect the Error Rate as well. Since there are
no significant di�erences in Error Rate between the studies, we conclude that the
di�erences in task completion time are more likely due to the larger environment or
the movement limitations. To investigate this further, we compare the total Head
Movement and Head Rotation between both studies. For Head Movement, an
independent t-test reveals a significant di�erence between Study I (52.07<±7.89<)
and Study II (73.46< ± 7.82<) with ? < .001. For Head Rotation, an independent
t-test reveals a significant di�erence between Study I (7843.45° ± 1564.53°) and
Study II (8912.30° ± 1466.13°) with ? = .016. Given that the task stayed the same
between both studies, a di�erence in movement indicates that the users had to
walk over longer distances due to di�erent layouts in the environments. However,
since the layouts in Study I and Study II are all circular, the change in these layouts
does not necessarily cause the di�erence in Rotation. This di�erence in Rotation
could be an indication that the participants changed their behavior due to the
a�ached cable. We also identified a noticeable motion blur on fast Head Rotations
in AR with the Varjo-XR3, which may also have contributed to a change in behavior.
In conclusion, we are not able to pinpoint the exact cause of the higher Task Time
in Study II, as we found indications for the change in layouts and the movement
limitations in Study II.

Take away

Summing up, we found indications that visual incoherence, the change in layouts,
and limited movement may impact our results of Study II compared to Study I.
These factors, however, do not stem from the characteristics of CR itself, but from
the (visual) designs and the used hardware. Therefore, we assume the impact
of a demanding task on the e�ects of transitions with regard to RQ2 does not
change when switching within a single stage (Study I) or switching across two
stages of the RVC (Study II). Based on our results for both studies, we recommend
considering e�iciency when choosing a transition for a demanding task. For visual
incoherent environments, we further recommend evaluating transitions that might
mitigate the negative e�ects of visual incoherence. Finally, interactive transitions,
like Orb and Portal, might only be suitable for tasks, where the interactivity can
be connected to the task itself, like physical walking or only peeking into the other
environment.
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demanding task. To investigate this research gap, we first propose a cognitively
demanding task that keeps the user engaged and allows for evaluating various
transitions by requiring their frequent use during the completion of the task. We
then reevaluate six transitions based on related work by adding the proposed
task and performing two quantitative user studies in VR and CR. Regarding our
first research question RQ1, if a cognitively demanding task impacts the e�ects
of transitions, our results indicate that introducing a task impacts the Usability
and Preference of the transitions both in VR and in CR. The participants seem
to value e�iciency over interactivity when solving a task, while no e�ect on task
performance is found. Based on the results of Study II, we further hypothesize
that transitions can also mitigate the e�ect of visual incoherence between two
environments. However, a transition should still be chosen in conjunction with the
intended task to solve within a system. In terms of our second research question
RQ2, specifically in regards to the task-related impact on switching within a
single stage compared to switching between two stages of the RVC, we found no
di�erence between VR and CR.

In conclusion, we recommend considering e�icient transitions and taking visual
incoherence into account when choosing a transition. Additionally, when interac-
tive transitions are chosen, it should be a�empted to seamlessly integrate their
interactivity into the task. Examining the research gap regarding the impact of
transitions on visual coherence, especially in CR, highlights a promising subject
for future work.
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multiple target environments the user can select before transitioning. So, the last
requirement we would argue a comprehensive taxonomy should include is the
degree of interaction.

9.6 Conclusion

In conclusion, this paper represents a significant step towards developing a com-
prehensive taxonomy for transitions in XR environments. Our approach involved
defining key terminologies, investigating existing taxonomies, and investigating
di�erent aspects of transitions from various perspectives. Based on this analysis,
we then extracted key requirements essential for a comprehensive taxonomy of XR
transitions. Our findings emphasize the need to accommodate diverse transition
types, consider system resource constraints, mitigate technical limitations, and
tailor transitions to enhance user experience in specific applications. While this
paper does not develop a complete taxonomy, it lays crucial groundwork for future
research and development in XR technologies. Our work provides a foundation
for be�er-designed transitions that align with both user needs and technological
limitations. We intend to use these initial findings to engage with the community,
capture additional perspectives, and discuss them further. In the next step, we aim
to build a comprehensive taxonomy for transitions in XR.
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10.1 Abstract

Augmented Virtuality integrates physical content into virtual environments, but
the occlusion of physical by virtual content is a challenge. This unwanted occlu-
sion may disrupt user interactions with physical devices and compromise safety
and usability. This paper investigates two resolution strategies to address this
issue: Redirected Walking, which subtly adjusts the user’s movement to maintain
physical-virtual alignment, and Automatic Teleport Rotation, which realigns the
virtual environment during travel. A user study set in a virtual forest demonstrates
that both methods e�ectively reduce occlusion. While in our testbed, Automatic
Teleport Rotation achieves higher occlusion resolution, it is suspected to increase
cybersickness compared to the less intrusive Redirected Walking approach.

10.2 Introduction

Augmented Virtuality (AV) is a stage within the reality-virtuality continuum (RVC)
of immersive technologies [25] that has seen growing interest in recent years.
Positioned between augmented reality (AR) and virtual reality (VR), it describes
the integration of physical content into a predominantly virtual environment.
This physical content can be anything from food [6, 26], over additional physical
devices [2, 10, 24, 35] to physical collaborators [30, 33, 49]. This application of AV
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Figure 10.1: Occurrence of unwanted occlusion when integrating physical content in a

virtual environment, due to a misalignment of the physical and the virtual environment.

is also classified as a substitutional cross-reality (CR) system [3], which involves
a subject interacting with an object repurposed for their current actuality. CR is
an emerging field that studies systems that operate across di�erent stages of the
RVC [36], enabling transitions between realities [12, 29] or collaboration between
users in di�erent realities [13, 34]. The act of incorporating a physical object like a
workstation into a virtual experience is, in fact, a recognized interaction pa�ern
in CR [9]. Despite its potential, research on integrating physical objects into a
virtual environment remained sparse over the years due to technical limitations
similar to AR, like pose estimation, combined with additional challenges like
the correct incorporation of the physical content inside the virtual environment.
However, devices like the Varjo XR-4, the Meta �est 3, and the Apple Vision Pro
are increasingly addressing these limitations through advancements in video-see-
through technology.
Still, one of the major challenges of AV for practical use is the registration of

the physical content in the virtual environment. While in AR, the virtual content
can be manipulated to fit in the physical environment, manipulating the physical
content in AV is, in most cases, impossible or requires a complex physical setup,
as physical objects cannot be directly controlled without external intervention
or specialized hardware. This issue becomes increasingly challenging when the
user can travel in the virtual environment via a virtual locomotion technique, e.g.,
selection-based teleport. With virtual locomotion, the user moves only within
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Integration of Physical Content

Integrating physical objects into virtual environments (cf. [57]) is a core applica-
tion of AV, enabling users to interact with physical tools in a way that supports
productivity and increases usability. McGill et al. [24] explored this potential by
incorporating physical objects, such as keyboards, into VR environments. Their
results showed that selectively blending in physical content improved user per-
formance, reducing typing errors and increasing speed compared to setups in
VR. This integration also enhanced awareness and interaction, particularly when
real-world peripherals or other people were selectively augmented. Building on
this, Chiossi et al. [8] further demonstrated AV’s benefits in a user study examin-
ing typing performance, focus, and mental e�ort in AR, AV, and VR. They found
that AV o�ered an optimal balance of engagement and cognitive load, resulting
in high task performance and fewer distractions than AR or VR. These findings
reinforce the role of AV in improving workflows by seamlessly combining physical
and virtual elements. Tian et al. [44] further expanded the scope of AV integration
by incorporating physical tools and everyday items, such as a notepad, into virtual
environments. Their augmented physical notepad featured virtual bu�ons to save
and share notes, blending tactile feedback with digital enhancements.

Other common integrated everyday items are phones [2, 10, 11, 35] to integrate
a familiar interaction device into the virtual environment, or even food [6, 26]
to make eating and drinking possible without leaving the virtual environment.
This integration not only supports more natural and intuitive interactions but also
accommodates real-world tasks and scenarios.

Awareness of Physical Surroundings

AV enhances users’ awareness of their physical surroundings, improving safety
and spatial orientation by dynamically integrating real-world information into
virtual environments. Several studies have explored AV techniques to support
obstacle detection and bystander awareness, demonstrating their e�ectiveness
in maintaining presence while ensuring user safety. To address the challenge of
avoiding real-world obstacles in virtual environments, Tian et al. [44] developed a
“hollowed guiding path” technique that provides real-time visual cues for obstacle
awareness. Kang and Han [19] introduced “SafeXR”, a smartphone-based system
that detects obstacles and provides optimized alerts, improving task performance
and user safety. Likewise, Kanamori et al.[18] showed that using replicas of physical
objects enhances spatial perception without reducing presence, and Sousa et al.[39]
extended this idea with “Augmented Virtual Reality” techniques that use visual
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proximity indicators to improve navigation and reduce collisions. Additionally,
Wozniak et al. [50] demonstrated that unobtrusive placeholder notifications, like
virtual trees marking boundaries, can increase spatial awareness and presence.

Further, maintaining awareness of bystanders is crucial for collaborative AV
setups. Willich et al.[49] compared avatars, 3D scans, and 2D images for visualizing
bystanders and found that while 2D images allow quicker identification, 3D scans
o�er more precise localization. Pointecker et al.[30] introduced metaphor-based
notifications like virtual doors to notify users of approaching bystanders, andWang
et al. [45] presented “RealityLens”, which lets users selectively blend real-world
elements into virtual environments for more natural interactions while maintaining
a presence. These studies demonstrate the potential of AV to combine physical and
virtual environments while keeping users aware of their surroundings. However,
they do not address the challenge of keeping these objects visible and accessible
by avoiding unwanted occlusion. In this work, we focus on this issue by exploring
strategies to maintain the visibility and usability of physical objects in AV spaces.

Environment Alignment for Passive Haptics

One research field addressing the alignment of physical objects in virtual envi-
ronments is passive haptics. This approach uses physical objects to simulate the
tactile feedback of virtual items [16, 17] (see also substitutional reality [37]). This
technique aligns closely with AV, where physical elements enhance virtual experi-
ences. The conceptual overlap between AV and passive haptics is evident in works
like the ones presented by Palma et al. [28] and Cha et al. [7]. Palma et al.[28] used
touch-sensitive 3D-printed objects to merge tactile and virtual interactions, while
Cha et al.[7] developed a system that dynamically aligns physical tools with their
virtual counterparts. Zielasko et al. [55] aligned menus with surfaces surrounding
the user. These examples highlight the potential of passive haptics, but require a
physical-virtual alignment, a challenge that becomes even more significant when
users navigate the environment using locomotion techniques [42].

Alignment by Redirected Walking

One approach for aligning physical and virtual environments in passive haptics,
together with virtual locomotion, is to use redirected walking. Here, the users’
physical movements are slightly modified in the virtual environment, so they are
unconsciously steered in a desired direction [27]. Steinicke et al. [40] showed that
by redirecting users on a circle with a radius of 22<, they have the illusion of
being able to walk straight indefinitely. Redirected walking can consist of up to
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With the third technique uses an avatar, but the position and rotation are applied to
the user (Ego-with-avatar). They found that using an avatar improved orientation
and target identification time, with users preferring the Ego-with-avatar method
for be�er spatial awareness and task e�iciency. Later, Zhang et al.[52] proposed a
method to support passive haptics alongside teleportation by restricting teleport
targets so that the spatial relationship between physical and virtual objects is main-
tained. In a similar vein, Wheeler et al.[47] introduced the “Prop-Oriented World
Rotation” (POWR) technique, which realigns the virtual world during teleportation,
ensuring that physical objects align with their virtual counterparts. The authors
demonstrate that this approach simplifies the integration of passive haptics. In
summary, research on passive haptics o�ers two promising approaches for fixing
the misalignment of both environments by further manipulating the alignment
into a desired state. Studies by Kohli et al. [21] and Thomas et al. [42] have shown
that redirected walking can e�ectively alter the alignment of these environments to
maintain the integrity of passive haptic feedback. Additionally, techniques such as
POWR [47] achieve this by realigning the virtual world during virtual locomotion.
As both redirected walking and rotation during teleportation have great potential
to be able to alter the alignment of both environments to a desired state that
maintains the integrity of passive haptics, we see the same potential in resolving
unwanted occlusion in AV and helping us investigate our research question.

10.4 Methods

In order to investigate our research question, on how unwanted occlusion of a
physical object by the virtual environment can be solved in an AV se�ing, we first
propose our implementations for two resolution strategies. Then, we propose our
task design, which involves physical and virtual locomotion, as well as frequent
unwanted occlusions, to investigate both strategies. We then describe our study
design. The results are then reported and discussed.

Resolution Strategies

A strategy to resolve the occlusion of the physical content by the virtual envi-
ronment in various scenarios must meet certain requirements. First, the user’s
intentions are not always known to the system, and therefore, these strategies
should be task agnostic. This means that the strategies can not determine where
the user is traveling and which virtual or physical objects might be of interest to
the user. Thus, they can not use this information to resolve the occlusion, e.g., by
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Figure 10.3: Resolution strategies within the task phases (only one active per condition).

The ATR strategy is applied during the travel phase, where the teleport preview is auto-

matically rotated to resolve unwanted occlusion after teleportation. The RDW strategy

is applied during the survey phase, subtly redirecting the user during physical walking

around the tree.

and translations, similar to an �∗ algorithm. The maximum angle of the applied
rotation is set at 90◦ in either direction, and the maximum distance of the applied
translation is set to 1<. These constraints were determined during development to
minimize the impact on performance in di�icult setups while still being able to
find an occlusion-free position in most cases. If no occlusion-free position is found
within these constraints, the active resolution strategy is not applied in that frame.
Depending on the strategy, the rotations are calculated around the user’s position
(RDW) or the workspace-previews center (ATR).

The translations are only applied in the direction of the rotation’s origin. Allow-
ing translations away from the rotation’s origin could cause the virtual object to
appear between the user and the physical object, causing unwanted obstruction
in the workspace. Orthogonal translation may interfere with position changes
resulting from the rotation. Therefore, as seen in Figure 10.2, the desk can be
rotated clockwise or counterclockwise of and be translated in the direction to the
origin. Finally, the algorithm yields an occlusion-free position that is reachable
by applying rotations and translations around the given origin. It passes that
calculated position to the active resolution strategy, which now tries to resolve the
occlusion by either applying di�erent gains (RDW) or manipulating the teleport
preview (ATR). The full formula to calculate the gains for the RDW strategy is:

p′ = pC + 6
dir
C ·

pC−pdesk
∥pC−pdesk∥

· ∥pC−1 − pC ∥ (10.1)

\ ′ = \C + 6A · ∥\C−1 − \C ∥ + 62 · ∥pC−1 − pC ∥ (10.2)

The formula utilizes several parameters: ?C and ?C−1 denote the current and previous
user positions, while \C and \C−1 are the current and previous user yaw rotations.
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6dirC is the directional translation gain (0.06). 6A is the rotation gain (±0.06), and
62 is the curvature gain (±2.6). The signs of 6A and 62 dictate the desk’s rotation
direction (clockwise/counter-clockwise) around the user.

Task

To investigate our strategies, we designed a task that reflects an exemplary AV
scenario. In cooperation with the forestry o�ice Trier, we developed a task set in a
virtual forest, closely resembling common tree assessment tasks. The virtual forest
scenario allows us to strike a balance between a plausible, semi-realistic analytic
task and a controlled environment in terms of the number of occlusions by adjusting
parameters such as the number of trees, , thereby isolating potential e�ects. In
this scenario, the user is tasked with reporting beetle infestations in multiple
trees by recording the number of beetles per tree. To facilitate this, the user’s
physical desk, along with a PC, monitor, mouse, and keyboard, remains visible and
usable throughout the task. The monitor displays the current instructions, and
when prompted, the user can input infestation data using the physical mouse and
keyboard.
In detail, the task consists of three phases: travel, survey, and pointing. In

the travel phase, the participant is instructed to travel through the forest to a
highlighted tree with the teleport locomotion technique. When reaching the
highlighted tree, the survey phase begins. Here, the participant has to count the
bugs of a color that is displayed on the physical monitor, which requires them to
physically walk around the tree. The user then inputs that number on the physical
keyboard and submits it with a click on a bu�on using the mouse. The bugs’
colors were selected from a pale�e designed to be accessible to individuals with
color blindness. Lastly, in the pointing phase, the user has to move their controller
into a virtual blue arrow on the physical desk to a�ach it to the controller and
use it to point, via a bu�on press, to the previous tree they examined, which we
used for measuring orientation (see Section 10.4). If they do not remember the
position of the previous tree, they are asked to point below the monitor, indicated
by a semi-transparent red box below the monitor, to skip the pointing task. A�er
confirming their selection with a press of the trigger bu�on of the controller, the
instructions on the monitor are updated, and the next trial starts with the travel
phase.
Figure 10.3 now shows how the two strategies are applied during our task to

resolve any occlusion that might occur during the task and allow for the interaction
with the physical desk setup. When using RDW, the manipulation is only applied
during the survey phase. The user is then unconsciously redirected while recording
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the beetle infestation and physically walking around the tree. When using ATR,
the preview of the teleport gets manipulated to resolve any unwanted occlusion
a�er teleportation in the travel phase, when the user navigates to the next tree to
survey, and no manipulation is applied during the survey phase.

Evaluation

We conducted an exploratory within-subject study with two conditions to test
the resolution strategies ATR and RDW within the proposed task design. A�er
a short introduction, each participant signs a consent form and starts with one
of the two strategies as their first condition, balanced among all participants,
and performs 2 test trials and 15 trials per condition. A�er finishing all these
trials of a condition, the participants have to fill out a questionnaire regarding
the current resolution strategy regarding the measures described in the following
Section. The participants can then take a break and, when ready, proceed with
the next condition. While the conditions are balanced, the order of all 2 * (2 + 15)
= 34 trials is the same for all participants. A�er completing both conditions, the
participants are asked to fill out a final questionnaire about their demographics and
their assessment of occlusion being a problem in AV and if one or both presented
strategies could resolve this issue. The whole procedure took around 90 minutes
and was approved by the ethics council of our institution.

Measures

To investigate our research question on how to solve occlusion in AV, we compare
our two resolution strategies regarding multiple measures. These measures are
based on the findings of prior work and the requirements for both resolution
strategies, described in Section 10.4. We investigate each measure first with a
qualitative analysis based on the comments le� by the participants and a descriptive
analysis. Based on these results, we investigate each finding further by performing
a statistical analysis of objective and subjective data.

Task Performance

We first want to investigate how these two strategies might impact task perfor-
mance. While we try to minimize the impact of the strategies, e.g., by avoiding
additional interactions, we still assume that there is an impact and want to in-
vestigate if it di�ers between the strategies. To investigate the impact on task
performance, we measure the average task time and the error rate of each trial as
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indicators for e�iciency. The time spent in the pointing phase is not included in
the task time, as no resolution strategy was present in this phase.

Orientation

Second, as both strategies involve rotating and translating the user’s virtual position
by the system, these uncontrolled manipulations might impact their orientation.
This is both true for redirected walking [27], as well as for teleportation, especially
with automatic rotations, as discussed by Rahimi et al. [32]. Wemeasure orientation
with two error rates of the pointing task and a subjective measure [1, 54].

Signed Error: which is the mean of the signed pointing errors, which are the
angular deviations between the direction the user pointed to and the correct
direction to the last tree. The absolute value of this error indicates the
strength of that misperception, and the sign indicates the general direction
(clockwise or counterclockwise).

Absolute Error: which is the mean of the absolute pointing errors, which are the
angular deviations between the direction the user points to and the correct
direction to the last tree. A smaller absolute error indicates a higher accuracy
of the pointing task.

Subjective Orientation: which is the subjective impact of the resolution strate-
gies on orientation. This is measured through a 5-Point Likert Scale with the
question “How did the tested resolution strategy a�ect your ability to orient
yourself in the forest?” between “It greatly worsened my orientation.”(1) to ‘‘It
greatly improved my orientation.”(5).

Cybersickness

Manipulating the user’s rotation and position can cause severe symptoms of
cybersickness. In particular, using redirected walking could introduce additional
nausea [27]. To compare the e�ect of both strategies on cybersickness, as well
as to control for possible e�ects of cybersickness on other aspects, we measure
cybersickness with the “Fast Motion Sickness Scale” (FMS) [20] at the end of each
condition.

User Satisfaction

User Satisfaction is a critical measure that reflects how well the resolution strate-
gies meet the needs and expectations of users during the task. To evaluate User
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Satisfaction, we assess four key measures: preference, usability, user experience,
and usefulness. To capture the participants’ preferred resolution strategy, the
participants give each strategy a rating on a 10-point Likert scale from 1-10 with
the question “In general, how do you rate the resolution strategy, with 10 being the
best score?”. To measure the usability and user experience, we use the UMUX-Lite
[23] and for usefulness, we first asked if the participants generally think that
occlusion is a problem in AV with “Do you generally think it is beneficial to resolve
the occlusion of the workstation, e.g., by one of the presented resolution strategies?”
and, if answered with yes, if RDW, ATR, or neither of both could help resolve an
occlusion.

We further assessed agency with a variant of the “Sense of Agency Scale” [41]
and workload via the raw NASA-TLX [15], which were not primary to this study.

Apparatus & Virtual Environment

The study was conducted in an empty room with a desk and PC for the participant.
The desk plus PC for the participant was placed in a 2.5< x 4< tracking space, in
which they were able to move around freely throughout the study. The boundaries
of the tracking space were constantly displayed via a warning tape, similar to the
“Rubber Band” metaphor [50]. We used the Varjo XR-3 as its video-see-through
capabilities allow us to display both physical and virtual objects. The participant’s
desk was incorporated into the virtual environment via Varjo’s masking andmarker-
tracking capabilities. The study task was implemented using Unity 2021.3 and the
Varjo XR Unity Plugin 3.6.0. As the virtual environment, we modeled a 250m x
250m virtual forest. We designed that forest based on data about the tree type,
height, Diameter at Breast Height (DBH), and distribution from the forestry o�ice
Trier about the “Meulenwald” forest. Still, we increased the DBH of the target
trees by 25%, and we removed the position of the desk from the teleportation
preview, even if these changes limit the external validity of our results. The DBH
was increased to make it impossible for the participant to keep the desk always in
sight to improve their orientation for the pointing task, which would prevent the
RDW from triggering. This behavior was observed multiple times during testing.
The desk was removed from the teleportation preview to increase the cases of
unwanted occlusions and, thus, expose the participant more o�en to this problem,
making the subjective feedback regarding occlusion more proficient.
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the FMS score of the first condition performed by each participant, ignoring the
FMS score of the second condition, and used a t-test for independent samples as
suggested by Zielasko et al. [56]. The independent samples t-test between RDW
and ATR indicates a marginally non-significant di�erence, with ? = .073 and a
medium e�ect size of 3 = .64. As we measured cybersickness as a control variable,
we only used the limited FMS [20] questionnaire, which limits our findings. Using a
more proficient questionnaire, like the SSQ, may allow for a more detailed analysis,
especially regarding the symptoms. However, as cybersickness is not the main part
of this analysis, future work requires a more detailed evaluation with a design that
acknowledges cybersickness research. As we only considered the first condition, it
was only half the size of N; thus, future work should aim for a larger sample size
to achieve a higher power.

Preference

RDW receives positive comments regarding Preference, Usability, and User Experi-
ence, highlighting that it was “quick and fun” (P27) and “much easier [than ATR]”
(P11) and only one negative comment, criticizing that the redirected walking would
sometimes move the target tree outside the tracking space (P25). The ATR strategy
received multiple positive comments, noting that it was “quick and pleasant” (P8,
P24), “good for my purposes” (P25, 28), and “be�er [in general]” (P8, P22, P28).
On the other hand, the ATR strategy received negative comments, like that the
controls feel “very imprecise” and “annoying” (P4), the “[...] rotation makes it almost
impossible [...] to get where I want to go.” (P11), that the “fiddling [...] is really bad”
(P18) and that the strategy is “very problematic” (P32) in general. This polarized
feedback regarding the ATR strategy suggests a controversial view on this strategy
by users, where some prefer it over the RDW strategy, while others really dislike it.
To further investigate this, we use the elbow method11 to investigate optimal

clustering in the preference, usability, and user experience data. As seen in Figure
10.4 the elbow method indicates an optimal clustering with either : = 2 or : = 3

for the preference and : = 3 for the usability and user experience scores. This
supports our assumption that the participants can be divided into distinct groups
by the level of user satisfaction and that there is no unified view on this strategy
across all participants. However, we have no theory as to why ATR is viewed as so
controversial in comparison to RDW.

11 The Elbow Method helps identify the optimal number of clusters by �nding the point where
adding clusters stops signi�cantly reducing variance indicated by the within-cluster sum of
squares (WCSS)[43].
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does not occur instantly with the RDW strategy, allowing for some degree of orien-
tation a�er teleportation. Further, many participants express frustration with the
automatic positioning in the ATR condition. For instance, P25 notes that constant
rotation during multiple teleportations leads to confusion, making it di�icult to
use nearby objects for orientation and o�en resulting in lost spatial orientation.
P32 and multiple other participants report feeling disoriented, stating they had “no
idea where I came from”, which underscores a common issue with the method. This
feedback suggests that the automatic adjustments in ATR reduce the participants’
ability to maintain a coherent sense of direction, leading to an overall low spatial
orientation during tasks. To further verify this assumption, we first sanitize the
pointing data. We identified five participants who made random guesses instead
of using the ’I don’t know’ option, as evidenced by a cluster of 8 extremely high
pointing errors (> 100

◦).
The analysis shows no significant di�erences in Absolute Pointing or Subjective

Orientation between the two strategies. This suggests that neither strategy had a
distinct impact on pointing accuracy.However, the high means in Absolute Pointing
indicate that participants generally have low accuracy , reflecting poor spatial
orientation overall, regardless of the resolution strategy. With a median rating of 3
for both strategies in Subjective Orientation (indicating “[The strategy] had no
e�ect on my orientation”), we further infer that this low spatial orientation is more
likely due to the nature of the task and the virtual environment rather than the
strategies themselves.

However, we find a significant di�erence in Signed Pointing Error between RDW
and ATR with ? = .008 and an e�ect size of 3 = .55. On average, participants using
RDW point approximately 9◦ to the le�, while using ATR, they point about 5◦ to the
right. To investigate whether this di�erence stems from a rotation bias caused by
the resolution strategy, we analyze the Signed Rotation Angle, the average rotation
applied by each strategy, and its correlation with the Signed Pointing Error. The
t-test revealed a significant di�erence between RDW (" = 2.01, (� = 3.22) and
ATR (" = −0.33, (� = 2.61) with C = 2.97, ? = .006 and an e�ect size of 3 = .51.
Interestingly, while both measures show medium e�ect sizes, their e�ects are
in opposite directions. With RDW, participants are rotated on average 2◦ to the
right but point on average 9◦ to the le� of the target. For ATR, participants are
rotated only on average 0.3◦ to the le�, remaining nearly centered, yet pointed on
average 5◦ to the right of the target. Pearson correlations between Signed Rotation
Angle and Signed Pointing Error show no significant correlation for RDW with
A (26) = .004, ? = .984, ATR with A (27) = −.105, ? = .587, or both combined with
A (55) = −.157, ? = .244. This lack of correlation suggests that both resolution
strategies do not directly influence orientation, although RDW appears to exhibit
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city. In addition, it may o�er the opportunity to directly approach a secondary and
design the transition as intuitive as possible. Therefore, our first hypothesis reads:

(H1) The physical separation of multiple di�erent VWSs and an intuitive transition
between these enhances the workflow of the primary to both interact directly with a
secondary and get an overview over the whole virtual city.

This also relates the answers we received regarding the mini-warpzones, which
led us to the indication that the concept of the mini-warpzones does not need a
redesign. In this context, the usage of tangibles for creating new objects was also
well received. This led to our next hypothesis:

(H2) The usage of tangibles does support the primary on interacting with the system,
as well as interacting with a secondary.

The augmented map was the most prominent physical object, which was aug-
mented with virtual objects. Based on the results of the survey, we think that
linking the functionalities of both the real map (ge�ing an overview) and the virtual
objects (interacting with a secondary or a warpzone) can improve the intuitiveness
of the system, which leads to the hypothesis:

(H3) Combining functionalities of real objects with functionalities of virtual objects
via augmentation leads to a more intuitive and e�icient way for the primary to guide
a secondary and get an overview over the virtual city.

Regarding the di�erences between the tangibles and the augmented documents,
there was no clear indication that the separation between these two is necessary.
However, considering the context of the online survey, we see need to evaluate
this aspect further.
The evaluation of the overall system indicates that while the participants see

potential, some argued that it is not an alternative for typical city tours in the near
future. This leads to the hypothesis:

(H4) A realistic presentation of the virtual city has an impact on the acceptance of
the virtual city tour.

The collected data and, thus, the hypotheses set up above have a few limitations.
As already mentioned, the participants were only able to watch prerecorded videos
of the prototype and, thus, could not try the prototype hands-on. Further, the data
was collected in an uncontrolled environment.

(Semi-)structured Expert Interview

To address these issues, we invited 10 experienced city tour guides (50% male, 50%
female) and conducted an expert interview to further evaluate the hypotheses and
to gain further feedback regarding the quality of the prototype. The interview
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Conversely, in MR, obtaining knowledge about the real environment is more
challenging and o�en requires additional sensors and complex information pro-
cessing, such as image segmentation. This information can include private data, so
it isn’t always accessible to developers, limiting the usage of third-party libraries.
For instance, the�est 3 doesn’t allow access to the raw passthrough camera feed;
instead, its SDK provides pre-processed data on depth, occlusion, scene layout,
and collision, but not detailed pose data of real objects. Similarly, the Apple Vision
Pro o�ers limited image tracking, with pose data updated roughly every second13

and doesn’t provide gaze information despite having eye-tracking capabilities.
Conversely, Varjo devices grant full access to raw camera and sensor feeds, includ-
ing eye-tracking. They also o�er pre-processed data like eye, hand, and marker
tracking, as well as occlusion and lighting conditions, though they don’t provide
advanced information like scene understanding or collision data. The Zed Mini
o�ers basic depth reconstruction from its stereographic cameras and raw camera
access but lacks pre-processed information.

Commentary

The distortions in VST devices are caused by several factors and are present to various
degrees in current hardware. For example, anecdotal evidence suggests that certain
products from Varjo may su�er from distortion e�ects due to lens distortion14. This
also has been reported by individuals within our work group while using the Varjo
XR-3 HMD.

While the lens distortion of the �est 3 seems hardly noticeable, their reprojection
approach to address the camera o�sets results in visible distortion, especially in disoc-
cluded areas. The Varjo products do not seem to use any reprojection implementation;
thus, the user perceives the real environment through the viewport of the passthrough
cameras, resulting in a wrong perception of the real environment’s size, distance, and
position. On the other hand, they allow the repositioning of the virtual camera to be
any distance between the user’s eyes and the passthrough cameras 15. While changing
the virtual camera position to the position of the cameras does not fix the incorrect
perspective, the virtual content is then perceived the same as the real content in terms
of size, distance, and position, but again moves unrealistically when close up. There-
fore, this option only allows the developer to change between trade-o�s depending
on the current use case. It is possible to enable eye reprojection with the SDK16 to

13 https://x.com/nathanwchan/status/1754624863762047162
14 https://www.uploadvr.com/varjo-aero-review/
15 https://developer.varjo.com/docs/get-started/camera-render-position
16 https://developer.varjo.com/docs/native/adjusting-camera-settings
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on the mixed reality continuum; when they are adjustable or documented to the
user at all. This can create significant confounding factors in studies if users are
not aware of these issues. Furthermore, perceived artifacts, such as a swimming
image, can have various reasons, and only one of them may be a so�ware-related
issue induced by the developer or graphics engine. But, due to the poor state of
information, it can o�en take a long time to rule out this factor conclusively. Paths
that ultimately did not lead to the goal or hurdles that needed to be overcome are
o�en not shared in scientific papers because they are not the focus. This is also a
reason why we are writing this paper, as we believe it is important—it would have
helped us ourselves. Additionally, VST and OST devices are distinct, and results
obtained from them should be exchanged and generalized with great caution. This
is already true for comparison within the groups. Therefore, researchers need to
report the HMDs used in their research and be aware of their limitations.
Our findings emphasize the critical need for more comprehensive and trans-

parent documentation from manufacturers. Enhanced data access would enable
developers to address the inherent challenges of distortion and data processing
in MR systems. When selecting the right research platform, prioritizing the la�er
may be preferable over maximizing image quality, etc. Restricting access to the
headset for developers makes sense from a privacy standpoint. However, such
restricted headsets are not suitable as research platforms in our view where the
user has to strictly control for confounding factors.
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we group our results by the interaction method and perform one-tailed t-tests or
Wilcoxon tests. The tests only reveal a significant di�erence between pinching and
tapping for menu time (? = .005) and invalid interactions (? < .001).

Furthermore, we measured fatigue, perceived latency of the hand occlusion, and
subjective rankings for e�iciency and fun. Neither the Wilcoxon test for the Borg-
scale yields a significant di�erence between pinching (" = 1.5 | �'& = 0.5 − 3.125)
and tapping (" = 2, 25 | �'& = 1 − 3.125) with / (29) = −0.105, ? = 0.916, nor for
the latency questionnaire between the pinching method ("3= = 3 | �'& = 2 − 5)
and the tapping method ("3= = 3.5 | �'& = 2 − 4) with / (29) = −1.356, ? = 0.175.
The subjective rankings for e�iciency for Pinch+ ("3= = 3 | �'& = 2 − 4), Pinch-
("3= = 2 | �'& = 1 − 3), Tap+ ("3= = 2.5 | �'& = 1 − 4), and Tap- ("3= =

2.5 | �'& = 1 − 4) show no significant di�erences by the Friedman test with
j2(3) = 4.440, ? = 0.218, # = 30. For the subjective rankings for fun, the results
for Pinch+ ("3= = 3 | �'& = 2 − 4), Pinch- ("3= = 2 | �'& = 1 − 3), Tap+ ("3= =

3 | �'& = 1.75 − 4), and Tap- ("3= = 2 | �'& = 1 − 3.25) also show no significant
di�erences revealed by the Friedman test with j2(3) = 6.600, ? = 0.086, # = 30.
The participants rated the task di�iculty with"3= = 1 | �'& = 1 − 1.25.

13.8 Discussion

In H1, we expect an interaction e�ect between occlusion and the interaction
method. Our analysis of menu time, invalid interactions, and wrong confirms re-
vealed no such e�ect; however, we find a significant interaction e�ect in the
SUS-Score. Thus, we partially accept H1. However, the exploratory investigation
of the simple e�ect of the SUS-Score indicates a cross-over interaction against our
expectations. As seen in Figure 13.3, occlusion seems to a�ect the SUS-Score for
pinching negatively but positively for tapping.

We find the same e�ect in the analysis of H2, where we expect a positive e�ect
of occlusion for pinching (H2.1) and tapping (H2.2). Similar to the first hypothesis,
only the analysis of the SUS-Score yields significant results. The tests comparing
Tap+ and Tap- indicated a positive e�ect of occlusion for tapping, leading to a
partial acceptance of H2.2. However, the tests between Pinch+ and Pinch- did
not show a positive e�ect for pinching, and the negative test statistic suggests a
negative impact of occlusion for pinching. This is confirmed by the post hoc test of
the simple e�ects of H1 and, thus, leads to a rejection of H2.1. As for an acceptance
of H2, both H2.1 and H2.2 have to be accepted, we reject H2.
As these findings contradict our expectations of both the interaction e�ect

between occlusion and the interaction method and the main e�ect of occlusion,
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the participants. Despite these findings, the analysis of the SUS score reveals no
significant di�erence between the two methods. Considering invalid interactions
as a technical error rate and wrong confirms as a task-related error rate, the non-
significant t-test for wrong confirms implies that pinching’s advantage in invalid
interactions might be technically driven. Further, the results of the Borg-scale
indicate with"3= = 2.25 | �'& = 0.84−3 no major e�ect of arm fatigue. Regarding
the significantly higher menu time for tapping, we assume that the higher count of
overall interactions for tapping, due to the higher invalid interactions, also causes
the higher menu time. To back this, we analyzed the videos and comments le� by
the participants and can not identify any other possible e�ect that may have had
an impact on menu time. Thus, the higher menu time presumably results from the
same technical issues as the invalid interactions.

The comments le� by the participants indicate that the usability of these two
methods comes down to personal preference. Both methods were positively anno-
tated by adjectives like “intuitive”, “easy”, “fast”, “precise”, “fun”, and “familiar”,
and negatively annotated like “imprecise”, “tiring”, and “laborious”. This is also sup-
ported by the subjective rankings for e�iciency and fun in the post-questionnaire.
Neither the SUS Score, comments, nor rankings reveal a favorite interactionmethod.
Therefore, we found indications for high usability for both interaction methods
and that the di�erences stem from the issues of the tapping implementation.

13.9 Conclusion

In this work, we first implemented a model-based hand occlusion and then investi-
gated the e�ect of this occlusion on usability in mid-air interaction by comparing
two interaction methods. We found a cross-over interaction e�ect for the SUS-Score
and a positive impact of occlusion on tapping on the SUS-Score and menu time but
a negative impact on pinching. When examining our results closer, we found two
possible variables, unintentional occlusion and acceptance of occlusion, which may
have interfered with the actual e�ects and contributed to the analysis of how to
account for these variables. Further, we found an e�ect for the interaction method:
the pinching method has higher usability than the tapping method, which, however,
seemed to be caused mainly by technical issues. Based on these observations, we
discussed that there was no preference for either interaction method regarding
usability.
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