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Abstract

Immersive mixed reality environments are gradually becoming part of our everyday life.
Yet, their sole reliance on spatial interaction paradigms presents inherent limitations for
their broader applicability. One proposition, which is the focus of this dissertation, is to
form a hybrid user interface by complementing mixed reality head-worn devices with
familiar everyday devices, such as smartphones, tablets, and desktop computers. Although
the concept of hybrid user interfaces has persisted for decades, no coherent delineation
has emerged, leading to a distinct lack of consistent terminologies and design principles.

To take a step towards understanding the potential of hybrid user interfaces in general,
this dissertation explores their potential for fluid interaction in immersive analytics. Hybrid
interfaces are especially well-suited for immersive analytics, where the benefits of immersive
3D visualization must be balanced with the precision and familiarity of 2D interaction.
Thus, this dissertation addressed the overarching research goal of: How can hybrid user
interfaces support fluid interaction in immersive analytics workflows?

The first part of this dissertation addresses the foundational gap in prior literature.
It introduces the concept of complementary interfaces to generally describe meaningful
device combinations. It then contextualizes the concept of hybrid user interfaces within
the current research landscape, thereby extracting key dimensions for describing and
classifying hybrid user interfaces.

The second part presents the design and empirical evaluation of four hybrid user
interface exemplars, each providing a unique perspective on the overarching research
goal. The exemplars explore different design principles of hybrid user interfaces, such as
enabling seamless transitions between devices, applying effective task allocation across
heterogeneous environments, or creating novel interaction techniques enabled through
such meaningful device combinations. The evaluation of each prototype contributes
context-specific design insights and research implications that are synthesized into broader
principles.

Overall, this dissertation revisits and contextualizes the fragmented concept of hybrid
user interfaces within the current research landscape, providing design guidelines for
achieving fluid interaction. While immersive analytics provides a fitting use case, the
resulting guidelines extend to a wider range of scenarios, thus providing a foundation for
the future of hybrid user interfaces.
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Kurzfassung

Immersive Mixed Reality Umgebungen spielen eine immer größere Rolle in unserem Alltag.
Die Abhängigkeit von räumlichen Interaktionsparadigmen bringt jedoch Einschränkungen
für die breitere Anwendbarkeit mit sich. Ein Ansatz, mit dem sich diese Dissertation befasst,
besteht darin, hybride Benutzungsschnittstellen zu bilden, indem Mixed-Reality-Headsets
durch gängige Alltagsgeräte wie Smartphones, Tablets und Desktop-Computer ergänzt
werden. Obwohl das Konzept hybrider Benutzungsschnittstellen bereits seit mehreren
Jahrzehnten existiert, fehlt es bislang an einer kohärenten Abgrenzung, was zu einem
Mangel an konsistenter Terminologie und fundierten Gestaltungsprinzipien geführt hat.

Um dieses Potential besser zu erfassen, untersucht diese Dissertation zuerst deren
Eignung für das Konzept von „fluid interaction“ in „immersive analytics“. Hybride Be-
nutzungsschnittstellen sind besonders geeignet für „immersive analytics“, wo immersiver
3D-Visualisierung mit der Präzision und Vertrautheit zweidimensionaler Interaktionen
balanciert werden müssen. Diese Dissertation addressiert daher das übergreifende For-
schungsziel: Wie können hybride Benutzungsschnittstellen „fluid interaction“ in „immersive
analytics“ Workflows unterstützen?

Der erste Teil dieser Dissertation widmet sich der grundlegenden Forschungslücke in der
bisherigen Literatur. Zunächst wird das Konzept komplementärer Schnittstellen eingeführt,
um allgemeine bedeutsame Gerätekombinationen zu beschreiben. Anschließend wird das
Konzept hybrider Benutzungsschnittstellen im aktuellen Forschungsstand verortet, wobei
zentrale Dimensionen zur Beschreibung und Klassifikation solcher Schnittstellen extrahiert
werden.

Der zweite Teil stellt das Design und die empirische Evaluation von vier exemplarischen
hybriden Benutzungsschnittstellen vor, die jeweils eine spezifische Perspektive auf das
übergeordnete Forschungsziel bieten. Die Beispiele untersuchen unterschiedliche Gestal-
tungsprinzipien hybrider Schnittstellen, wie etwa nahtlose Übergänge zwischen Geräten,
effektive Aufgabenverteilung in heterogenen Umgebungen oder neuartige Interaktions-
techniken, die durch solche bedeutsamen Gerätekombinationen ermöglicht werden. Die
Evaluation der jeweiligen Prototypen liefert kontextspezifische Gestaltungserkenntnisse
und Forschungsschlüsse, die zu übergreifenden Prinzipien zusammengeführt werden.

Insgesamt kontextualisiert diese Dissertation das bislang fragmentierte Konzept hybri-
der Benutzungsschnittstellen im Lichte aktueller Forschung und formuliert Gestaltungsemp-
fehlungen zur Ermöglichung von „fluid interaction“. Obwohl „immersive analytics“ einen
passenden Anwendungsfall darstellt, sind die entwickelten Richtlinien auf eine Vielzahl
weiterer Szenarien übertragbar und bieten somit eine Grundlage für die Zukunft hybrider
Benutzungsschnittstellen.
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Chapter 1

Introduction

In the past decade, there has been a renaissance of immersive mixed reality (MR)
environments [276] driven by advancements in augmented reality (AR) and virtual
reality (VR) hardware1. Once colossal frames of intricate machinery [376] (see
Figure 1.1), head-worn devices (HWDs)2 for immersive MR environments have
now become affordable commodity devices set to pervade many aspects of our
lives. Thanks to ongoing advancements in both hardware (e.g., increased fidelity
of display technology) and software (e.g., foveated rendering, inside-out tracking),
current HWDs are self-contained computing devices that have the potential to
bring us closer to Weiser’s vision of ubiquitous computing [405]. As such, these
platforms have now evolved to the point where researchers can focus on the
nuances of interaction design without being constrained by major technological
limitations. Yet, despite their increasing commercial popularity, they are far from
presenting a viable alternative to established computing platforms such as desktops
and smartphones. What is holding them back?

At the time of writing, there are many factors that impede the viability of
immersive MR environments. One factor can be attributed to lingering hardware
limitations such as weight [416], heat [416], and vergeance-accomodation con-
flicts [221]. These limitations result in substantial discomfort issues [73, 310]
and simulator sickness [209], making these immersive environments unattractive,
especially for prolonged usage. Another factor is the limited scope of available
applications, coupled with an isolated and ever-changing software ecosystem [63],
which renders them impractical for any holistic or productive workflow. While
these factors can be addressed given further iterations, I argue that one of the
main factors is the almost exclusive reliance on spatial interaction paradigms.

1As the line between augmented and virtual reality becomes increasingly blurry, the term “mixed
reality” in this work is taken to encompass both [368].

2Although the term “head-mounted display” (HMD) is more commonly used in prior literature,
I believe that this term has now become archaic as the current hardware generation is no longer
mounted to the user’s head and consists of more than just displays. Instead, this thesis will use the
term head-worn devices (HWD) to better reflect the state of contemporary hardware, but intentionally
keep referring to head-mounted displays when referring to archaic hardware.

1
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(a) Head-Mounted Display (b) Sword of Damocles

Figure 1.1: Sutherland’s head-mounted display [376], published in 1968, marks
one of the first steps towards AR hardware. Miniature CRT displays
were mounted to the person’s head, and a large frame mounted to
the ceiling (often referred to as the “sword of damocles”) was used to
track the user’s position.

1.1 The Era of Spatial Interaction?

Interaction design is often driven by futuristic visions popularized in science fic-
tion [212]. In the case of immersive MR environments, part of the persistent
fascination with spatial interfaces may be attributed to depictions such as Steven
Spielberg’s Minority Report (see Figure 1.2). These visions continue to shape
contemporary scientific literature as well as commercial development, leading to
the proclamation of “the era of spatial computing”3. This paradigm encompasses a
variety of different input modalities, such as VR controllers, free-hand interaction,
and other multimodal combinations (e.g., gaze+pinch [313]). While they individ-
ually offer distinct trade-offs, they all strive towards the goal of enabling effective
interaction within a 3D space: Spatial interaction typically leverages input with six
degrees of freedom (6DoF) to establish one-to-one mappings for 3D manipulation
that mimics real-world object handling and provides natural navigation [224].
While this is a natural fit for the increased spatial output capacities of MR HWDs,
they fall short when applied to broader, more complex workflows that demand
accuracy, prolonged usability, or seamless integration with existing tools and work
practices. Based on my research, three major conceptual limitations collectively
hinder the viability of spatial interaction for real-world scenarios: ergonomics,
accuracy, and legacy bias.

Ergonomics. One major challenge of spatial interaction methods, such as free-
hand interaction and VR controllers, is the ergonomics for prolonged usage
in 3D spaces. The Consumed Endurance model [168] estimates that users

3https://www.apple.com/newsroom/2024/04/apple-vision-pro-brings-a-new-era-of-spatial-
computing-to-business/, last accessed 2025-05-12.

https://www.apple.com/newsroom/2024/04/apple-vision-pro-brings-a-new-era-of-spatial-computing-to-business/
https://www.apple.com/newsroom/2024/04/apple-vision-pro-brings-a-new-era-of-spatial-computing-to-business/
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Figure 1.2: Spatial interaction as envisioned in Steven Spielberg’sMinority Report.
Using tracked gloves, the user interacts with a natural mid-air inter-
face through hand gestures, enabling operations such as zooming or
scrubbing through visions of a crime scene that float in mid-air.

can hold up their arm for just about 90 s before experiencing shoulder pains.
Recent studies [242, 243] suggest that even this model was overly optimistic,
as it “overestimates [endurance time] for low-exertion interactions” [242]. The
resulting shoulder fatigue, commonly referred to as “gorilla arm syndrome”,
is well-known in interacting with vertical touch displays [42, 168]. Given
the similarities to free-hand interaction, it is unsurprising that the findings
extend to spatial interaction [161, 307].

Accuracy. Another challenge in spatial interaction is the limited accuracy of cur-
rent input modalities, particularly within 3D environments. This limitation
can be attributed to two factors.

First, the lack of haptic feedback presents challenges even for simple tasks like
pressing a virtual button due to the absence of mechanoreceptive cues [239].
This touching the void [75] issue frequently leads to confusion and overshoot-
ing errors [55]. Although prior research has explored different methods of
providing haptic feedback to mid-air gestures and handheld controllers (e.g.,
electrical muscle stimulation [250]), a widespread off-the-shelf solution has
yet to emerge.

Second, biomechanical constraints introduce unintended motion during
spatial input. For example, fine motor control can be challenging without
adequate arm support [78, 100] due to hand jitter [36], and biomechanical
constraints may cause translations to be accompanied by unintentional
rotations [169]. Further, activating a discrete input, for example by pressing
a button on a VR controller or performing a pinching gesture, causes slight
hand movement that distorts the intended action – a phenomenon commonly
referred to as theHeisenberg effect of spatial interaction [48, 411]. It should be
no surprise that 2D mouse input can be more accurate for 3D manipulations
than spatial 6DoF inputs [31].
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Legacy Bias. Lastly, it is essential to acknowledge the legacy bias as a limitation for
spatial interaction: Users have “an explicit desire to transfer their knowledge
of past systems to new ones” [280]. While spatial interaction has the potential
for natural interaction paradigms such as embodied interaction, it requires
the adoption of entirely new conceptual frameworks, which can introduce a
steep learning curve. Yet, many common tasks such as editing documents
or browsing the Web do not benefit from increased spatial capabilities, as
they remain firmly grounded on 2D surfaces [115, 152]. This can be seen
as a form of “backwards compatibility” for current work practices: Despite
the advantages of spatial interaction, much of the users’ work remains in
2D. Yet, spatial input methods already struggle with issues of accuracy and
ergonomics in 3D contexts, which becomes even more pronounced when
applied to 2D surfaces [122].

Although these conceptual limitations do not apply equally to all spatial input
modalities, they present significant challenges in the broader adoption of MR
HWDs for everyday workflows. As a result, MR HWDs are often used in an isolated
environment for spatially focused tasks, rather than being integrated into existing
workflows. Yet, given the increased spatial capabilities of MR HWDs, spatial
interaction remains a necessity for MR environments. Instead of treating them as
a “one-size-fits-all” solution [218], we should instead investigate approaches that
leverage the strengths of spatial interaction while still allowing users to retain
their established 2D workflows, for example, by tightly integrating other devices.

1.2 Towards Multi-Device Ecologies

Users nowadays interact with a diverse range of devices, each serving a specific
role within their personal device ecology. Understanding each device’s role within
this ecology is not only a foundational requirement for designing user experiences
today [165], but also the focus of many research areas such as distributed user
interfaces [110] and cross-device interaction [56]. Thus, despite their potential,
it seems unlikely that MR HWDs will supersede other devices in the near future,
especially given the conceptual limitations of spatial interaction. Instead, we
should consider their position within the user’s overall device ecology and explore
their integration with established devices, which, in turn, could inform solutions
to overcome existing challenges by relying on prior knowledge. For example, the
“gorilla arm syndrome” was initially researched in the context of vertical touch
displays [42, 168], but its findings equally apply to mid-air interactions [161,
307]. Following this, research in the context of vertical displays could be similarly
applied to MR environments, such as addressing the “gorilla arm syndrome” on a
vertical display through the use of a mobile device [11, 42].

But what makes these multi-device ecologies worthwhile? Simply adding more
devices can be counterproductive, as it might not fit to users’ workflow or current
activity [314]. Instead, prior work in the context of AR environments argues
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Figure 1.3: The concept of hybrid user interfaces emerged from combining a small,
yet high-resolution desktop with a head-mounted display that offers
virtually unlimited space, but suffers from low visual acuity [122].
Image courtesy of Steven Feiner.

that “[multiple] displays are particularly relevant to AR applications when they are
complementary” [351]. Indeed, in a successful multi-device ecology each device or
interface component possesses complementary characteristics, filling a niche that
was not suitably covered before, thus forming a complementary interface [424].
While such complementary interfaces apply to a wide range of application scenarios
(e.g., complementary roles in collaboration [297]), they are especially compelling
for combining heterogeneous device technologies in a unified interface, thus
forming a hybrid user interface.

1.3 Hybrid User Interfaces in Mixed Reality

The concept of hybrid user interfaces emerged in 1991 and was motivated by
the technological limitations of early computing hardware: At the time, desktop
computers offered limited, yet high-resolution displays, while early head-mounted
displays provided unlimited virtual display space but suffered from low visual
acuity (see Figure 1.3). Feiner and Shamash recognized that combining these het-
erogeneous device technologies and “[treating] these as complementary, rather than
competing, technologies” [122] creates a hybrid user interface that is greater than
the sum of its parts. Although later chapters will explore the specific characteristics
in more detail, we can surmise a preliminary definition as follows:

Preliminary Definition: Hybrid User Interface
Hybrid User Interfaces are an area of cross-device computing that leverages
distinct benefits of heterogeneous display and device technology.
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The general proposition of combining “heterogeneous display and device technol-
ogy” [122] theoretically allows for an infinite integration of technologies, yet such
heterogeneous combinations are especially compelling for MR environments: The
ubiquity, convenience, and familiarity of conventional 2D platforms (e.g., smart-
phones, desktops) provide a perfect complement to the immersion and complexity
of optical see-through (OST) and video see-through (VST) HWDs. Given the
focus of this thesis on MR environments, one could be inclined to define distinct
technological combinations as specific subsets, such as defining the combination
of conventional 2D devices and MR HWDs as “mixed reality hybrid user interfaces”
or “augmented hybrid user interfaces”. However, this thesis adopts the broader
term “hybrid user interface” to refer to these configurations, relying on the overall
framing of this thesis to delineate its scope and findings and avoid unnecessarily
specific terminology.

Although hybrid user interfaces originally emerged as a result of significant
limitations of early head-mounted hardware, their principles remain as relevant
for contemporary HWDs: Modern desktop computers and mobile devices continue
to offer limited but high-resolution displays, whereas contemporary HWDs pro-
vide unlimited virtual display space, but remain partially constrained by limited
visual acuity and their reliance on spatial interaction paradigms. By applying the
concept of complementarity and forming a hybrid user interface, we can therefore
address the aforementioned major conceptual limitations of spatial interaction: To
improve ergonomics, spatial interaction paradigms can be used when appropriate,
while still allowing users to fall back on more physically sustainable alternatives
when needed, thereby reducing fatigue [182]; for enhanced accuracy, users
may seamlessly switch to high-precision 2D devices for tasks that demand exact
positioning or fine control [179]; lastly, to overcome legacy bias, hybrid user
interfaces can extend familiar workflows rather than supersede them entirely,
preserving established work practices while gradually introducing new mental
models and interaction paradigms [407].

While these theoretical benefits of hybrid user interfaces align well with find-
ings from other research areas such as multimodal interaction, their design, im-
plementation, and evaluation present unique challenges. Designers must enable
seamless transitions between devices, manage shifts in visual attention, and en-
sure that interaction feels coherent across devices [187, 424]. This highlights the
need for clear design principles to inform and support the development of hybrid
user interfaces. However, quantifying the efficacy of design principles within
an ecologically valid scenario is equally challenging, especially as comparative
evaluations may not be possible as they, too, depend on highly specific design
choices. Instead, adhering to established principles for interaction design, such as
fluid interaction, can provide a valuable foundation for informing and shaping the
design of hybrid user interfaces.
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1.4 Revisiting Fluid Interaction for Immersive Analytics

Fluid interaction [111] is an interaction design concept in the field of informa-
tion visualization, aimed at enabling seamless interactions and engaging user
experiences. The concept of fluid interaction is defined by three characteristics:
(1) promoting a state of flow, (2) supporting direct manipulation, and (3) mini-
mizing the gulfs of action by reducing the cognitive and physical effort required to
bridge intention and execution. By supporting these characteristics, an application
can “transform the sensemaking process into an efficient, illuminating, and even en-
joyable experience” [111]. Because fluid interaction has traditionally been applied
in the context of 2D visualization, its extension to MR environments opens new
opportunities for hybrid user interfaces to bridge conventional 2D visualizations
with immersive 3D visualizations.

Although the use of 3D in information visualization has long been considered
controversial [50, 360, 379], research in the context of immersive analytics [76]
demonstrates its advantages in MR environments. Using immersive analytics,
each visualization paradigm therefore offers distinct benefits: Conventional 2D
visualizations are well-established and effective for providing an overview of
dense information, which requires precise interaction. In contrast, immersive 3D
visualizations are well-suited for inherently spatial data (e.g., motion trajectories)
or providing environmental context (e.g., situated analytics [112]).

This dichotomy between 2D and 3D paradigms makes hybrid user interfaces a
compelling platform for applying the principles of fluid interaction to the area of
immersive analytics: By “[treating] these as complementary, rather than compet-
ing,” [122] visualization paradigms, hybrid user interfaces allow users to benefit
from both. For example, providing a complementary 3D view to a 2D view has
been shown to increase precision in spatial tasks [388]. By applying fluid interac-
tion to immersive analytics using hybrid user interfaces, we can develop initial
design insights and research implications for the use of hybrid user interfaces.
This, in turn, creates the foundation for the broader applicability of hybrid user
interfaces.

1.5 Research Objectives

Hybrid user interfaces represent a promising solution for bridging the gap between
traditional 2D interactions and emerging 3D spatial environments. But without
firm design principles and in the face of countless possible device combinations,
the design space of hybrid user interfaces can appear bewilderingly large. To
build an initial understanding of how such interfaces can be effectively designed,
my goal is to investigate hybrid user interfaces for immersive analytics through
the lens of fluid interaction, leading to the overarching research goal:
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Research Goal
How can hybrid user interfaces support fluid interaction in immersive
analytics workflows?

To unravel this exploratory research goal, this thesis is split into three parts.

Part I: Theory. First, to understand how hybrid user interfaces can effectively
support fluid interaction, a clear definition of what constitutes a hybrid user
interface is required. This thesis will therefore first examine the foundations of
hybrid user interfaces, integrating them into adjacent research domains, such
as cross-device interaction [56], distributed user interfaces [110], cross reality
systems [362], and complementary interfaces [422]. Building on this foundation,
this thesis then surveys how hybrid user interfaces are used in existing literature,
thereby establishing a taxonomy as a framework for the remainder of this thesis.

Part II: Exemplars. Next, this thesis presents an in-depth exploration of the
design, implementation, and evaluation of different hybrid user interface artefacts.
These case studies are guided by three research objectives (ROs) that address the
core challenges and opportunities of hybrid user interfaces:

RO1: Transitioning Between Devices
How can we design transitions between tightly coupled devices to support
fluid interaction in hybrid user interfaces?

RO2: Task Allocation
How can an immersive analytics workflow be effectively distributed across
heterogeneous devices in a hybrid user interface?

RO3: Interaction Techniques
What novel interaction techniques emerge from the use of complementary
devices in hybrid user interfaces?

Each exemplar contributes to one or more of these research objectives, thereby
yielding context-specific design insights that inform the overarching research goal.

Part III: Synthesis. While Part II provides an in-depth exploration of individ-
ual hybrid user interface prototypes, this part summarizes findings across the
discussed prototypes to address the overarching research goal. By abstracting
from the specific use cases and contexts in which the prototypes were developed,
this dissertation identifies broader opportunities and challenges that transcend
individual implementations. Thus, this thesis contributes to a more general un-
derstanding of how to design hybrid user interfaces to support fluid interaction
within immersive analytics workflows.
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Figure 1.4: High-level research approach followed in this thesis as described by
Mackay and Fayard [261].

1.6 Methodology

This thesis adopts a mixed-methods triangulation approach as described byMackay
and Fayard [261] (see Figure 1.4). My research started with a general understand-
ing of existing models, such as cross-device interaction, multimodal interaction,
and cross reality systems. These theories provided the foundation for the devel-
opment of subsequent design artifacts, which either evaluate or explore novel
design solutions for hybrid user interfaces. Each prototype was assessed through
human-centered user studies, generating both empirical contributions and theo-
retical insights that, in turn, informed the design of future artifacts. This iterative,
design-informed experimentation reflects the principle of using experiments as
design-informing activities [298].

For each research prototype, I applied the validated solution design pat-
tern [392]: First, a research gap or design challenge was identified based on
prior theories coupled with a comprehensive literature review; next, a proposition
in the form of a research prototype (i.e., design artifact) was created to explore a
possible solution or compare different approaches; and lastly, the proposition was
validated in an experiment or user study.

Evaluation methods were tailored to the goals of each prototype [147], but
focus solely on human-centric evaluations, which is regarded as one of the “core
pillars of MR/AR evaluation” [274]. A controlled experiment following best prac-
tices [175] was conducted when a clear comparative condition was feasible, pro-
viding both quantitative and qualitative data. To ensure methodological rigor
and minimize confounding variables, these experiments were conducted using
an abstract task rather than using immersive analytics scenarios. In contrast,
exploratory usability studies were conducted to gain qualitative insights into the
usage of novel interaction approaches. In these cases, immersive analytics tasks
were chosen to enhance ecological validity and capture realistic user behavior.

Although my research followed this triangulation approach where possible,
parts of my research, as well as the structure of this thesis, intentionally deviate
from this chronological order. For example, the literature survey would have ideally
been conducted at the very beginning of this thesis to frame subsequent research.
However, the reality is that hybrid user interfaces have only recently gained
enough traction in the research community to make such a survey meaningful
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(see Chapter 3). Nevertheless, the insights from this survey are presented upfront
to provide an appropriate foundational understanding of hybrid user interfaces
for the reader. Similarly, the exemplars are presented out of chronological order
to improve the narrative flow of this thesis. Notably, STREAM (see Chapter 4)
was developed for my Master’s thesis and published afterwards with revised study
analysis, design insights, and research implications.

1.7 Research Ethics

All empirical studies described in this thesis involved voluntary participation from
human subjects. Each study received approval from the Ethics Committee of the
University of Konstanz prior to its execution. During each study, we followed all
necessary ethical and sanitary guidelines as well as best practices provided by the
University of Konstanz. All participants received monetary compensation.

1.8 Contribution

The contributions of this work can be categorized into four high-level types [410]:
survey, theoretical, artifact, and empirical research contributions (see Figure 1.5).

Survey Contributions. To understand howmixed reality hybrid user interfaces
have been applied in prior work, this thesis presents an extensive literature survey.
The survey helps to distinguish hybrid user interfaces from adjacent research areas,
providing clarity on their unique position within the broader research landscape.
In addition, the survey identifies current trends and research opportunities.

Theoretical Contributions. This thesis provides a twofold contribution to
the theoretical understanding of hybrid user interfaces. First, it introduces the
overarching concept of complementary interfaces [424], providing a lens to reason
about meaningful combinations in multi-device ecologies. Second, it presents a
taxonomy of hybrid user interfaces, contextualizing them within modern device
ecologies and offering a structured framework through which future systems can
be analyzed and designed.

Artifact Contributions. To investigate the potential of hybrid user interfaces,
this thesis presents four research prototypes that were designed for immersive
analytics. All research prototypes are available as open-source projects, allowing
for their dissemination and reproduction within the research community.

Empirical Research Contribution. Each artifact in this thesis is accompa-
nied by an empirical evaluation, resulting in findings that contribute towards a
deeper understanding of hybrid user interfaces in practice. Individual findings are
synthesized into design insights and research implications within their respective
context, and are further synthesized into overarching principles that inform the
broader design for supporting fluid interaction at the end of this thesis.
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Figure 1.5: Overview of the structure and contribution types of this thesis.

1.9 Outline

This thesis is thematically organized into three main parts (see Figure 1.5). The
following paragraphs provide a brief glimpse into the content of each part and
chapter. Related publications are listed at the beginning of each chapter. The
remainder of this thesis adopts the academic “we” instead of “I” to reflect the
collaborative nature of the research and contributions.

Part I: Theory

Part I: Theory establishes the foundational concepts necessary for understanding
hybrid user interfaces, including a terminology and taxonomy that serve as a
framework throughout the remainder of the work.

Chapter 2 presents the background on related research fields that intersect
with the concept of hybrid user interfaces. It provides an overview of distributed
user interfaces, cross-device interaction, cross reality systems, and transitional
interfaces, discussing how each relates to hybrid user interfaces. This chapter
then introduces complementary interfaces as overarching conceptual model and
outlines fluid interaction and immersive analytics as overall use case for this thesis.

Chapter 3 provides an in-depth investigation of the concept of hybrid user
interfaces. This chapter explores the history of hybrid user interfaces, introduces a
contemporary definition, and presents a taxonomy, which will serve as a framework
for the remainder of this thesis.
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Part II: Exemplars

Part II: Exemplars presents the design, implementation, and evaluation of four
hybrid user interface prototypes. Each exemplar addresses research objectives
that contribute to the overarching research goal by providing tangible design
insights and research implications.

Chapter 4 introduces STREAM, a hybrid user interface that combines spatially-
aware tablets with an immersive AR environment. STREAM highlights the po-
tential of hybrid user interfaces in immersive analytics and demonstrates novel
interaction techniques that facilitate seamless transitions between the AR environ-
ment and the tablet.

Chapter 5 presentsARound the Smartphone, a hybrid user interface that extends
a smartphone with a virtual display through an AR HWD. This chapter presents an
experiment investigating how different virtual screen sizes affect users’ cognitive
load, contributing to a better understanding of device transitions in hybrid user
interfaces.

Chapter 6 presents ReLive, a hybrid user interface combining a desktop system
with an immersive VR environment. This combination allows users to benefit
from the strengths of both platforms: providing a computational notebook with
aggregated statistics on a desktop and a reconstruction of the original context for
sensemaking in VR. ReLive explores strategies for enabling smooth transitions
between these otherwise isolated environments.

Chapter 7 introduces the SpatialMouse, a hybrid pointing device designed to
enable seamless interaction across 2D and 3D spaces. Although not a hybrid user
interface per se, it represents a potential hybrid input device that can support fluid
interaction within hybrid user interfaces.

Part III: Synthesis

Part III: Synthesis builds on these findings by consolidating context-specific in-
sights into overarching design principles aimed at enabling fluid interaction within
immersive analytics workflows.

Chapter 8 provides a reflection on the design insights and research implications
gained from the previous exemplars. By synthesizing these findings, the chapter
outlines a set of general principles aimed at guiding the design of hybrid user
interfaces, particularly in support of fluid interaction in immersive analytics.

Chapter 9 provides a conclusion by summarizing the key contributions of this
thesis, outlining directions for future research, and discussing the future of hybrid
user interfaces as we approach Sutherland’s vision of the “ultimate display” [377].
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2.1 Chapter Context

Hybrid user interfaces are closely intertwined with several adjacent research fields,
sharing overlapping goals and concepts: Because they combine multiple devices,
they represent a distributed user interface; their tightly-coupled interaction across
devices aligns with cross-device interaction; their application in MR environments
can be understood as part of cross reality environments; and the need to move
between devices positions them within transitional interfaces. This chapter re-
views these four adjacent research fields and discusses the position of hybrid user
interfaces within this broader research landscape. It then introduces the concept
of complementary interfaces as a theoretical lens for exploring how meaningful
combinations can be designed across these domains. Finally, this chapter offers a
brief overview of immersive analytics and fluid interaction to provide context for
the investigated use case addressed in this thesis.

2.2 Distributed User Interfaces

The field of distributed user interfaces can be seen as a general foundation of any
research on multi-device usage. Prior work by Elmqvist [110] defines the term as:

Definition: Distributed User Interface
“A distributed user interface is a user interface whose components are dis-
tributed across one or more of the dimensions input, output, platform, space,
and time” [110].

In the context of hybrid user interfaces, all proposed dimensions are relevant,
as they span multiple technologies and distribute the user interface accordingly.
However, by combining heterogeneous technologies, hybrid user interfaces aim
to distribute input and output to the most suitable device to achieve a goal while
focusing on their complementary use. Therefore, distributed user interfaces can be
seen as an overarching conceptual model, with hybrid user interfaces representing
one possible technical realization of this concept that focuses on heterogeneous
devices. Over time, this theoretical perspective of distributed user interfaces has
been further consolidated under the more practical umbrella term of “cross-device
interaction”.

2.3 Cross-Device Interaction

Cross-device interaction focuses on research that “transcends the individual device
and user” [56], unifying research that is focused on different kinds of multi-
device environments, ranging from multi-monitor setups to ad-hoc mobile device
ecologies. While there is no formal definition, cross-device interaction is often
related to Weiser’s vision of ubiquitous computing [405], studying devices such
as smartphones, tablets, or larger interactive surfaces. Brudy et al. [56] offer
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a seminal overview of this field, introducing a device ontology and a taxonomy
that outlines key characteristics of cross-device systems (see Figure 2.1). Their
taxonomy includes the following dimensions:

The temporal dimension distinguishes between synchronous (using devices
simultaneously) and asynchronous use (using devices in sequence).

The configuration dimension classifies multi-device arrangements, such as
mirrored configurations, spatial distributions or logical distributions, second
screen usage, and migratory or cross-platform arrangements. Note that
configurations are closely tied to the temporal dimension: while most imply
synchronous use, migratory and cross-platform configurations are inherently
asynchronous.

The relationship dimension describes user-device relationships, ranging
from single user, multi-device scenarios (1…m) to collaborative multi-user
settings with either single-device usage (1…1×1…1) or multi-device sce-
narios (n…m).

The scale dimension describes to the physical proximity of devices relative
to each user. This dimension shares close ties with proxemics [158], and is
therefore classified into near, personal, social, and public scales.

The dynamics dimension captures the degree of configurability in multi-
device environments, ranging from ad-hoc, mobile, over semi-fixed to fixed
dynamics. While ad-hoc, mobile configurations can be highly dynamic and
easily reconfigured, fixed installations usually involve persistent arrange-
ments with predetermined devices.

Mirrored
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Key terms:
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Figure 2.1: Taxonomy of cross-device interaction, adapted from Brudy et al. [56].
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The space dimension differentiates between co-located and remote inter-
actions, linking cross-device research to research on computer-supported
cooperative work (CSCW).

While their taxonomy and overall research focus are applicable to a wide range
of devices, their main focus is on dynamic combinations of homogeneous devices:
For example, head-worn MR devices and tangibles are a part of the cross-device
ontology, but their taxonomy does not elaborate on combinations of heterogeneous
(e.g., non-immersive and immersive) devices.

In addition, hybrid user interfaces differ in the relationship between devices: In
cross-device interaction, additional devices are often introduced ad hoc to extend
existing workflows. These devices offer optional functionality (e.g., externalizing
content or distributing tasks across devices) but are not essential to the overall
operation. As such, these systems exhibit a low functional codependency. In
contrast, hybrid user interfaces are intentionally designed with tightly-coupled
devices, leading to a high functional codependency. This relationship between
devices is inherent to the interface itself: For example, one device may serve
as input and another as output – creating a functional codependency between
devices, such that the application is only complete once all devices are present.

Cross-device interaction can therefore be seen as an umbrella term that includes
research not only on homogeneous but also heterogeneous combinations, as well as
varying degrees of functional dependency between devices. Hybrid user interfaces
represent a distinct subdomain that explicitly investigates heterogeneous device
combinations with tightly-coupled devices.

2.4 Cross Reality Environments

Using the reality–virtuality (RV) continuum of Milgram and Kishino [276] as a
foundation (see Figure 2.2), the research area of cross reality investigates the
benefits of combining various points on the RV continuum. Assuming that various
stages on this continuum (e.g., represented as AR or VR) are beneficial for solving
a task, creating an environment that allows users to cross realities with different
degrees of virtual content can be promising:

Real
Environment

Laptop, Desktop,
Large Scale Display

Virtual
Environment

VR-HWD

2D AR VR

Video-Based
See-Through HWD

Optical
See-Through HWD

Figure 2.2: Milgram and Kishino’s [276] reality–virtuality continuum, adapted
from Anthes et al. [7]. Video-based see-through head-worn devices
are the only devices that cover the full range of stages.
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Definition: Cross Reality
“Cross Reality allows users to transition between different stages of the [RV
continuum], or interconnect different users at different stages of the [RV
continuum]” [7].

A wide range of applications emerges when systems leverage multiple stages
along the RV continuum rather than being limited to a single point. Auda et al. [9]
therefore further categorize such cross reality systems into three distinct types:

Transitional: A user transitions between different stages on the RV contin-
uum. For example, a user may transition from reality to VR (see Figure 2.3).

Substitutional: Objects are repurposed for the user’s current stage on the
RV continuum. For example, a physical keyboard may be repurposed for VR
to improve typing [270].

Multi-User: Multiple users collaborating across different stages on the RV
continuum. For example, one user may be in AR, while another user is in
VR [297].

Key aspects of cross reality environments therefore include “smooth transi-
tion[s] between systems using different degrees of virtuality”, allowing for “collabora-
tion between users using different systems with different degrees of virtuality” [362].
Recent taxonomies by Auda et al. [9] and Wang and Maurer [399] further solidify
concepts such as transitioning between different points on the RV continuum or
concurrently using multiple distinct systems along the RV continuum. For a single
user, such cross reality environments typically create a sequence of actions (e.g.,
switching devices). Depending on the transition, this could also be described as a
migratory interface [56] or asynchronous hybrid user interface [187]. Given the
emphasis on transitioning between devices, cross reality is also closely intertwined
with the research area of transitional interfaces [71, 269].

(a) Reality (b) Augmented Reality (c) Virtual Reality

Figure 2.3: The MagicBook [39] demonstrates the use of multiple stages on the
reality-virtuality continuum.
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In the context of hybrid user interfaces, previous research mostly focuses on
combining 2D devices with MR environments [43, 68, 122, 140], which can be
seen as different stages on the RV continuum. In line with prior literature [7], cross
reality can thus be viewed as an umbrella term for hybrid user interfaces, where
a significant subset of research on hybrid user interfaces lies at the intersection
between cross-device interaction and cross reality: While cross-device interaction
focuses on the combination of devices, the area of cross reality concentrates on
the combination of realities. Thus, the area of cross reality research encompasses
both homogeneous (e.g., collaboration between HWDs in different realities) and
heterogeneous device combinations (e.g., switching from desktop to VR). The
latter – heterogeneous combinations across the RV continuum – aligns closely
with the scope of hybrid user interfaces.

2.5 Transitional Interfaces

The MagicBook by Billinghurst, Kato, and Poupyrev [39] (see Figure 2.3) is often
described as the first transitional interface [71, 269]: Here, a user can transition
along the RV continuum – from browsing the physical book to a handheld AR
display to immersive VR.

Definition: Transitional Interface
A transitional interface addresses the challenge of “how do we effectively
interact with, transition between, and collaborate across different types of
environments?” [146]

Similar to research on cross reality environments, transitional interfaces typi-
cally involve a sequence of activities (see Figure 2.4): A user solves one aspect of a
given task in one environment and continues to work on the activity in another en-
vironment. The transition keeps the user oriented in the task space, choosing one
environment (e.g., stage on the RV continuum or device) at a time. This transition
may include explicit transitioning functions, which migrate the user’s context and
representation between environments, which may be further augmented with
animations or visual cues to support continuity [234, 244, 355].

C2C1

(1) (5)(2) (4)

(6)

V1(t)

(3)

V2(t)

T1(t)

T2(t)

Figure 2.4: Step-by-step representation of a user transitioning between two con-
texts (𝐶1 and 𝐶2). While the user can navigate within their respective
context using a locomotion function 𝑉(𝑡), they can also transition be-
tween contexts using a transition 𝑇(𝑡), representing a transitional in-
terface. Figure adapted from Grasset, Looser, and Billinghurst [146].
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Although transitional interfaces can be regarded as a subset of cross reality, tran-
sitional interfaces focus on the design of transitions and their effect on users [269].
As such, transitional interfaces also apply to cross-device interaction, for example
when transitioning between heterogeneous devices: While cross-device and cross
reality systems describe why users transition between environments, transitional
interfaces investigate how such transitions can be designed.

In the context of hybrid user interfaces, connecting to multiple stages on the
RV continuum at the same time is a key ability (e.g., using a 2D device in an
MR environment). In line with previous research, “[hybrid user interfaces] and
transitional interfaces [can be seen] as complementary” [71], rather than competing:
A hybrid user interface may use a transitional interface when switching between
devices; likewise, a transitional interface may span across multiple heterogeneous
devices to be switched between.

2.6 Complementary Interfaces

Traditional desktop interfaces rely on complementary input devices (e.g., mouse
and keyboard) to perform tasks, such as pointing and text input. In contrast,
many post-WIMP1 [391] and ubiquitous computing interfaces [405] such as
smartphones and tablets are self-contained, trading complementary peripherals
with the convenience of built-in touch interaction and a combined input and output
space. However, as task complexity increases, single devices may no longer be
sufficient to adequately support users in their workflows: For example, research
has shown that alternative input modalities can benefit our interaction (e.g., by
improving spatial memory [423] or decreasing cognitive load [433]).

The need to go beyond individual devices, modalities, and environments there-
fore leads to the emergence of research areas such as distributed user interfaces,
cross-device interaction, cross reality environments, and transitional interfaces,
which all investigate the usage of different devices or environments. These research
streams can be seen as manifestations of Mark Weiser’s vision of the computer for
the 21st century: “specialized elements of hardware and software, connected […],
will be so ubiquitous that no one will notice their presence” [405]. The technological
and methodological advances within the last decades allow researchers to design
and evaluate new interaction paradigms beyond the boundaries of a single device
and modality, leading to a variety of combinations of interfaces that can be used
seamlessly in concert. Yet, little consideration has been given when such combina-
tions are useful: “without the adequate relation between them, these environments
are simply mixed” [210]. Indeed, handling multiple devices can increase cognitive
load [322], with high transaction costs [176], and users are often not aware of the
benefits of including additional devices into their workflow [314]. What makes
these multi-device ecologies worthwhile?

1post-”Windows Icons Menus Pointer”.
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Simply adding more devices can be counterproductive, as it might not fit to
users’ workflow or current activity [314]. In a successful multi-device ecology, each
device or interface component possesses complementary characteristics, filling a
niche that was not suitably covered before. Attributing unique roles, properties,
and purposes to each device and modality can lead to a worthwhile combina-
tion of interfaces that can overcome the mentioned issues. These meaningful
combinations of devices and modalities can be called complementary interfaces:

Definition: Complementary Interface
“A Complementary Interface is a meaningful combination of interfaces that
support users in their current task at hand” [420].

By distributing interaction across devices and modalities, we establish a sym-
biosis of interfaces, where each component purposefully increases the quality of
interaction and further supports users in their current activity. Hence, comple-
mentary interfaces are an umbrella term that includes combinations of not only
homogeneous and heterogeneous device classes, but also input (e.g., interac-
tion techniques) and output modalities (e.g., visually or auditory). Importantly,
complementary interfaces always feature some degree of heterogeneity in the
involved components that complement each other to support the overall system
functionality in solving the task at hand. These degrees of heterogeneity may lie
in the input or output modality, location (e.g., screen space or input space), or
dimensionality of data visualization (e.g., 2D and 3D).

In the context of hybrid user interfaces, complementary interfaces can therefore
be considered as an overarching concept. Feiner and Shamash [122] suggest to
treat multiple technologies in a complementary way, thereby taking advantage of
their individual benefits. This can be seen as one of the key aspects of hybrid user
interfaces, for example by complementing 2D visual and interaction spaces with
MR environments. The core ideas of complementary interfaces are thus typically
part of hybrid user interfaces, in that hybrid user interfaces represent a technical
realization of this concept.

2.7 Immersive Analytics

Immersive analytics [76] investigates how technologies such as VR can support
analytical reasoning and sense-making (see Figure 2.5). While the field encom-
passes a broad spectrum of novel technologies such as haptics and fabrication, this
thesis focuses specifically on MR environments.
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Definition: Immersive Analytics
“Immersive Analytics investigates how new interaction and display technologies
[such as MR HWDs] can be used to support analytical reasoning and decision
making. The aim is to […] allow users to immerse themselves in their
data” [76].

Although 3D visualizations have long been viewed with skepticism [50, 360,
379], there is an increasing amount of research indicating the benefits of 3D
visualizations in MR (e.g., [22, 381, 418]). For example, 3D visualizations are
well-suited for inherently spatial data (e.g., volumetric structures, motion trajec-
tories) or providing environmental context (e.g., situated analytics [112]). In
addition, Kraus et al. demonstrate the usefulness of immersion for 3D cluster
identification [222] and showed that 3D heatmaps can outperform 2D heatmaps
when comparing single data items [223].

In the past decades, different 3D visualizations in MR have been explored, such
as flight trajectories [188], 3D parallel coordinates [66], interactively connect-
ing and linking together different axes [22, 89], link routing between different
visualizations in a 3D space [318], or 3D geotemporal visualizations [371]. Con-
sequently, frameworks that facilitate the creation of immersive visualizations have
emerged, such as DXR [361], IATK [88], VRIA [64], or RagRug [128].

However, the increased complexity of immersive visualizations has been identi-
fied as a grand challenge in immersive analytics [114]. It is thus unsurprising that
much of the analytical workflow continues to rely on 2D environments, despite
the potential of MR. As a result, prior work has increasingly explored hybrid ap-
proaches, combining 2D and 3D representations. For instance, 3D visualizations
can enhance spatial precision when used as a complement to 2D displays [388],

(a) (b)

Figure 2.5: (a) Immersive analytics investigates how emergent technologies such
as mixed reality can facilitate analytical reasoning and sense-making
using, for example, stereoscopic 3D visualizations in collaborative
settings [66]. (b) Immersive analytics and situated analytics [112]
also benefit from the environmental context, such as visualizing data
close to a referent within the user’s environment [128].
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while many others have demonstrated the benefits of pairing desktop-based anal-
ysis with immersive environments [186, 197, 289, 387].

Of course, the idea of combining different representations to leverage their
individual strengths is not new: For example, multiple coordinated views (MCV)
is a well-established concept that allows for different perspectives on the same
data across different interlinked visualizations. Similarly, composite visualizations
extend research on MCVs by structuring multiple visualizations in a shared spatial
layout [199]. Although much of this research is anchored in 2D [101, 338], recent
works have shifted towards applying these concepts to immersive analytics [432].

Research in MCV also highlights the importance of complementarity, formal-
izing the rule of complementarity: “Use multiple views when different views bring
out correlations and/or disparities” [402]. This focuses solely on the data repre-
sentation (i.e., output), yet interaction remains an essential aspect regardless of
its representation [287]. Given this focus on complementarity views, it seems
appropriate to also have complementarity inputs – thus building a complementary
interface. To address the grand challenge in immersive analytics of “coping with
immersive analytics interaction complexity” [114], the combination of MR HWDs
for spatial capabilities with conventional 2D devices for precision and familiarity
offer a promising path forward. Still, such hybrid user interfaces may “[bring]
about new, far more complex transitions which can affect interaction fluidity” [114].

2.8 Fluid Interaction

Fluid interaction [111] is an interaction design concept in information visualization,
aimed at enabling seamless interactions and engaging user experiences2.

Definition: Fluid Interaction
“Fluidity in information visualization is an elusive and intangible concept
characterized by smooth, seamless, and powerful interaction; responsive,
interactive and rapidly updated graphics; and careful, conscientious, and
comprehensive user experiences” [111].

The concept of fluidity in information visualizations traces back to 1998, where
Igarashi et al. describe fluid interaction techniques that “allow the user to fluidly
shift attention from primary to secondary content” [189]. However, the idea of
fluidity re-emerged at a time when touch displays were becoming increasingly
viable, shifting interaction design away from traditional WIMP1 environments
toward direct touch-based interactions [111]. Given the limitations of early touch
hardware, researchers explored clever combinations of technologies, such as
integrating physical tokens with touch displays, to overcome technical constraints
and enhance the user experience (see Figure 2.6). Based on such early examples,
Elmqvist et al. [111] proposed three properties of fluid interaction:

2See also https://hci.uni-konstanz.de/research/fluid-interaction-revisited/

https://hci.uni-konstanz.de/research/fluid-interaction-revisited/
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(a) Facet-Streams (b) CollectionDiver

Figure 2.6: Examples of systems that exhibit fluid interaction. (a) Facet-Streams
combines tangible tokens on an interactive touch display to material-
ize filter queries [200]. (b) This concept was later extended in the
context of public libraries, using different physical tokens to support
distinct filters and using cross-device interaction to visualize the query
on a second screen [59, 171].

Promotes flow. Building on the theory of flow [92], the aim is to offer
a balanced challenge that keeps users engaged without overwhelming or
boring them. Immersive environments can enhance this effect by enabling
users to become fully absorbed in their data and tasks2.

Supports direct manipulation. The goal is to minimize indirection in the
interface through direct or embodied interactions. Notably, this can be
partially achieved by using a “layered or spiral approach to learning that
permits usage with minimal knowledge” [111], allowing for immediate use
with minimal prior knowledge. In immersive environments, this approach
can also help mitigate legacy bias [280] by allowing users to transfer familiar
concepts from traditional systems to new interaction paradigms.

Minimizes the gulfs of action. By addressing the gulf of evaluation (i.e.,
visualizing and perceiving system state) and the gulf of execution (i.e.,
translating user intentions into actions) [291], the goal is to reduce the
effort needed to bridge the gap between user intention and system response.
Although immersive environments offer new possibilities for bridging these
gulfs, they can also introduce complexity that risks overwhelming users,
thereby increasing rather than minimizing the gulfs of action [114].

These goals are intentionally broad to be applied across a wide range of analysis
scenarios. As a result, Elmqvist et al. [111] also propose initial design guidelines
to promote fluid interaction. In the context of hybrid user interfaces, several of
these guidelines are especially relevant and require careful design considerations:

Minimize indirection in the interface. This can be achieved by using direct
manipulation and avoiding isolated control panels. In hybrid user interfaces,
some degree of indirection may be unavoidable (e.g., for transitioning be-



2.9 Chapter Conclusion | 27

tween devices). Indirection should therefore be used with care in hybrid
user interfaces to avoid disrupting the interaction flow.

Integrate user interface components in the visual representation. Often,
traditional interface elements such as text fields, sliders, and buttons are still
necessary. These components should blend naturally with the visualization
to maintain immersion. In hybrid user interfaces, however, offloading such
controls to another device can be an effective strategy.

Reinforce a clear conceptual model. The system should present a coherent
and consistent view of its state, with all interactions reinforcing the user’s
mental model. In hybrid interfaces, this includes clearly communicating the
roles and relationships of each device, so that the division of functionality is
consistent and matches the user’s mental model.

Avoid explicit mode changes. Sudden shifts in visual or interaction modali-
ties can disrupt user flow. Where possible, transitions should be smooth and
implicit. As such, device transitions in hybrid user interfaces should be as
seamless and implicit as possible, minimizing cognitive load and maintaining
a continuous user experience.

Although hybrid user interfaces hold great promise for achieving fluid inter-
action within immersive analytics, these guidelines highlight that careful design
is required, especially around designing smooth transitions between devices and
minimizing interruptions to user flow. As such, it is essential to investigate how
fluid interaction principles can be effectively applied within the context of hybrid
user interfaces.

2.9 Chapter Conclusion

This chapter establishes the foundational background by exploring adjacent re-
search areas and positioning hybrid user interfaces in relation to each. While each
area offers valuable perspectives, many are either too broad (e.g., cross-device
interaction, cross reality environments) or orthogonal in focus (e.g., transitional
interfaces) to fully capture the unique characteristics of hybrid user interfaces.
Although the concept of complementary interaction provides a useful theoretical
framing, its scope still remains too general to address the specific nuances of hybrid
systems. However, these adjacent perspectives provide an essential foundation for
the continued exploration of hybrid user interfaces.

Similarly, immersive analytics has emerged as a promising application domain
that closely aligns with the strengths of hybrid user interfaces. Within this context,
the concept of fluid interaction offers valuable guidance for designing seamless
and efficient user experiences. Together, these foundations provide the necessary
context for both the exemplar use cases presented in Part II and the design
principles presented in Part III.
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3.1 Chapter Context

Before diving into the design of individual hybrid user interfaces, it is essential to
first understand the key defining characteristics and potential design dimensions.
Yet, no coherent definition has emerged since its initial conception. As a result,
there is a distinct lack of consistent design models and terminologies – fragmenting
the research community across overlapping research areas.

Although the adjacent areas presented in Chapter 2 describe various shared
aspects, they fail to capture the nuances specific to hybrid user interfaces. For
example, the seminal cross-device taxonomy by Brudy et al. [56] provides an
overarching model for the research area of hybrid user interfaces. However,
their taxonomy only considers established devices (e.g., mobile devices) and
homogeneous combinations, leaving topics such as MR environments largely for
future work – and thus unsuitable for this thesis. Yet, without firm design principles
and in the face of countless possible device combinations, the design space of
hybrid user interfaces can appear bewilderingly large. Therefore, this chapter
extends the existing cross-device taxonomy by examining complementary cross-
device interaction between traditional 2D device technologies (e.g., smartphones,
desktops) and novel MR platforms. This chapter provides a brief history of hybrid
user interfaces, identifies core characteristics, and establishes a taxonomy based
on an extensive literature survey, thereby identifying current usage trends. This
taxonomy serves as a foundational framework for the design and analysis of the
hybrid user interface exemplars presented in subsequent chapters.

3.2 What is a Hybrid User Interface?

Since 1991, the term “hybrid user interface” has continued to evolve. Despite
significant advances in device technologies, no coherent delineation has emerged
that distinguishes hybrid user interfaces from related research areas. Instead, the
concepts of a hybrid user interfaces are spread across many adjacent research
areas (see Chapter 2). This fragmentation is further complicated by overlapping
terminology: The term cross-device interaction is often used interchangeably
with the term “cross-surface interaction”, while earlier work in that area is often
considered as “multi-device” or “multi-display” systems [56]. Similarly, there are
other terms that are related to hybrid user interfaces, but focus on interaction
techniques (i.e., “hybrid interaction” [36, 217]) or the setting (i.e., “hybrid virtual
environment” [71, 97, 396]). This lack of common understanding makes it difficult
to compare results and share insights.

In the following, we first review prior definitions and the background (Sec-
tion 3.2.1) of hybrid user interfaces, building on previous work by Satkowski
and Méndez [346]. Based on this, we discuss how we can identify hybrid user
interfaces (Section 3.2.2) and derive three attributes of hybrid user interfaces that
specifically combine MR environments with conventional display technologies
(Section 3.2.3) to guide our literature survey.
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3.2.1 Background

The term hybrid user interface was coined in the early 1990s by
Feiner and Shamash, describing a combination of “heterogeneous display and
interaction device technologies” [122]. They argue that physical device sizes
decreased with the advent of portable computing devices (i.e., laptops). This
led to reduced interface real estate while retaining high-resolution input and
output. In contrast, immersive technologies such as MR (especially HWDs)
– in the early 1990s and still partly today – offer a lower resolution for both
input and output space. However, AR has the potential for virtually unlimited
interfaces that exceed the capabilities of conventional display technologies. Thus,
Feiner and Shamash propose to combine these two technologies by “taking
advantage of the strong points of each” [122], treating the technologies as
complementary instead of competing. They exemplify this concept by presenting
a “hybrid window manager”, combining a high-resolution yet restricted desktop
interface with a low-resolution yet virtually unlimited AR head-mounted
display interface into one unified application that blurs the boundaries between
interfaces.

This initially broad scope opened up a vast design space, but its ambiguity may
have limited the adoption of the term within the field, leading to the diffusion of
this term as it was applied to an increasing variety of device combinations.

Although one prominent theme was the combination of 2D devices and im-
mersive MR environments, this was not universally shared by all prior works. On
the one hand, Butz et al. highlighted that hybrid user interfaces extend to various
“technologies and techniques, including virtual elements such as 3D widgets, and
physical objects such as tracked displays and input devices” [68]. They noted that
the resulting global AR space can be shared, which is also discussed by Feiner, as
hybrid user interfaces combine all devices “in a mobile, shared environment” [118].
Bornik et al. further emphasize the potential combination of MR environments
with conventional 2D display technology for hybrid user interfaces, as they “pair
3D perception and direct 3D interaction with 2D system control and precise 2D inter-
action” [43]. This is echoed by Geiger et al., who state that hybrid user interfaces
“combine 2D, 3D, and real object interaction and may use multiple input and output
devices and different modalities” [140]. In contrast, Strawhacker and Bers employ
hybrid user interfaces in a broader context without focusing on MR environments,
presenting a hybrid user interface that allows “users [to] switch freely between
tangible and graphical input” [374].

One commonly shared theme is the importance of complementarity: For exam-
ple, Sandor et al. state that “information [in hybrid user interfaces] can be spread
over a variety of different, but complementary, displays” [343]. Furthermore, in line
with Butz et al. [68], they describe that users of hybrid user interfaces can “interact
through a wide range of interaction devices” [343] – we thus see the potential of
hybrid user interfaces not within a random assortment of technologies, but in a
principled integration of different standalone “interaction devices”.
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3.2.2 Identifying Hybrid User Interfaces

Research on hybrid user interfaces shares several common themes (e.g., comple-
mentarity, heterogeneity), yet the term remains technology-driven and potentially
misunderstood: A large number of prior hybrid user interfaces describe the term
as a combination of 2D and 3D technology [43, 110, 169], including the initial
system demonstration by Feiner and Shamash [122]. Moreover, the term hybrid
user interface was previously also used for different constellations of interaction
components (e.g., desktop combined with tangibles [374], mobile devices [37], or
conversational interfaces [249]), indicating wider applicability. For the purpose
of this thesis, we establish the following definition for hybrid user interfaces:

Definition: Hybrid User Interfaces
Hybrid User Interfaces are an area of cross-device computing that leverages
distinct benefits of heterogeneous interaction components.

In contrast to the preliminary definition in the beginning of this thesis, this def-
inition explicitly concentrate on conceptual device capabilities instead of specific
technologies to avoid being limited by current hardware capabilities. To this end,
the term interaction component is used throughout this thesis to refer to a stan-
dalone device set with the input and output capabilities necessary for interacting
with a given application (e.g., desktop with mouse and keyboard, VR HWD with
controllers). Further, this definition is intentionally vague about possible device
combinations (see cross-device interaction [56] for a potential ontology).

While this definition highlights the broad potential design space of hybrid
user interfaces, it also intentionally lacks specificity. Therefore, to explore this
vast design space and gain concrete insights into commonalities of hybrid user
interfaces, this thesis focuses on the specific hybrid user interface subset combining 2D
with MR-enabled interaction components. This combination captures our interest,
as it was initially presented by Feiner and Shamash [122], is most prevalent in
prior hybrid user interface literature [346], and also reflects on work presented at
the IEEE ISMAR workshop on hybrid user interfaces (2023) [180], constituting
the most recent and comprehensive outlet for hybrid user interfaces.

This thesis thereby explicitly excludes the vast research area of tangible in-
teraction [192] or nascent research areas (e.g., brain–computer interfaces [83],
Internet of Things [342]) from this subset, thereby increasing the specificity of
this thesis. While there is great potential in such combinations, they do not align
with the primary research objective of this thesis and are, therefore, outside the
scope of this thesis. Thus, throughout the remainder of this thesis, the term
“hybrid user interface” refers to the combination of 2D interaction components
with MR environments, allowing for a more focused investigation while avoiding
unnecessarily over-specific terminology that might further fragment the research
landscape.
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3.2.3 Attributes of Hybrid User Interfaces in Mixed Reality

We framed our work on the contemporary and most prevalent subset of hybrid user
interfaces – a combination of 2D interaction components with MR environments.
We derive three attributes based on previous usage of the term to further guide
our literature review. Please note that the first two attributes are indicative for
the broader area of hybrid user interfaces, while the last attribute specifies the
constraints of the investigated subset.

Multiple interaction components in heterogeneous roles. Hybrid user inter-
faces typically combine multiple interaction components where each fulfills a need
that is not adequately addressed by other components. Although each interac-
tion component is self-contained, a hybrid user interface is deliberately spread
across multiple components to intentionally “take advantage of the strong points of
each” [122]. We also see the potential beyond technological aspects and broaden
our scope to include combinations of heterogeneous roles.

Interaction components are codependent. A hybrid user interface is composed
of multiple interaction components, but the real power does not emerge from any
individual interaction component, but from the interaction of all of them [405].
A hybrid user interface thus acts as one holistic application from the user’s per-
spective. The deliberate spread of responsibilities across interaction components
requires a certain degree of co-dependency between interaction components (i.e.,
a system may become nonfunctional without all interaction components present).
We examine both synchronous (i.e., using interaction components in parallel) and
asynchronous usage (i.e., using interaction components in sequence) [43, 187].

Complementing 2D with mixed reality interaction components. A common
aspect found within prior hybrid user interface literature is to “pair 3D perception
and direct 3D interaction with 2D system control and precise 2D interaction” [43].
Given the (at times) conflicting needs of 2D and 3D spaces, combining 2D and MR
interaction components can yield a superior result. The remainder of this thesis
refers to such interaction components as either 2D interaction component or MR
interaction component.

3.3 Review Methodology

We look at research that matches our previously specified attributes to obtain
corpus of publications that describe a hybrid user interface combining 2D inter-
action components with MR interaction components. This section describes the
process for identifying, filtering, and analyzing relevant publications, following the
PRISMA [304] guidelines. We present the general search strategy (Section 3.3.1),
selection process (Section 3.3.2), and data extraction (Section 3.3.3). Moreover,
the limitations of our procedure (Section 3.3.4) and possible extensions of the
survey (Section 3.3.5) are highlighted. Finally, we describe how this survey can be
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Figure 3.1: Overview of our reviewing process including paper counts, following
PRISMA. Records were rejected once a single exclusion criterium was
fulfilled, yet, some records potentially fulfilled multiple criteria (e.g.,
survey papers [9]).

used by other researchers and practitioners (Section 3.3.6). The complete survey
corpus and its coding can be found in the accompanying webpage: https://iml-
dresden.github.io/huis.

3.3.1 Search Strategy

In accordance with the PRISMA guidelines, we collected the papers using two
different identification approaches (see Figure 3.1).

Identification via databases. Our survey focuses on publications that combine
2D interaction components with MR environments. As the term “hybrid user
interface” is not consistently used in previous work, we used different adjacent
terms and their synonyms (see Chapter 2) to build a query that captures a broader
range of potential publications that present hybrid user interface applications.

We iteratively refined our keywords and evaluated them on a base corpus.
Starting from the initial keyword “hybrid user interface”, we identified synonyms
used in the literature and extended our set of keywords. This resulted in three
sets of keywords focused on different aspects that we aimed to capture. First,
Set A includes keywords that could be used interchangeably with the term hybrid
user interface. Next, Set B consists of adjacent terms and their synonyms that are
not necessarily MR-specific. This is why, with Set C, we further narrow down the
search to MR-related terms. The complete list of terms in each set is as follows1:

1Terms were used in singular and plural, as well as with or without hyphens (where appropriate).

https://imldresden.github.io/huis
https://imldresden.github.io/huis
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Set A: Hybrid User Interface, Complementary Interface, Augmented
Display, or Cross Reality

Set B: Hybrid Virtual Environment, Hybrid Interaction, Cross-Device,
Cross-Surface, Multi-Device, Multi-Display, Distributed User
Interface, or Transitional Interface

Set C: Augmented Reality, Virtual Reality, Mixed Reality, or Extended
Reality

The query is composed of these three sets and was constructed as follows:

Set A or (Set B and Set C)

We focused on archival, peer-reviewed publications, including full and short pa-
pers in journals and conferences, as well as book chapters, workshop submissions,
posters, and works in progress. We searched in common digital libraries for publi-
cations in Human–Computer Interaction and Visualization, namely IEEE Xplore,
ACM Digital Library, Springer Link, and Wiley Online Library. The searches with
the described query in these libraries2 resulted in 355 publications. The cut-off
date for all searches was August 12th, 2024.

Identification via other methods. In addition to the query search, we selected
papers through three other methods. First, we selected all papers referring to the
original definition of hybrid user interface by Feiner and Shamash [122] through a
Google Scholar search using “Publish or Perish” [166]. Second, we manually added
further publications that we found relevant. Finally, we selected all publications
presented at the IEEE ISMAR 2023 Workshop on Hybrid User Interfaces [180].
The three methods resulted in 224 publications (see Figure 3.1). The cut-off date
was August 12th, 2024.

3.3.2 Selection Process

After retrieving the initial corpus of papers (n = 579), we preprocessed the
different output formats and merged them in one table. Three authors screened
the reviewed corpus and filtered out duplicates and papers unrelated to MR.
In addition, workshop proposals, complete books, dissertations, or conference
proceedings were also removed.

Subsequently, three authors checked the eligibility of the remaining publica-
tions (n = 312). For that, the following exclusion criteria were defined:

The publication is a duplicate (content-wise) of another (e.g., demonstra-
tion [329] of system [330]).

No prototype or system was presented (e.g., discussion of opportunities and
challenges [226, 331, 421, 425]).

2At the time of performing this query, the Springer library did not support an advanced search.
Thus, we filtered the results using a script.

https://ieeexplore.ieee.org/
https://dl.acm.org/
https://link.springer.com/
https://onlinelibrary.wiley.com/
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Only a technological basis is described (e.g., frameworks [184, 342]).

The publication only presents a summary of systems already in our corpus
(e.g., position papers [118, 120]).

A pure MR system without other interaction components is described (e.g.,
combining AR and VR environments [18, 81]).

Other device capabilities are only used as input or output modality (i.e.,
interaction components are not standalone, e.g., attaching input sensors to
an AR HWD [96, 266]).

The publication only presents a collaboration across asymmetric devices (e.g.,
one user on a 2D interaction component, another in anMR environment [253,
297]).

During both selection steps, we split the data set between authors and discussed
entries if the decision was unclear. This resulted in 83 relevant publications within
our corpus (see Figure 3.2).

3.3.3 Data Extraction and Code Book

We first created an initial code book to extract data from the remaining 83 papers
in our corpus. Since we see hybrid user interfaces as a sub-category of cross-device
interaction, we started with aspects defined by Brudy et al. [56] in their survey.
This was extended with common HCI metadata, such as the contribution type
defined by Wobbrock and Kientz [410] or the evaluation strategy outlined by
Ledo et al. [232]. Furthermore, we recorded each publication’s challenges, future
work, use case, and devices and terminology used. Once we defined an initial
set of codes, we selected 10 papers at random from our literature corpus that
three authors reviewed. This allowed us to (1) verify if the categorization works,
(2) add missing codes, and (3) establish a common ground between authors. With

Yes

      Not Eligible

      Removed in Screening

Year

C
ou

nt

Figure 3.2: Record distribution over the past three decades.
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the categories finalized, four authors coded the remaining papers. Two authors
independently coded every publication. No author assessed the relevance of their
own work. After each paper was coded, the same four authors discussed each
publication and combined the two coding entries (e.g., clarifying conflicts). They
further clustered challenges, use cases, and terminology used throughout the
corpus.

3.3.4 Limitations and Further Considerations

We rigorously designed and conducted our survey. However, we identified limita-
tions that we present in this section.

Terminology Bias. Hybrid user interfaces can be described by a multitude of
adjacent terms, making it difficult to create a query that can capture all the systems
within this field. Although we aimed to create the best possible query, this still
led to a potentially incomplete set of publications. Therefore, we decided to add
other sources (see Section 3.3.1) to our survey corpus.

Strict Eligibility Criteria. We searched for a specific type of device combination
(i.e., MR-enabling devices and conventional 2D displays), leading to strict eligibility
criteria (see Section 3.2.3). To avoid being overly restrictive, we decided to
integrate papers that meet our characteristics but leave room for interpretation,
especially papers representing potential directions for future research. We discuss
these edge cases and their implications in Section 3.4.3. We acknowledge that
our corpus is not exhaustive with regard to possible hybrid user interface systems
caused by the use of said criteria. Yet, we see our corpus as a representative and
substantial set of research on hybrid user interfaces, showcasing trends that can
be generalized to the larger set of papers not captured by our query.

3.3.5 Dissemination and Extension

To allow others to benefit from our survey, we have made our literature corpus
available using the Indy Survey Tool [90] as a GitHub project that hosts an
interactive website for users to explore and filter our survey results, as well as
to submit other work to our corpus (see https://imldresden.github.io/huis and
Figure 3.3).

3.3.6 How to Use This Survey

With our survey, we aim to reveal common patterns and identify shared dimen-
sions within hybrid user interfaces. Our work can be helpful in three ways: (1) By
classifying past research, our taxonomy of key characteristics provides a general
framework that can be used to better describe and understand inherent properties
of hybrid user interfaces. With these dimensions, we can share insights between
systems with overlapping dimensions and identify related works within our lit-
erature corpus that may not share a common terminology. (2) By identifying

https://imldresden.github.io/huis
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Figure 3.3: Our survey website enables interactive exploration of our corpus.

current trends, our survey shows emerging trends in device combinations, use
cases, contribution types, and evaluation strategies. Readers can understand how
hybrid user interfaces are used, informing the design and evaluation of upcoming
hybrid user interfaces. Finally, (3) our survey can be used to inspire future
systems, serving as a roadmap for the next generation of hybrid user interfaces.

Throughout our reporting (Sections 3.4 and 3.5), we denote the amount of
literature in our corpus for each characteristic within a colored box mapped on a
gradient with the total paper count (n=83) as the maximum value. Additionally,
we provide a curated set of exemplary papers from our corpus for each character-
istic, which can be used as a starting point for further reading. Since systems can
be attributed to multiple characteristics, dimensions, or other categories, the sum
of each category may not match the total number of records within our corpus.

3.4 A Taxonomy of Hybrid User Interfaces

Based on our survey, we establish a taxonomy of key characteristics for hybrid user
interfaces (Section 3.4.1) that can characterize existing research and inform new
research. In addition, we describe emergent trends and opportunities (Section 3.4.2)
and highlight edge cases (Section 3.4.3) of our attributes.

3.4.1 Taxonomy Dimensions

We adopt six cross-device characteristics of Brudy et al. [56] (Dimensions 1–6)
and introduce two additional dimensions to better represent the design space
of hybrid user interfaces. To reflect the nuances of hybrid user interface, we
extend and reframe each dimension and explain them accordingly. Although
we describe these dimensions as discrete characteristics, they should be seen as
continuous spectra, where systems, configurations, and interaction techniques can
dynamically span multiple facets.
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Figure 3.4: We present a taxonomy of key characteristics for hybrid user inter-
faces with eight dimensions: configuration, temporal, relationship,
range, device dependency, space, interaction dynamics, and anchoring.
Interaction components are highlighted in green for content on a 2D
screen and blue for content in a mixed reality environment.

Dimension 1: Configuration

The configuration dimension describes how content and control are distributed
across interaction components for a single user. Although we based our configu-
rations on the cross-device taxonomy (i.e., mirrored, logical distribution, spatial
distribution, migratory interfaces), we identified six configurations unique to hy-
brid user interfaces, namely asymmetrical mirrored, symmetrical mirrored, remote
control, dynamic lens, augmented displays, and VESADs.

Mirrored configurations duplicate content in different interaction components.
Given the perceptual differences of components in hybrid user interfaces, we
distinguish between symmetric mirror and asymmetric mirror configurations.

▷ Symmetric Mirror 7 configurations duplicate content between interaction
components, with each interaction component displaying the exact same
view of information. This can reduce complexity when interacting with
virtual content such as 3D sketching [8, 104] or immersive analytics [66,
179]. For example, a hybrid user interface can provide contextual connection
based on users’ surroundings in MR while providing familiar input on the
2D interaction component.

▷ Asymmetric Mirror 8 configurations show the same view of information but
make use of the additional perceptual dimensions offered by MR interaction
components: For example, this can be used to display a full 3D model or
visualization in the MR environment, which is mirrored to an orthographic
front view on the 2D interaction component [191, 357, 380].
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Logical Distribution 54 describes configurations where content and control are
distributed according to each interaction component’s strength, usually involving
a mutually exclusive allocation of responsibilities between interaction components.
Most systems in our corpus involve some kind of logical distribution, such as
offloading text input [34, 154, 431], shared and personal space [195, 337], or
general application-control [289, 337, 345] to 2D interaction components, while
the MR environment is used to display content in-situ.

▷ Remote Control 6 describes a stricter subset of logical distribution, where the
2D interaction component provides an alternative (but not exclusive) control
over content in the MR environment. This can be useful for providing direct
interactions when close by and indirect interaction from farther away (e.g.,
during 3D sketching [104]) or providing a more ergonomic option [116].

Spatial Distribution describes configurations that deliberately spread content
across different spatial locations in the continuous real-world space. Such a
distribution can be achieved through different means, described as dynamic lenses,
augmented displays, or VESADs. Here, the content is aligned to the 2D interaction
component (i.e., augmented display, VESAD) or reacts to the position of the 2D
interaction component (i.e., dynamic lens).

▷ Dynamic Lens 6 allows 2D interaction components to act as a dynamic peep-
hole [271] into a larger information space. While 2D interaction components
provide a constrained view, the MR environment is unrestricted and can
use the real environment. This requires the 2D interaction component to be
spatially aware, enabling, for example, 3D slicing showing a cross-section of
a 3D model on the 2D interaction component [225, 259, 380].

▷ Augmented Displays 15 use the unrestricted visual output of an MR envi-
ronment to extend a 2D interaction component beyond its potential visual
and interaction capabilities, acting as a 3D augmentation that is attached
to the 2D interaction component [82, 99, 229, 335] . This category was
initially defined by Reipschläger et al. [334, 336] as “seamless combination of
high resolution touch and pen enabled displays with head-coupled Augmented
Reality”.

▷ VESADs 16 (“Virtually Extended Screen-Aligned Displays”) were initially de-
fined by Normand and McGuffin [292] as a virtual AR screen “that is centered
on, and co-planar with, a smartphone”. The content is strictly aligned to a
2D interaction component as a seamless display extension [122, 183, 229],
representing a subset of augmented displays. For example, VESADs can be
useful for offloading menu elements into MR to save screen real estate on a
2D interaction component [49, 292, 336] or provide alternative interaction
capabilities [49]. To better represent the diversity of real-world multi-display
configurations, we also include configurations that are aligned to 2D in-
teraction components but not necessarily co-planar, such as extending 2D
interaction components with angled virtual 2D screens [309, 310, 333].
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Migratory Interfaces 11 enable users to transfer their content or workflow from
one device to another. Although originally considered asynchronous within the
cross-device taxonomy [56], hybrid user interfaces can also utilize the MR environ-
ment to seamlessly transfer content between 2D interaction components [358] or
between a 2D and 3D interaction component [4, 400, 406, 413]. In contrast, their
asynchronous usage can take advantage of different environments to best support
a holistic workflow (e.g., by switching between VR and desktop environment [3,
74, 186]) while still behaving as one unified, continuous system.

Dimension 2: Temporal

Prior literature [43, 56, 187] classifies hybrid and cross-device systems as syn-
chronous or asynchronous. Due to the diversity of interaction components within
hybrid user interfaces, we adopted the suggestion by Bornik et al. [43] to further
differentiate between parallel and serial usage of interaction components. Fully
asynchronous usage of interaction components was further classified as exclusive
for cases where the usage of one interaction component rules out the usage of
another (e.g., due to spatial or time-related restrictions).

Some papers describe multiple interaction techniques that can be used, for
example, in parallel or serial; others only present usages of one distinct aspect.
We report the results accordingly: presenting the number of papers describing
mixed and distinct temporal usage first and its subset describing only distinct
usage second (e.g., 9 / 1 ).

21

21

Parallel 67 / 43 usage indicates that multiple interaction components are used
simultaneously, for example, when interacting with one interaction component
while observing the output on another interaction component [82], transferring
content across devices [179], or extending a 2D interaction component in the MR
environment [183, 229, 335].

Serial 36 / 6 usage indicates that multiple interaction components are used
one immediately after another, such as selecting objects of interest in the MR
environment and then editing them on a 2D interaction component [66]. Here,
users have immediate access to all interaction components but can focus on only
one interaction component at a time to reduce information overload or divide
responsibilities between 2D and 3D interaction [43, 104, 121].

Exclusive 12 / 4 usage describes asynchronous systems where different inter-
action components cannot be used simultaneously as part of one workflow but have
to be used in sequence. This can be useful to bridge the gap between traditional
2D computing environments and VR environments [3, 74, 186, 354].

Dimension 3: Relationship

The relationship category denotes the relation between users within one or multiple
systems. The vast majority of our corpus describes single-user systems 72 :
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One user interacts with multiple complementary interaction components (see
Figure 3.4: 1 user). However, we identified several collaborative systems. We
abstracted these into multi-user with individual interaction components 7 :
Each collaborator has their own set of interaction components [337, 354] (see
Figure 3.4: n-ind.); and multi-user with shared interaction component 12 : A
display is shared between collaborators as a public space [66, 225, 281, 335] (see
Figure 3.4: n-shared).

Dimension 4: Range

We examined the range of interaction across components as defined in the cross-
device taxonomy [56]. Since the MR interaction component is commonly worn
on the user’s head (e.g., AR HWD) or close to their body (e.g., handheld AR),
we use this dimension to describe the scale of the 2D interaction component
relative to the user. In addition, the relationship can be an indicator of the range
between interaction components (e.g., multi-user can indicate social or public
range). We differentiate between near 6 (i.e., interaction component is close to
the user’s body, e.g., smartwatch [116, 150, 396]), personal 65 (i.e., interaction
component is in the personal space, e.g., smartphone or tablet [179, 225, 229,
345]), social 23 (i.e., interaction component is in a social space accessible to
collaborators, e.g., shared display [66, 281, 335]), and public 0 scale (i.e.,
interaction component can be seen and interacted with by arbitrary bystanders).

Dimension 5: Device Dependency

Device dependency describes the autonomy of each interaction component within
the overall device ecology. We coded this as flexible, semi-fixed, and fixed:

Flexible 15 device dependency indicates that all interaction components provide
basic features – a single interaction component could suffice to interact with a
system in a meaningful way. This can be helpful for workflows that can be easily
divided properly into specific subtasks for different environments, such as data
analysis workflows [186], note taking [413], or sketching [8]. The main value of
hybrid user interfaces in this situation comes from the interaction between the
components, such as the seamless transition between components.

Semi-Fixed 40 device dependency represents systems in which one interac-
tion component is completely independent, while others provide supplementary
functionality and are thus reliant on the “main” component. This dynamic has
been used primarily to extend the capabilities of existing 2D components, such as
increasing the available screen space [122, 183, 229] or offering complementary
views on existing content [34, 150, 335]. In contrast, a semi-fixed dependency can
also be used to provide complementary capabilities to MR environments, such as
providing a shared public space [195] or extracting content from 2D interaction
components [355].
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Fixed 27 device dependency describes systems that can only be used mean-
ingfully with all relevant components present. With fixed device dependencies,
responsibilities are exclusively distributed between components, such as using the
2D interaction component as a haptic surface for touch [44, 66, 82], for contextual
interaction within the MR environment [121, 179, 347] or as a spatially aware
controller [225, 259].

Dimension 6: Space

The space dimension describes whether interaction components are co-located 83

(i.e., within the same physical space) or remote 0 . Since it may be difficult to
achieve a synchronous hybrid user interface with remote interaction components,
all the records we surveyed were exclusively co-located. An asynchronous hybrid
user interface with remote interaction components may be feasible but would
likely forfeit potential benefits gained from any combination of complementary
devices (cf. [56]). Instead, we see the potential of such remote combinations in
collaborative scenarios with multiple user having individual interaction components
relationships. Potential remote collaboration scenarios might include individual
hybrid user interfaces per location and user (e.g., a HWD to visualize data in AR
and a handheld device for precise input): Here, the AR visualization could be
shared and synced, while the handheld devices allow individual manipulations.
However, such scenarios might also require user representations (e.g., to create
awareness), a communication channel, and a merge policy for conflicting input.

Dimension 7: Interaction Dynamics

Since systems in our corpus are intentionally spread across multiple interaction
components, the interaction dynamics describe how each interaction component
can interact with a system. Building on the BISHARE [431] design space, which
classified interaction concepts as either HWD-centric or phone-centric, we identified
three kinds of dynamics:

An
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8

Unidirectional (2D-centric) 35 dynamics, which signifies that input is only
possible from the 2D interaction component. Examples include touch input [66,
179, 229], mouse & keyboard input [122, 211, 310], or using 2D interaction
component as spatial controller [225, 259] (see Figure 3.4 2D→MR).

Unidirectional (MR-centric) 4 indicates that it is only possible to use input
modalities provided by the MR environment, such as controller [190, 240, 355]
or mid-air gestures [195] (see Figure 3.4 MR→2D).

Bidirectional 44 dynamics indicate that all interaction components can interact
with the system equally, for example, by switching between 2D and 3D sketch-
ing [104], visualizations [289], or transferring content [358, 413].
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Dimension 8: Anchoring

This dimension describes where the content is placed in the MR environment.
We extended the design space by Reichherzer et al. [330], which categorizes
content as either world-fixed or device-fixed. In addition, previous taxonomies
have explored anchoring in more detail (e.g., semantic and spatial coupling in
world-fixed content [108], content layout of device-fixed content [72, 325]),
which we consider out of scope for this taxonomy. Our corpus is split almost
equally between three general anchoring techniques:

Component-coupled 26 anchoring relates content within the MR environment
to the 2D interaction components (device-fixed [330]). To create the illusion of
spatial awareness and proper alignment of 2D interaction components, component-
coupled usually involves spatial calibration of the 2D interaction component for
stationary devices or active tracking for mobile platforms. Augmented displays and
VESADs always involve a component-coupled anchor, while other systems require
knowledge about the 2D interaction component for transferring content [355].

Free 30 anchoring describes MR content that is independently placed in the
world or attached to real objects in the environment (world-fixed [330]). This
can be used when the 2D interaction component is not directly related to the
MR environment, for example, when providing a menu in the 2D interaction
component [104, 394] or a simplified but detached view of the MR content [44,
289].

Dynamic 27 anchoring may support both component-coupled and free anchoring.
Previous work has explored this approach in terms of transferring content from a
2D interaction component to the MR environment or vice versa [179, 413, 431]
or for cutting through 3D models [225, 259].

3.4.2 Emergent Trends and Opportunities

To discover possible usage patterns of different configurations, we look at the
distribution and trends of dimensions 2–8 across the configuration dimension (see
Figure 3.5). We can thus identify several trends:

1. Spatial distribution configurations (including augmented display and VESADs)
have specific requirements, making them unsuitable for serial and exclusive
temporal usage as well as flexible dynamics usage. Their focus on extending
a 2D interaction component is indicated by the lack of systems that demon-
strate unidirectional (MR-centric) interaction dynamics and free anchoring.

2. Migratory configurations can be used regardless of their temporal dimen-
sion, but have only been explored so far within single-user systems. In this
configuration, all interaction components appear to be equally important
for interaction, since almost every system in our corpus uses a bidirectional
interaction dynamics.



46 | 3 Hybrid User Interfaces

7 6 1 5 2 2 0 4 4 0 3 3 1 7 0 5 0 2 1 3 3

6 4 2 6 0 2 0 5 3 0 2 4 2 8 0 2 1 5 1 4 3

42 26 10 44 4 10 5 44 14 0 21 20 12 54 0 19 3 32 9 27 18

6 6 1 6 0 1 3 5 0 0 1 3 1 6 0 1 0 5 0 4 2

6 1 0 6 0 1 1 4 2 0 4 2 0 6 0 4 0 2 2 0 4

4 0 0 4 0 1 0 3 2 0 0 4 0 4 0 4 0 0 2 0 2

16 3 0 15 1 2 2 12 3 0 3 13 0 16 0 13 0 3 10 0 6 

7 6 5 11 0 0 1 10 2 0 1 4 6 11 0 0 1 10 1 3 7

7 6 1 5 2 2 0 4 4 0 3 3 1 7 0 5 0 2 1 3 3

6 4 2 6 0 2 0 5 3 0 2 4 2 8 0 2 1 5 1 4 3

42 26 10 44 4 10 5 44 14 0 21 20 12 54 0 19 3 32 9 27 18

6 6 1 6 0 1 3 5 0 0 1 3 1 6 0 1 0 5 0 4 2

6 1 0 6 0 1 1 4 2 0 4 2 0 6 0 4 0 2 2 0 4

4 0 0 4 0 1 0 3 2 0 0 4 0 4 0 4 0 0 2 0 2

16 3 0 15 1 2 2 12 3 0 3 13 0 16 0 13 0 3 10 0 6 

7 6 5 11 0 0 1 10 2 0 1 4 6 11 0 0 1 10 1 3 7

7 6 1 5 2 2 0 4 4 0 3 3 1 7 0 5 0 2 1 3 3

6 4 2 6 0 2 0 5 3 0 2 4 2 8 0 2 1 5 1 4 3

42 26 10 44 4 10 5 44 14 0 21 20 12 54 0 19 3 32 9 27 18

6 6 1 6 0 1 3 5 0 0 1 3 1 6 0 1 0 5 0 4 2

6 1 0 6 0 1 1 4 2 0 4 2 0 6 0 4 0 2 2 0 4

4 0 0 4 0 1 0 3 2 0 0 4 0 4 0 4 0 0 2 0 2

16 3 0 15 1 2 2 12 3 0 3 13 0 16 0 13 0 3 10 0 6 

7 6 5 11 0 0 1 10 2 0 1 4 6 11 0 0 1 10 1 3 7

7 6 1 5 2 2 0 4 4 0 3 3 1 7 0 5 0 2 1 3 3

6 4 2 6 0 2 0 5 3 0 2 4 2 8 0 2 1 5 1 4 3

42 26 10 44 4 10 5 44 14 0 21 20 12 54 0 19 3 32 9 27 18

6 6 1 6 0 1 3 5 0 0 1 3 1 6 0 1 0 5 0 4 2

6 1 0 6 0 1 1 4 2 0 4 2 0 6 0 4 0 2 2 0 4

4 0 0 4 0 1 0 3 2 0 0 4 0 4 0 4 0 0 2 0 2

16 3 0 15 1 2 2 12 3 0 3 13 0 16 0 13 0 3 10 0 6 

7 6 5 11 0 0 1 10 2 0 1 4 6 11 0 0 1 10 1 3 7

7 6 1 5 2 2 0 4 4 0 3 3 1 7 0 5 0 2 1 3 3

6 4 2 6 0 2 0 5 3 0 2 4 2 8 0 2 1 5 1 4 3

42 26 10 44 4 10 5 44 14 0 21 20 12 54 0 19 3 32 9 27 18

6 6 1 6 0 1 3 5 0 0 1 3 1 6 0 1 0 5 0 4 2

6 1 0 6 0 1 1 4 2 0 4 2 0 6 0 4 0 2 2 0 4

4 0 0 4 0 1 0 3 2 0 0 4 0 4 0 4 0 0 2 0 2

16 3 0 15 1 2 2 12 3 0 3 13 0 16 0 13 0 3 10 0 6 

7 6 5 11 0 0 1 10 2 0 1 4 6 11 0 0 1 10 1 3 7

7 6 1 5 2 2 0 4 4 0 3 3 1 7 0 5 0 2 1 3 3

6 4 2 6 0 2 0 5 3 0 2 4 2 8 0 2 1 5 1 4 3

42 26 10 44 4 10 5 44 14 0 21 20 12 54 0 19 3 32 9 27 18

6 6 1 6 0 1 3 5 0 0 1 3 1 6 0 1 0 5 0 4 2

6 1 0 6 0 1 1 4 2 0 4 2 0 6 0 4 0 2 2 0 4

4 0 0 4 0 1 0 3 2 0 0 4 0 4 0 4 0 0 2 0 2

16 3 0 15 1 2 2 12 3 0 3 13 0 16 0 13 0 3 10 0 6 

7 6 5 11 0 0 1 10 2 0 1 4 6 11 0 0 1 10 1 3 7

7 6 1 5 2 2 0 4 4 0 3 3 1 7 0 5 0 2 1 3 3

6 4 2 6 0 2 0 5 3 0 2 4 2 8 0 2 1 5 1 4 3

42 26 10 44 4 10 5 44 14 0 21 20 12 54 0 19 3 32 9 27 18

6 6 1 6 0 1 3 5 0 0 1 3 1 6 0 1 0 5 0 4 2

6 1 0 6 0 1 1 4 2 0 4 2 0 6 0 4 0 2 2 0 4

4 0 0 4 0 1 0 3 2 0 0 4 0 4 0 4 0 0 2 0 2

16 3 0 15 1 2 2 12 3 0 3 13 0 16 0 13 0 3 10 0 6 

7 6 5 11 0 0 1 10 2 0 1 4 6 11 0 0 1 10 1 3 7

Symmetric Mirror

Asymmetric Mirror

Logical Distribution

Remote Control

Dynamic Lens

Augmented Display

VESAD

Migratory Interface

Co
nfi

gu
ra

ti
on

s
7

8

54

6

6

4

16

11

123667

Para
lle

l

Se
ria

l
Exc

lusiv
e

71272

Sin
gle

Multi 
- In

divi
dual

Multi 
- S

hare
d

023656

Near
Perso

nal

So
cia

l

Public

154027

Fix
ed

Se
mi-F

ixe
d

Fle
xib

le

083

Co-Lo
ca

ted

Remote

35 444

2D    
  M

R

MR    
  2

D

Bidire
cti

onal

302726

Comp. C
oupled

Fre
e

Both

Temporal Relation. Range Dev. Dep. Space Int. Dyn. Anchoring
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3. Unidirectional (MR-centric) interaction dynamics is only used in configura-
tions that make use of the extended 3D capabilities of the MR interaction
component (i.e., asymmetrical mirror, logical distribution, and migratory
interface).

4. Although early work focused mainly on exploring complementary combina-
tions in general logical distributions, the increase in hardware sophistication
is reflected in an increase in configuration diversity: For example, symmetric
configurations only appeared around 2016, while remote control configu-
rations appeared around 2020. Since hybrid user interfaces address an
ever-shifting window of opportunity of contemporary hardware capabilities,
the choice of possibilities is determined by the available hardware. We
expect that new hardware will lead to novel combinations, creating new
hybrid user interface configurations.

We can also identify research opportunities by looking at gaps in current usage:

1. Hybrid user interfaces have been exclusively explored in co-located spaces.
Although this can be partially attributed to the focus on single-user systems,
several systems already demonstrate the potential of hybrid user interfaces
for collaboration. Similarly, we can see a lack of systems within public
range. In both cases, future research could explore the distinct roles of
each interaction component in these settings (e.g., territoriality, establishing
shared and private spaces).

2. Only few systems have explored how to interact with 2D interaction compo-
nents using the MR interaction component (MR-centric interaction dynamic).
We see the potential in either public scenarios (e.g., avoiding hygienic is-
sues) or dynamically enabling remote interaction with 2D interaction com-
ponents [173]: Here, a symmetric configuration may be useful to offer
complementary interaction possibilities.
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3. We attribute the lack of systems with near range to current MR hardware
limitations. For example, the limited field of view makes it hard to augment
smartwatches. However, near devices could provide a complementary inter-
face to MR HWDs by providing at-a-glance information (cf. [41]) or touch
interaction.

4. Since the logical distribution configuration represents a substantial amount
of records in our survey, we see potential to further differentiate this con-
figuration. Although such a fine-grained analysis exceeds the scope of this
work, future hybrid user interfaces might help to reveal additional patterns.

3.4.3 Edge Cases

We discovered edge cases that were not unambiguously covered by our exclusion
criteria (see Section 3.2.3). We categorize these edge cases into three themes,
discuss how they fit into our taxonomy, and sketch potential future directions.

Collaboration with asymmetric devices. One of our exclusion criteria (see
Section 3.3.2) was a collaboration with asymmetric devices (i.e., applications
where users can interact only with one device in total). However, such systems
can be situated within the cross-device taxonomy [56] and even be classified as
“hybrid”, with one user on a tablet and one in AR [144, 253, 297]. We believe
that many of our key characteristics are not applicable to such systems. Although
collaborative systems with asymmetric devices might still provide valuable insights
for hybrid user interfaces, we argue that this would dilute our current focus on
cross-device (as opposed to “cross-user”) interaction. Instead, we see them as part
of the research field of cross reality environments (see Section 2.4).

Reproducing reality and virtual reality. To avoid limiting our survey to currently
available technologies, we also considered systems that simulate or reproduce
reality, such as VST HWDs. Such device combinations are commonly used to over-
come the limitations of current OST AR HWDs (e.g., increased field of view [292],
avoiding different focal planes [154, 407]), evaluate systems in scenarios that are
difficult to reproduce in reality [202] (e.g., supermarkets [107]), or even simu-
late hardware capabilities that were not feasible at the time of publication (e.g.,
(transparent) tablets [225, 380]). Although this can negate some of the benefits
of hybrid user interfaces (e.g., high-resolution displays of current mobile devices
are limited by the clarity of VST HWDs), their conceptual application design
contains valuable insights for the complementary use of interaction components,
regardless of the technology used. By extension, we consider combinations that
employ a VR environment if they demonstrate complementary use of interaction
components according to our attributes, such as using a tablet in VR [104, 375].
In contrast, we excluded papers that did not fulfill our attributes, such as ones
that do not establish a mutual dependency between the virtual environment and
the simulated device [107].
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Tangible interaction without visual output. Mobile devices combined with
AR HWDs have great potential for tangible interaction techniques that do not
necessarily rely on the device’s visual output [372]. This can be useful to extend
the interaction design space. However, as they do not fulfill our attributes (i.e.,
standalone 2D interaction component), we excluded records that do not rely on
the mobile device’s screen. We see such systems in another subset of hybrid user
interfaces, at the intersection between the broader field of hybrid user interfaces
and tangible interaction [192], which map digital interactions to dedicated real-
world objects.

3.5 How Are Mixed Reality Hybrid User Interfaces Used?

In this section, we take a closer look at how hybrid user interfaces are used
throughout our literature corpus. We highlight findings of our corpus in terms of
previously used terminology (Section 3.5.1), use cases (Section 3.5.2), devices and
combinations (Section 3.5.3), contribution types (Section 3.5.4), and evaluation
strategies (Section 3.5.5). Finally, we discuss our survey results and provide a
summary of insights (Section 3.5.6).

3.5.1 Terminology

We extracted the terminology used by each publication to better understand
the terms used to describe hybrid user interfaces. Overall, we found that the
author’s terminology touched the following areas: Hybrid User Interface 22 ,
referring to the term introduced by Feiner and Shamash [122]; Hybrid ‹other› 16 ,
referring to areas such as hybrid computing environment, hybrid display system, or
hybrid setup; Cross-Device 17 and Cross Reality Interaction 8 , relating to the
adjacent research areas; Multi-Device Interaction 10 , describing a setup related
to cross-device interaction; Augmented Displays 4 , predominately used by
Reipschläger et al. [334]; Transitional User Interface 2 , used in relation to cross
reality collaboration or hybrid user interfaces. In addition, several records used a
variety of other terms 8 , such as compound environment, display combination, or
multimodal interaction. Lastly, the rest had no explicit terminology 11 .

3.5.2 Use Cases

We analyzed usage scenarios as described by the papers in our corpus and further
clustered them into common use cases. The most prominent use case was the
area of visual analytics 26 , ranging from abstract visualization for immersive
analytics [76] (e.g., [66, 82, 179, 229, 335, 345]), dashboards [394], user study
analysis [186, 289], and scientific visualizations [4, 43, 259]. This is unsurprising,
since concepts such as multiple-coordinated views are widely established and
lend themselves well to configurations such as the asymmetric mirror. This also
partially overlaps with the medical 4 domain, which uses hybrid user interfaces
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for 3D examination [4, 43, 259] and surgery [190]. Another popular use case is
3D modeling 11 [333, 334, 375], in which we include 3D sketching [8, 104].
Several records present the area of development and authoring 7 , including
development toolkits [142, 289, 330] or programming-related tasks [34, 336,
343, 396]. We attribute several records to general productivity 11 tools, such as
window management [122], extending desktop configurations [211, 309, 310],
file transfer [358], or general user interface improvements [49, 205, 217]. We also
found several records in domains such as gaming 4 [281, 386], entertainment 4

(e.g., music [113, 219], television [15, 207]), collaboration 6 [68, 131, 337,
354], or text entry 5 [20, 154, 225]. Lastly, the remainder had study-specific 6

or other 11 use cases.

3.5.3 Devices and Combinations

As publications in our corpus combine multiple interaction components (i.e.,
devices) in a complementary way, we recorded device technologies and their most
common combinations (see Figure 3.6). For records that did not have specific
terminology to describe their hardware (e.g., [380]), we used current terms based
on the dimensions of the device.

In terms of MR interaction components, AR HWDs 63 were the most com-
mon device technologies, with a large part of systems using OST AR HWDs 50

and others using VST AR HWDs 13 . For handheld AR 11 , we differentiate
between handheld AR on smartphones 6 and handheld AR on tablets 5 .
Other types of AR systems were less common, such as projector-based spatial
AR 4 , stereoscopic projections 2 , and CAVEs 2 . Lastly, since we also included
VR environments, our corpus contained systems with VR HWDs 13 .

For 2D interaction components, we observed a similar spread between avail-
able device technologies: Several systems used mobile platforms 55 such as
smartwatches 5 , smartphones 21 , tablets 22 , and laptops 7 . Stationary
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interaction components 48 were almost as common, including desktops 24 ,
projectors 6 , large displays 8 (e.g., wall-displays), and tabletops 10 .

Looking at the device combinations (see Figure 3.6 (left)) over the years, we
can observe an increase in device variation as more new form factors become
available. This proliferation has resulted in a variety of device combinations (see
Figure 3.6 (right)), with a focus on HWDs, although other MR devices were also
used. Most often, 2D interaction components were represented by handheld
devices (e.g., smartphones), or desktop interaction components. The usage of
AR OST HWDs was preferred for the described 2D interaction components. For
smartwatches, there is a preference for AR VST HWDs 4 , probably because
their field of view is more suitable for this form factor (cf. [292]).

3.5.4 Contribution Types

We classified papers in our corpus following the definition of
Wobbrock and Kientz [410] (see Figure 3.7). As some papers provide more than
one contribution (e.g., an artifact that was used as an apparatus in an empirical
user study), we distinguish between primary and secondary contributions and
report the results accordingly (i.e., 15 / 4 ).

Artifact 56 / 8 contributions manifest new knowledge in a design-driven ap-
proach creating new systems, tools, and techniques. See Section 3.5.3 for further
descriptions of, for example, device combinations used to create artifacts.

Empirical 20 / 9 contributions provide new knowledge in an evaluation-driven
approach based on user studies. See also Section 3.5.5 for descriptions of evalua-
tion strategies.

Theory 6 / 5 contributions improve existing concepts, creating frameworks.
We consider thorough descriptions of design spaces as theoretical contributions.

Method 1 / 1 contributions create new knowledge that informs how
researchers carry out their work.

Two papers in our corpus [229, 431] are each categorized with a single primary
contribution and two equivalent secondary contributions: Both present a design
space as their main contribution (theory), followed by a system (artifact) used as
the apparatus of a user study (empirical).

No papers were classified as datasets, surveys, or opinion contributions (see
Figure 3.7). This is not surprising, as we focused on actual systems, which resulted
in most artifact and empirical contributions. Similarly, some of the papers that
could fulfill the criteria of other types of contribution were not considered, as they
typically did not meet the eligibility criteria of our survey. Five papers contributed
a theoretical contribution (i.e., a design space [229, 431]), showing that design
spaces can be a way of exploring this nascent research area without necessarily
implementing an extensive system or study apparatus.
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3.5.5 Evaluation Strategies

For papers that provided a primary or secondary empirical contribution, we coded
their evaluation strategies as proposed by Ledo et al. [232] (see Figure 3.7). Most
papers featured one empirical contribution, others combined multiple user studies
with different strategies.

The most common evaluation strategies within our corpus were empirical user
studies that examine how users interact with a system 55 . In their cross-device
taxonomy, Brudy et al. [56] further split this evaluation strategy into qualitative
and quantitative usage and informative (observational and elicitation) evaluations:
While usage 37 focuses on the usability and usefulness of the system and how it
is appropriated [56], informative 18 evaluations involve studies that precede and
inform the development of a system, involving users in the design process [56].
Demonstrations 16 are used to describe how systems are employed in an actual
use case scenario but do not necessarily involve a real system implementation. In
contrast, technical performance 4 evaluations (cf. technical evaluation [56])
focus on benchmarking an implemented system in terms of its technical capabilities.
Lastly, several systems did not include any kind of evaluation 18 . Similarly, we
did not observe any kind of heuristics 0 evaluation (i.e., using guidelines to
analyze usability), which could be attributed to the lack of appropriate guidelines
for hybrid user interfaces.

3.5.6 Summary of Insights

We present four main insights from our literature survey.

Term Fragmentation. Our corpus shows that terminology in prior research is
mostly evenly split between hybrid user interfaces 22 and cross-device interac-
tion 17 , while the emergent area of cross reality 8 is gaining traction. A large
number of eligible records 35 in this survey were found in adjacent research areas,
barely mentioning such hybrid device combinations and thus making it difficult to
search for and identify relevant prior work. This fragmentation is also reflected
in their specificity, ranging from rather broad (e.g., cross-device interaction 17 ,
multi-device interaction 10 ) to very narrow (e.g., hybrid ‹other› 16 ) descriptions.
While broad terms encapsulate a breadth of unrelated systems, overly specific
denominators may lead to fragmentation and could impede the understanding of
the field.

A similar fragmentation can be seen in the use of terminology to describe design
dimensions. Although the cross-device taxonomy [56] provides an appropriate
framework, we adapted many dimensions to better capture the unique design
dimensions of hybrid user interfaces. Many useful terms that apply to hybrid
user interfaces are hidden within artifact contributions (e.g., anchoring [330],
dependency [431], configurations such as augmented display [334, 336], and
VESADs [292]).
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Parallel usage is predominant. We found that parallel usage of multiple in-
teraction components is by far the most predominant design choice. We think
the reasons are twofold. (1) Parallel usage offers greater design possibilities. In
contrast, exclusive (and to some extent serial) usage considers one interaction
component at a time, thus limiting the design potential. (2) As the time between
using different interaction components exclusively increases, it becomes harder to
see the whole system as one coherent interface – and harder to classify. Systems
with exclusive usage might be better described as cross reality, which is concerned
with the general usage of multiple systems in different “realities”.

Optical see-through is the prevalent hardware choice, despite its drawbacks.
AR HWDs 63 were the most common MR interaction component. Although
current VST HWDs 13 offer a wider field of view for digital content [292], the
use of OST HWDs 50 was much more prevalent. We attribute this to (1) the
unrestricted real-world field of view of OST HWDs greatly facilitating interaction
with 2D interaction components; (2) using OST HWDs further emphasizes the
complementary nature of hybrid user interfaces, as the addition of a secondary
interaction component offsets the drawbacks of the AR HWD; and (3) VST HWDs
having only recently matured enough to be used in conjunction with other devices
(e.g., in terms of text legibility due to limited pass-through resolution). We
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also observed a steady increase in empirical contributions over the past years,
indicating that the hardware is now mature enough to conduct studies that are
not confounded by hardware restrictions.

Lack of collaborative systems. Our corpus shows a distinct lack of multi-user
systems 19 , especially within public spaces 0 . Although there is a great deal
of work in the field of computer-supported cooperative work (CSCW) for collab-
oration across asymmetric devices – which we intentionally excluded from our
survey – we see great potential in the use of hybrid user interfaces in collaborative
scenarios.

3.6 Chapter Conclusion

This chapter establishes a consistent terminology and conceptual understanding
of hybrid user interfaces that combine 2D devices with MR-enabling devices,
providing the foundation for the remainder of this thesis. Based on the historical
usage of the term “hybrid user interface”, we derived a working definition and
identifying attributes for the structured literature survey. This, in turn, allowed
us to establish a taxonomy of key characteristics of hybrid user interfaces that
captures their diversity across a wide range of application domains.

The taxonomy provides an overarching framework for contextualizing the
exemplars presented in Part II, providing a common foundation through which
the exemplars can be connected. Although exploring the entire design space far
exceeds the scope of this thesis, these exemplars offer in-depth investigations of
key aspects. The exemplars thus serve as a foundation for deriving initial design
principles to support fluid interaction in immersive analytics.

Additionally, this chapter highlighted emerging trends and challenges in the
design of hybrid user interfaces. Our survey shows that immersive analytics is
one of the most prominent and promising application areas, stressing the need
for appropriate design principles. While these findings remain exploratory at this
stage, Part III will integrate insights from this survey and the presented exemplars
into a broader synthesis of design insights and research implications.
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Figure 4.1: STREAM combines spatially-aware tablets with augmented reality
head-worn device for visual data analysis. Users can interact with 3D
visualizations through a multimodal interaction concept, allowing for
fluid interaction with the visualizations.

4.1 Chapter Context

Supplemental
Video

Research on hybrid user interfaces often emphasizes leveraging the strengths
of one device to compensate for the limitations of another. This often involves
focusing on specific input or output modalities, such as using a secondary device
solely for text input [153, 154] or display quality [19]. In contrast, this chapter
takes a holistic approach by exploring a hybrid user interface that utilizes the
wide range of input modalities available when combining a tablet with an AR
HWD. Given the hardware limitations of the HoloLens 1 at the time, we instead
leverage the potential of contemporary tablets to track themselves in space.

The resulting STREAM (Spatially-aware Tablets combined with Augmented Re-
ality Head-Worn Devices for Immersive Analytics) prototype focuses specifically
on multimodal interaction with 3D visualizations (see Figure 4.1). We use an
established 3D parallel coordinates visualization that consists of individual linked
2D scatter plots (cf. [66, 88, 89]), which is well-suited for demonstrating 2D inter-
action (e.g., configuring scatter plots) as well as 3D interaction (e.g., visualization
layout), contributing to RO2: Task Allocation. Here, the spatially-aware tablet
offers familiar touch interaction with the visualization itself, while the tablet’s
spatial-awareness and the HWD’s head-gaze and egocentric navigation can be
used for interacting within the 3D scene. To bridge the gap between tablet and
AR environment, we developed a novel eyes-free interaction concept for fluid
interaction [111], contributing to RO3: Interaction Techniques: This allows
users to interact with the tablet while observing the immediate effects in the AR
visualization, without incurring the cost of switching between different output
modalities [151]. Furthermore, our prototype supports a seamless transition be-
tween the tablet’s display and the AR environment by merging the AR visualization
with the tablet’s display, contributing to RO1: Transitioning Between Devices.

While STREAM was previously submitted as my Master’s thesis and later
revised for publication, it served as my (and thus, this thesis’) prelude into hybrid
user interfaces and ultimately resulted in the research objectives of this thesis. As
a result, it is the only exemplar in this thesis that addresses all research objectives.

https://youtu.be/BtwAbytRrJQ
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4.1.1 Research Questions

Since our prototype contains many unknown design elements with little prior
research, we aimed to assess the feasibility of our concept and uncover initial
usability problems. Thus, we evaluated our prototype in a user study to investigate
three research questions:

RQ1.1 Use of Spatially-Aware Tablet.
How can a spatially-aware tablet complement interaction within
an AR environment?

RQ1.2 Multimodal Interaction.
In what ways can a multimodal hybrid user interface facilitate
fluid interaction in immersive analytics scenarios?

RQ1.3 System Usability.
Do the interaction techniques implemented in STREAM support
effective and usable interaction for hybrid user interfaces?

Although hybrid user interfaces inherently involve multimodal interaction
due to combining different devices, this chapter specifically explores how to fully
leverage and incorporate available input modalities in one system, which enables
unique interaction design opportunities.

4.1.2 Multimodal Interaction

There is a large body of research demonstrating the general benefits of multimodal
interactions, such as better accessibility [301], better flexibility [230], and better
task performance [302] as users can choose the best input modality for a given
task, as well as more reliability, as users may fall back to alternative input modali-
ties [300]. With regard to information visualizations, multimodal interaction can
offer unique interaction opportunities [238] and make visualizations accessible to
a broader audience [237]. Research has shown the benefits of touch interaction in
immersive environments [73], such as greater reliability for fine-grained interac-
tion, and explored the combination of touch with other input modalities, such as
natural language input when interacting with a network visualization [340, 370],
proxemic interaction by rearranging tablets to interactively build and manipulate
visualizations [228], pen and speech for interacting with different visualization
types [369], and tangible interaction with a spatially-aware tablet for performing
3D selections [35].

4.1.3 Eyes-Free Interaction

However, hybrid user interfaces may require users to switch between different
output modalities (i.e., mobile device and AR HWD during serial temporal usage),
which can be costly [151]. To address this, eyes-free interaction – allowing
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users to interact with a device (i.e., tablet) with minimal intrusion on their visual
attention [419] – could leverage the benefits of the tablet as input modality without
incuring transitioning costs. Although eyes-free interaction has been employed
on a variety of devices (e.g., phones [25, 252, 294], wearables [52, 312, 412])
and has shown to be beneficial when interacting with large data visualizations via
a smartwatch [173], we found no prior work investigating eyes-free interaction
within hybrid user interfaces.

4.2 STREAM

We created STREAM (Spatially-aware Tablets combined with Augmented Reality
Head-Mounted Displays) as a proof of concept to investigate the combination of
spatially-aware tablets with AR HWDs for multimodal interaction with 3D data
visualizations. We chose an established 3D parallel coordinates visualization that is
easy to understand (cf. [66, 88, 89]), allowing us to study our interaction concepts
without confronting users with both the complexity of a novel visualization and
novel interaction concepts. Although our interaction concept relates to the unique
challenges afforded by this particular 3D visualization, we are confident that our
findings can be applied to other 3D visualizations as well (e.g., heatmaps). The
following sections describe the visualization, device responsibilities of our tablet
and AR HWDs, interaction design, and prototype implementation. Our prototype is
also freely available as open source project1.

4.2.1 Visualization

STREAM uses a 3D parallel coordinates visualization consisting of linked 2D
scatter plots (see Figure 4.2), allowing users to interactively explore a multidi-
mensional data set. Scatter plots can be individually placed anywhere within
the AR environment and links can be established between any two scatter plots
(barring circular connections). Each link represents a set of lines, and each line
represents a multidimensional record from the data set that is shot through the
scatter plots and manipulated by the same (in terms of position, color, visibility).
Links in STREAM are directional (as indicated by particle effects beneath each
link), allowing users to progressively reduce or combine subsets of the data, akin
to a stream of data. To preserve line connections, missing values are placed in a
dedicated area beneath each axis and are further highlighted with a dashed line.

Scatter plots manipulate the data (and thus, lines) by defining their position
and color, but can also filter out items for subsequent connections. For color
and filtering, users can toggle different attributes for each scatter plot and define
selections within each scatter plot. Each selection has either one of eight predefined
solid colors, or one of four predefined color gradients. Furthermore, each scatter
plot has three attributes: filter, colorize, and sort. The filter attribute determines
if a scatter plot’s selections remove data items not contained within a selection

1https://github.com/hcigroupkonstanz/STREAM

https://github.com/hcigroupkonstanz/STREAM
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Figure 4.2: The visualization in STREAM is composed of linked 2D scatter plots.
(a) A scatter plot contains separate areas beneath each axis for missing
values. Data selections can filter or colorize the data, depending on
the scatter plot’s attributes, which are displayed in an info panel (top
right). (b) Scatter plots can be linked together. Links are directional,
meaning that the data flows from one scatter plot to the next (here:
left to right), allowing users to progressively filter the data.

from subsequently connected scatter plots; the color attribute colorizes data items
based on their current selection for all connected scatter plots (i.e., only one scatter
plot can have the color attribute enabled), allowing for a linking & brushing
approach [208]; lastly, the sort attribute discards the scatter plot’s X-axis in favor
of sorting the data items by their Y-axis values. Similarly, each link can also
have the color attribute: When active, the data is colored based on the relative
differences between the two connected scatter plots (e.g., green for increasing,
red for decreasing values).

4.2.2 Device Responsibilities

To make full use of the AR HWD and the spatially-aware tablet, each component
of our 3D visualization (i.e., scatter plot, link) has a representation in the 3D AR
scene, and a 2D counterpart suitable for viewing on the tablet (see Figure 4.3).
The 2D visualization always matches the user’s perspective on the 3D visualization
(e.g., 2D scatter plot is flipped horizontally when users looks at 3D scatter plot
from behind). Both representations are synchronized in real time, thus offering
fluid interaction across devices that leverages the unique benefits of each device
(cf. [66]).

The AR HWD is suited for viewing and interacting with 3D visualizations,
thanks to its stereoscopic output and egocentric navigation (cf. [222]). We there-
fore employ many of its available input modalities (i.e., head-gaze, egocentric
navigation) for tasks that require 3D input (e.g., positioning of scatter plots). While
the by default available mid-air gestures are also suited for 3D input, we chose
to forgo mid-air gestures in favor of concentrating on the tablet interaction. In
addition, our choices were also influenced by the technical restrictions of available
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(a) (b)

Figure 4.3: 2D visualization views on the tablet. The back button allows users
to return to the main menu. (a) When a scatter plot is selected,
users can draw selections directly in the scatter plot, or click on the
label beneath each axis to change dimensions. (b) When a link is
selected, users see a simple parallel coordinates similar to looking
at the selected link from the side. Here, users can create vertical
selections on each side (i.e., scatter plot), or change the Y-dimension
of the two connected scatter plots.

hardware (i.e., Microsoft HoloLens 1). Although we used head-gaze in this specific
scenario, our concepts are responsive and work with both head-gaze and eye-gaze,
depending on what is available.

In contrast to the ARHWD, the spatially-aware tablet excels in viewing and inter-
acting with 2D information, thanks to its high-resolution display and touch-based
interactions. It is therefore suitable for 2D interaction (e.g., creating selections),
but can also assist in tasks that require 3D input, thanks to its spatial awareness.
The 2D display can also be beneficial when investigating relative differences, as
the simplified 2D representation (see Figure 4.3(b)) removes any perspective
distortion that can occur in a 3D scene.

4.2.3 Interaction Design

The following paragraphs illustrate our interaction design to control the previously
described visualization.

Selection. STREAM uses a selection-based interaction approach, meaning that
users may only interact with one object (i.e., scatter plot or link) of the visualization
at a time. To better distinguish between the objects, all scatter plots receive one of
eight colors upon creation, as indicated by a colored frame. The current selection
is highlighted by particle effects in AR and by the tablet’s matching background
color scheme (see Figure 4.4(a)) – or gray, if a link is selected. Furthermore, a
line in the user’s field of view points towards the currently selected object (see
Figure 4.4(b)).
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(a) Tablet menu (b) AR HUD

(c) Tablet menu during active voice commands (d) AR HUD during active voice commands

Figure 4.4: (a) The tablet menu contains up to four large buttons that can be
clicked without looking at the tablet. Additional menu actions with
increased interaction cost are placed in the middle. The tablet’s
background color matches the color of the selected object. (b) Users
see the prominent items for eyes-free interaction on their AR HUD
around their cursor, allowing them to click on the appropriate button
on the tablet without looking down. A colored line points towards the
currently selected object. (c+d)While voice commands are active, the
AR HUD shows all available commands with their activation keyword
highlighted in green.

The current selection can be changed through the user’s head-gaze, as indicated
by an AR cursor. This allows users to quickly select objects from far away. To
mitigate the Midas touch problem, we use a long dwell time (3 s) until the selection
is confirmed. An instantly-visible loading indicator will appear around the AR
cursor and turn green once the selection is complete. Similar to Jacob [193], the
selection process is further enriched by the tablet: During selection, the tablet
will instantly display the color of the selected object. In addition, users can tap
anywhere on the tablet to skip the dwell time (gaze and commit).

Eyes-free interaction. We employ a touch-based menu (see Figure 4.4(a)) for
general system control actions (e.g., creating and deleting objects). To allow
users to observe their actions in the AR environment and avoid the cost of display
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Figure 4.5: The tablet lens is activate while holding the tablet vertically. The
scatter plot rotates to match the tablet’s 2D view of the scatter plot.

switching [151], we employ a novel eyes-free interaction concept [419] consisting
of two components: (1) The tablet menu is divided into four large prominent
areas, one for each corner: Assuming that the user holds the tablet in both hands,
each corner can be touched with the user’s thumb without having to look at the
tablet. (2) A head-up display (HUD) mirrors the actions of the tablet menu’s four
prominent areas (see Figure 4.4(b)), so that users do not have to memorize where
each action is located on the tablet. Although this approach is restricted to at most
four actions, future work could explore and compare alternative design solutions
(e.g., scrollable menu, marking menus [294], incorporate touch input beyond the
front touchscreen [231]). Additional actions are available in the middle of the
menu, which require a display switch and thus have an increased interaction cost.
We make use of this increased interaction cost for actions that require the user’s
attention (e.g., deleting scatter plot), or require the user to look at the tablet for
further action (e.g., viewing 2D visualization).

Symbolic interaction. In contrast to eyes-free interaction where users focus on
the AR environment, STREAM also offers symbolic interaction when using the
tablet as output modality. This is mainly used for scatter plot manipulation when
viewing a 2D visualization (see Figure 4.3), allowing users to directly create
selections by drawing on the scatter plot visualization (e.g., encircling clusters)
or drawing directly on an axis (e.g., selecting a range of values). This could
also be extended to support 3D selections (cf. [35]). Furthermore, the symbolic
interaction can be useful for assigning axis dimensions, where users can scroll
through a list or use the on-screen keyboard to search for specific dimensions.

Tablet lens. To decrease to cost of switching displays between the AR environment
and tablet for symbolic interaction, we make use of the tablet’s spatial awareness as
a kind of 2D lens into the AR environment: While holding the tablet vertically, the
tablet automatically displays the 2D visualization of the targeted AR object, bridg-
ing the gap between tablet and AR environment. If a scatter plot is selected, the
AR scatter plot automatically rotates to match the tablet’s position (see Figure 4.5)
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Figure 4.6: Scatter plots can be aligned to other nearby scatter plots. Dashed
blue lines indicate the alignment range to the user.

This allows users to quickly make changes using symbolic interactionwithout losing
the context of the AR environment. After activating the tablet lens, users can also
hold the tablet in a more comfortable (i.e., angled) position to interact with the
2D visualization view. Once the tablet is put back into a level (i.e., horizontal)
position, the tablet lens is deactivated and the main menu is shown.

Voice input. In addition to the eyes-free interaction, STREAM also offers voice
commands as alternative input modality for system control. Although complex
voice commands can be beneficial (cf. [369, 370]), they exceed the scope of
this work. Similarly, many actions cannot be expressed as voice commands (e.g.,
drawing 2D selections), and therefore have no counterpart. To prevent accidental
voice commands in potential collaborative settings, STREAM uses a trigger for
voice command activation: Users need to hold two fingers on their tablet to
activate voice commands. Once the system is listening, the AR HUD shows a list
of all available actions with highlighted trigger word (see Figure 4.4(d)).

Scatter plot placement. Users can place individual scatter plots anywhere within
the environment using multimodal interaction: The user’s head-gaze determines
the general position of the scatter plot, the distance can be adjusted through a
drag gesture on the tablet, and the scatter plot’s rotation is synchronized with
the tablet’s rotation. The placement can be confirmed by tapping on the tablet or
via voice command. To facilitate the comparison of relative differences between
scatter plots, users can also align scatter plots to each other: When a scatter plot
is moved near an existing scatter plot, it aligns itself to the nearby scatter plot
(see Figure 4.6). Dashed blue lines indicate the origin and range of the alignment
– by moving the scatter plot away from these lines, the alignment is canceled.
While the alignment is active, users can also hold a finger on the tablet to extend
the alignment infinitely. Once the finger is lifted, the scatter plot is automatically
placed at its current position.
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Figure 4.7: For the spatially-aware tablet, we attached Vive trackers to an iPad
with the help of a custom 3D printed mount. Two trackers provide
stable tracking, regardless of the tablet’s orientation. The tablet’s
screen demonstrates the focus mode and thus only shows a single
button to minimize distractions for the user.

Linking. STREAM uses the head-gaze and commit input model to establish links
between scatter plots. When a scatter plot is selected, users can create a new
link via the main menu, starting from the selected scatter plot; a preview of the
new link then follows the user’s head-gaze in AR and snaps to valid scatter plots.
Lastly, the connection can be canceled or confirmed either by touching the tablet,
or via voice command. The links can also be inverted via the system control menu.

Focus mode. Because the AR interaction hints may be distracting when analyzing
the data, STREAM offers a focus mode in the main menu which disables the eyes-
free interaction by hiding both the AR HUD and removes any interaction elements
from the tablet, save for a small central button to turn off the focus mode (see
Figure 4.7). While in focus mode, users can still use voice commands for system
control actions or use the tablet lens to quickly manipulate a scatter plot.

Proxemic interaction. STREAM also offers subtle, implicit proxemic interac-
tions [17]: Small text only appear when a user is close; icons and text such as
dimension labels will automatically rotate towards users in vicinity; and links will
disappear if the user is standing inside them. We decided against any explicit
proxemic interactions, as they may be hard to interpret for users [12, 228].

4.2.4 Prototype Implementation

We chose the Microsoft HoloLens 1 as AR HWD for STREAM, as it allows users to
move around freely and allows users to quickly glance at their tablet. To compen-
sate for the limited augmented field of view, the visualization size (20 cm) is a
trade-off between fitting well within the user’s sight, yet large enough to guarantee
readability. For the tablet we chose an Apple iPad Pro 2017 (2048×1536 pixels,
9.7′′, 437 g) with a custom 3D printed frame for mounting two HTC Vive Trackers
20182 (see Figure 4.7), resulting in a total tablet weight of 715 g.

2Due to infrared interference between the HoloLens 1 and the Valve Lighthouses 1.0 causing
tracking issues, we used the Valve Lighthouse 2.0.
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The software uses a client/server structure using TCP andWebSockets, allowing
for real-time synchronization between all clients. We use a dedicated Windows 10
machine to process the Vive Tracker data to make the tablets spatially aware. To
unify the different coordinate systems (e.g., HoloLens, Vive Trackers), we place
a Vive Tracker on a visual marker and calibrate each client once during start-up
(cf. [14]). We used Unity 2019.1 for developing the HoloLens application and
processing Vive Tracker data, while the spatially-aware tablet runs as native web
application. Our server was written in TypeScript and runs in a multithreaded
Node.js v12 runtime. Due to limited hardware capabilities of our mobile devices
(i.e., HoloLens, iPad), the server is responsible for data processing. Similarly,
we employ GPU instancing to render all data items in AR using custom shaders
that receive position and color data via textures. This also allows us to smoothly
animate data items using compute shaders with little impact to performance.

4.3 User Study

We used STREAM to investigate in a user study how users can utilize the provided
multimodal interaction capabilities. We thus focus on three research questions:
(1) the use of the spatially-aware tablet; (2) the multimodal interaction; and (3) the
general system usability. To narrow the scope of this study, we chose a single-user
scenario with guided tasks that do not require preexisting knowledge of visual data
analysis. Additionally, we intentionally chose non-experts to shift the evaluation
focus towards our interaction concepts. We collected qualitative and quantitative
data from each participant to gain insights into the specific usage of STREAM.

4.3.1 Participants

We recruited 8 participants (4 female, 4 male) from different backgrounds (e.g.,
economics, natural sciences, psychology, history) aged between 21–27 (𝑀 =
24.13, 𝑆𝐷 = 2) from the local university. No participant had any disability hin-
dering their physical movement, no participant had any form of color blindness,
and all participants were right-handed. We asked participants to rate their experi-
ence in different topics on a scale from 0–5 (no experience – very experienced).
Participants had mixed prior knowledge concerning data visualizations and data
analysis: 4 had moderate experience (3–4) with visualizations (with 2 participants
having prior experience with 3D data visualizations), and 4 participants were
moderately experienced (3–4) with data analysis tools (e.g., R, Microsoft Excel).
Combined, only 3 participants had no experience in either data visualization or
data analysis. Prior usage of AR and VR was similarly mixed: 4 participants have
not used any AR application prior to this study, while 3 participants have not used
any VR application. In total, 3 participants had no prior experience in either VR
or AR applications. Although all participants used a smartphone on a daily basis,
only one participant used a tablet on a daily basis.



4.3 User Study | 69

Figure 4.8: Our study setup provided users with ample space to move around
(green, not visible during study). A large display was used to guide
users through the first two tasks. The experimenter (right) could
follow the participant’s progress in AR through the spectator viewer.

4.3.2 Apparatus

The study took place in a spacious room with a walkable workspace of approx-
imately 3m × 2.5m (see Figure 4.8). A large 84′′ monitor was used to convey
information about the application, and later display the participant’s tasks dur-
ing the actual study. In addition, a desk outside of the participant’s workspace
was used for filling out questionnaires and the final interview. During the study,
participants wore a Microsoft HoloLens 1 and carried an Apple iPad Pro (9.7′′)
equipped with two HTC Vive Trackers (see Figure 4.7). In addition, the STREAM
prototype was adjusted to focus on this study’s tasks: Once less than ten data
points are visible on a scatter plot, the tablet shows each data point’s exact values
in its 2D visualization; features that did not pertain to the tasks were removed
(i.e., focus mode, filter and sort attribute), resulting in a simplified user interface.
We also implemented a spectator viewer to allow the experimenter to view the
participant’s AR environment through an Apple iPad Pro (9.7′′) (see Figure 4.8).

4.3.3 Tasks and Data Set

Due to our narrow focus on evaluating STREAM’s interaction concepts with non-
experts, we opted for an artificial workflow that force participants to interact with
STREAM’s features, with tasks that resemble the workflow of similar systems. We
imported the NASA Exoplanet data set3, as its high-dimensionality is a good fit
for our visualization. To ease the burden on our participants and hardware, we
reduced the data set to 500 randomly picked planets (from approx. 4000) and
picked 22 dimensions (from 356).

3https://exoplanetarchive.ipac.caltech.edu/, last accessed 2025-05-12.

https://exoplanetarchive.ipac.caltech.edu/


70 | 4 Exemplar: STREAM

Each task required participants to create new scatter plots, choose appropriate
dimensions and selections, and link scatter plots together to find the planet that
matches the task’s description. We used four tasks, all with a similar structure:
“Find the Planet Name of the planet with the properties: Ecliptic Longitude: Between
100° and 200°; […]” Participants received step-by-step instructions to solve the
first two tasks, and on-demand support for the latter two tasks. Although no time
limit was imposed on participants, we chose tasks that were solvable in less than
30minutes total, as prolonged wear of the HoloLens can cause discomfort [73].

4.3.4 Procedure

Participants were first welcomed and provided with introductory documents,
containing information about the purpose of the user study and its procedure, a
consent form, and a demographic questionnaire. The experimenter then explained
the STREAM prototype and its visualizations to the participants, along with its
interaction concepts (e.g., eyes-free interaction). Afterwards, participants were
instructed on how to properly put on the HWD to ensure a comfortable wear and
good visibility. After the application was started remotely by the experimenter and
calibrated, participants received step-by-step instructions for the first two tasks
by showing the participants visual instructions on a large display and monitoring
their progress through STREAM’s spectator viewer on a tablet. Once participants
successfully completed the initial two tasks, they were given two similar tasks
to solve on their own (without time limit). Afterwards, the experimenter asked
participants to fill out a user experience questionnaire [352] and conducted a semi-
structured interview. Participants then received monetary compensation for their
time. In total, study duration ranged between 40–90minutes (𝑀 = 67min, 𝑆𝐷 =
16min), with participants spending between 24–50minutes (𝑀 = 31.14min,
𝑆𝐷 = 9.6min) using STREAM: Some participants went straight for the goal,
while others playfully engaged with the application to solve the problem. One
participant aborted the study after the second task due to simulator sickness, but
still took part in the questionnaire and interview.

4.3.5 Data Collection

We collected audio data from a centrally placed microphone and video data from
two opposing ceiling-mounted cameras for verification of participant behavior.
Furthermore, the screen of both the participant’s and the experimenter’s tablet
were recorded. We did not record any video from the HoloLens due to significant
performance degradation. Instead, all application and interaction data was logged
on our server (e.g., user position within the room, touch input coordinates), allow-
ing for a complete reconstruction of the study. This data was supplemented by a
demographic questionnaire before the study and the user experience questionnaire
after task completion. To gain further qualitative insights, we asked participants
to use the Thinking-Aloud technique during task completion and conducted a
semi-structured interview afterwards.
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4.4 Findings

We organized our observations (using the critical incidents technique), logging
data, and user feedback using affinity diagramming to extract common themes.
We structure these themes based on our research questions of (1) the use of the
spatially-aware tablet, (2) the multimodal interaction, and (3) the system usability.

4.4.1 Use of Spatially-Aware Tablet

We specifically investigated the use of the tablet’s spatial awareness and how par-
ticipants used the eyes-free interaction concept. In addition, participants expressed
concerns about dropping the tablet during use.

Spatial awareness. The tablet’s spatial awareness was used sparingly when mov-
ing scatter plots: After placing the first scatter plot, the tablet’s spatial awareness
was quickly forgotten in favor of aligning scatter plots to each other. Participants
also thought that the tablet had to match scatter plot exactly (cf. high degree of
compatibility [27, 61]), and thus tried to hold the tablet vertically to rotate the
scatter plot. Although one participant generally appreciated the rotation feature,
the participant found the tablet uncomfortable to hold in certain positions (e.g.,
when rotating by 90°).

In contrast, the spatial awareness did play a significant role as spatial trigger
(i.e., activating tablet lens): All participants often rotated their tablet briefly into a
vertical position to switch to the tablet’s 2D visualization view, thus circumventing
a menu action (out of a total of 235 actions to activate the 2D visualization view,
127 were performed via touch and 108 via spatial trigger). Three participants
even used this spatial trigger more often than the corresponding menu action.
However, participants quickly put the tablet down into a position where the 2D
visualization was still active, yet more comfortable to hold (see Figure 4.9).

Eyes-free interaction. Every participant reported that they understood the eyes-
free interaction concept (i.e., interacting with the tablet without looking at it),

Figure 4.9: Boxplot of how long each participant held their tablet vertically during
each use of the tablet lens. Vertical lines show quartiles, individual
points show duration of each tablet lens activation.
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although two participants admitted that they still looked at the tablet out of habit.
Still, most participants appreciated the eyes-free interaction, especially due to the
large buttons: “Consciously I never had to look at the tablet […] I thought the two
big buttons on the left and right side were really intuitive and practical” – P1. Yet,
even with HUD indicators and large buttons, all participants did not feel confident
enough to use the eyes-free interaction right away: “I did actually use [the eyes-free
interaction] once I knew […] where each button is located” – P7.

Fear of dropping tablet. Participants generally appreciated having something
tangible to manipulate objects from a distance: “That you can link this with your
tablet, that’s like a kind of remote control, that’s really good” – P8. However, four
participants expressed concerns about accidentally dropping the tablet, especially
when holding the tablet in one hand (e.g., while drawing selections or using the
on-screen keyboard). Three participants found the tablet heavy when holding it
in one hand, yet upon further inquiry they indicated that this fear was not related
to the tablet’s extra weight.

4.4.2 Multimodal Interaction

For the use of multimodal interaction, we investigated four topics: (1) whether
our choice of input modalities for a given tasks were justified; (2) if and how voice
commands were used; (3) if the multimodal selection of 3D objects posed any
issues; and (4) how participants used the AR environment.

Choice of input modalities. Participants generally liked that they had the option
of using several different input modalities: “I also liked that you can speak, that you
can do that with the [HoloLens], and with the tablet and all that” – P6, and “I liked
[the different input methods], I think they were somewhat intuitive after a while”
– P5. Two participants also suggested alternatives, such as mid-air gestures for
linking scatter plots. Due to the concerns of dropping the tablet, one participant
suggested using smartphones or VR controllers for general interaction, but did
prefer the tablet for interacting with the 2D scatter plots (e.g., when creating
selections). Two participants also tried to place a new scatter plot in-between
two connected scatter plots, expecting that the existing link would automatically
adapt to include the new scatter plot. This may warrant further investigation into
utilizing proxemic interaction for more natural input (cf. [12, 228]).

Voice commands. While all participants had to perform at least one voice com-
mand as part of the introductory task, only one participant continued to use voice
commands as part of their workflow (out of 635 commands where both options
were available, only 36 were performed with voice commands). Still, three par-
ticipants appreciated that they at least had an alternative option available, but
five participants stated that they strongly preferred touch over voice: “I’m more of
a haptic person, I want to grab things with my hands” – P3 and “I think touch is
somehow more intuitive” – P5. However, four participants were open to the idea of
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using more complex voice commands (e.g., as used in [73, 370]), especially if it
saves time. Still, showing the keywords as part of the HUD proved beneficial: “I
liked that the [hints] were there […] for a voice command that I didn’t have present,
I liked that I could look at it and there it is” – P1.

Selection. Generally, participants found the selection through head-gaze easy
to use, especially in simple visualizations with few selectable objects. While
selecting scatter plots was straight-forward, selecting a link between two scatter
plots caused problems for two participants, as their hitbox (i.e., selection target)
was not apparent to the user. However, once an object was selected, it was
immediately obvious to all participants due to both the particle effects in the AR
environment as well as the tablet’s matching background color: “What I liked,
that it became instantly clear that you’re now on the green scatter plot, because your
tablet’s background was now green […] I really liked that” – P7.

To prevent the Midas touch problem, we employed a long dwell time with
immediately-visible loading indicator. As a result, all participants reported that
they never selected anything by accident, though two participants did find the
immediate change of the tablet’s background color distracting. Our logging data
confirms that if an object was being selected, users almost always either completed
the selection, or canceled the selection very early: 80% of canceled selection
attempts lasted less than 0.8 seconds (M = 0.48 s, SD = 0.59 s). Yet, some
participant did sometimes look away moments before the selection was completed,
thereby canceling the selection accidentally. Two participants therefore suggested
feedback (e.g., auditory) in addition to the existing visual feedback (i.e., indicator
turning green) when the selection has been completed.

Lastly, we investigated if participants were able to skip the selection’s dwell time
by tapping on the tablet. Even though all participants had to skip the selection at
least once as part of the tutorial, only three participants used it consistently during
subsequent tasks. However, these three participants used this skipping method
more frequently than waiting for the dwell time to complete: “That was very cool,
that I could tap on [the tablet] and then it directly finished loading, I liked that” – P7.

Figure 4.10: Boxplot showing when participants manually skipped selection, fil-
tered for participants that skiped at least once. Vertical lines show
quartiles, individual points show when a tap occurred.
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Our logging data shows that manual skips occurred on average approximately
1.5 s after the selection started (M = 1.43 s, SD = 0.7 s, see Figure 4.10).

AR environment. Seven participants liked the use of AR, as they felt safe when
moving around and felt an emotional connection to a workspace: “You still have
the feeling of somehow sitting in a workplace” – P7. One participant suggested
aligning virtual objects to real objects (e.g., walls), or put them into predefined
anchors. Two participants also felt that a large, sterile room was necessary, as
their own workspace was too small and too cluttered.

Participants generally made use of the spacious room to move around: Move-
ment was sometimes explicit (e.g., participants stepping closer to zoom in) and
sometimes implicit (e.g., slightly moving to select an object). Participants with
more complex visualization (i.e., visualizations with more links and scatter plots)
moved around more than users with less objects, suggesting that head-gaze alone
may not be sufficient for selection in complex visualizations. The option to move
around was, however, appreciated: “I like that you can move around, because
otherwise you just sit there. […] You can actively work with it” – P3.

4.4.3 System Usability

Here we focus on the general system usability and on topics such as the user
experience, the interaction with the visualization, and the use of space through
placement and alignment of scatter plots.

User experience. Participants were positive about using the system and felt that
it had “much potential” and that it was “interesting”, “cool”, but also “complex”:
“What I liked, it reacted very quickly and was always there wherever I brought it with
me” – P6, and “It was so much fun to go through these tasks with it” – P1. This is
reflected in the user experience questionnaire (ranging from -3 to 3), receiving
high scores in the hedonic qualities (stimulation: M = 2.3, SD = 0.33; novelty:
M = 2.13, SD = 0.42) and scoring well in attractiveness (M = 1.78, SD = 0.36).

Due to our artificial workflow, the task related quality aspects received mostly
lower scores (perspicuity: M = 0.88, SD = 0.92; efficiency: M = 1.25, SD =
0.08; dependability: M = 1.13, SD = 0.29). Additionally, all participants required
some time to get used to the system: “As soon as you performed each action twice
it actually was very intuitive and you could get a feel for it, I thought that was great”
– P7. This habituation period may be partially due to the “many new terms” some
participants had to learn which were “initially overwhelming”, but also due to the
novelty of an AR HWD which most participants did not experience before and a
novel interaction concept (i.e., eyes-free interaction with spatially-aware tablet).
Two participants therefore valued the initial introduction (i.e., presentation and
guided tasks), but wished for an even more interactive tutorial.

Visualization. The visualization was quickly understood by seven participants:
“First it looked very complex, but as soon as I understood the filter feature […]
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I thought it was actually very understandable” – P4. In our scenario, the 3D
visualization served as a helpful overview, with three participants mentioning that
it helped them keep track of each step and visually see how the data is reduced.

Participants also immediately understood the connection between the 2D
visualization and its AR counterpart. While the tablet’s size was appreciated when
interacting with the 2D scatter plot, five participants did expect common touch
gestures (e.g., pinch-to-zoom) to be available, which were not included due to an
overlap with the voice command activation trigger: “Intuitively I thought you could
zoom in somewhere on the tablet” – P4.

Scatter plot placement and alignment. As part of the tutorial, participants had to
place the first scatter plot at a position of their liking, and subsequent scatter plots
in a straight line to get familiar with the alignment feature. Participants instantly
grasped the multimodal interaction concept (i.e., using head-gaze, egocentric
navigation, and touch gestures) to position scatter plots. Although the alignment
was not necessary for the study’s tasks (as there was no comparison of relative
differences), the alignment was very well-received: “Especially [the alignment]
was really good, because […], once I opened a second layer, I could align the scatter
plots with the ones next to them, and then it’s clearly arranged” – P1, and “I was
very, very happy about the alignment function” – P7.

4.5 Insights and Implications

In this section, we reflect on our implementation and present design insights
(D 1.1–D1.6) to guide the development of spatially-aware touch devices in AR, as
well as research implications (I 1.1–I 1.7) for topics that need further investigation.
We structure our reflections based on our research questions of (1) the use of the
spatially-aware tablet, (2) the multimodal interaction, and (3) the system usability.

4.5.1 Spatially-Aware Tablet

Although our interaction design and study tasks did not use the tablet’s spatial
awareness to its full potential, our results are still in line with previous research:
(1) the tablet’s physical rotation was not well-understood, uncomfortable, and
overshadowed by the alignment feature (cf. [159]); and (2) our tablet lens, though
not entirely used as we intended, was quickly adapted into the participant’s
workflow as spatial trigger (cf. [27]) (D1.1). Prior research has investigated a
multitude of different spatial actions (e.g., tablet flip [375], holding a device at
different angles for different actions [294]). Here, a study could investigate the
feasibility of different spatial actions in terms of accuracy, fatigue, and speed (I 1.1).
Similarly, we chose a tablet as it provided a good trade-off between display size
for symbolic interaction and mobility for egocentric navigation. This allowed us
to interact with the 3D environment on a familiar 2D interface, which can also be
applied to more general use cases (e.g., fine-grained control of object properties,
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cf. [380]). Since our design choice was informed by prior work on mobile devices
in MR environments (e.g., [35, 375, 380]), we did not compare our approach
against alternative devices (e.g., VR controllers, mid-air gestures) or device sizes.
Further studies are necessary to compare different approaches for interacting
with 2D visualizations on different devices regarding accuracy, fatigue, and task
completion time (I 1.2).

Furthermore, our eyes-free interaction concept allowed users to concentrate on
the AR environment, while also providing some of the benefits of touch interaction,
such as haptic feedback (D1.2). However, our eyes-free interaction technique
has inherent design limitations, as it occupies most of display space for the large
buttons and is limited to at most four different actions (one for each corner).
Because our eyes-free interaction design represents only one of many possible
alternatives, further studies are necessary to compare alternatives, such as touch
gestures (e.g., [61, 173]) for different actions or touch gestures to control radial
menus (e.g., [26]) (I 1.3). Despite these limitations, the eyes-free interaction can
be a good fit for general hybrid user interfaces, as it allows users to benefit from a
physical interface (e.g., tablet) while concentrating on the AR environment.

Design Insights – Spatially-Aware Tablet
D1.1 Employ spatial triggers (e.g., tablet flip) as explicit input

D1.2 Use eyes-free interaction with mobile devices (e.g., tablets) for
AR HWDs

Research Implications – Spatially-Aware Tablet
I 1.1 Comparison of different explicit spatial actions with tablets

I 1.2 Comparison of AR input devices and sizes

I 1.3 Comparison of eyes-free interaction techniques

4.5.2 Multimodal Interaction

AR devices offer many opportunities to employ multimodal interaction, which can
be beneficial for offering alternative input methods (in our case, voice commands)
and combining the advantages of different modalities to unlock more degrees of
freedom (e.g., placing objects using head-gaze, touch gestures, and egocentric
navigation). Although voice commands were underused in our case, using the
tablet as eyes-free trigger to activate voice commands proved to be useful and
can be beneficial for collaborative scenarios (i.e., prevention of accidental voice
commands). In addition, AR HWDs allow for unintrusive, always-visible, and
context-aware hints of which voice commands are available to the user (D1.3) –
which, in our case, extended the already available HUD for eyes-free interaction.

For the selection of different objects within the 3D visualization, we chose
head-gaze combined with egocentric navigation, as this allowed for the selection
of distant objects. While this worked well when only few objects were available
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for selection, users had to increasingly use egocentric navigation for more complex
visualizations. This can be mitigated for example by selecting objects via touching
the corner of our spatially-aware tablet (cf. [375]), but forgoes the advantages
of head-gaze. Research could explore multimodal combinations that could, for
example, allow users to select an occluded object from far away (I 1.4).

Prior work (e.g., [193]) also advises for the use of dwell time to prevent the
Midas touch effect. This works well in AR, as current AR devices employ an AR
cursor to signify the exact position of the user’s head gaze. This AR cursor can
be useful to add contextual, unintrusive information, such as a loading indicator
that informs the user of the current selection (D1.4). However, this indicator may
give a false sense of security, causing users to look away before the selection has
been completed; here, delaying the feedback of a completed selection by a few
milliseconds can be beneficial.

During selection, the tablet performed two roles: (1) The tablet showed the
color of the currently selected object, which was beneficial for some, but also
distracting for others. (2) When selecting an object, users could tap on their tablet
to instantly skip the dwell time. This skipping proved to be very beneficial, making
the selection process much more responsive (D1.5).

Lastly, we also identified many opportunities for implicit proxemic interaction
that can be helpful to make text within the 3D scene more readable (e.g., by
rotating text towards the user). We decided against explicit proxemic actions
on the basis of prior work, which found that proxemic zones may be hard to
convey (cf. [12, 228]). However, these zones or interaction opportunities can be
easily conveyed with AR, depending on the current context: For example, our
alignment lines show the range in which the alignment is active. Further research
could therefore explore the feasibility of different cues for proxemic interaction in
AR (I 1.5).

Design Insights – Multimodal Interaction
D1.3 Display available voice commands in AR HUD

D1.4 Use an immediately-visible loading indicator for selection in AR
via head-gaze

D1.5 Add explicit action to instantly skip dwell time

Research Implications – Multimodal Interaction
I 1.4 Investigate multimodal selection in complex 3D scenes

I 1.5 Explore the feasibility of visual cues for proxemic interaction in
AR

4.5.3 System Usability

To narrow our focus on the use of spatially-aware tablets in AR, we chose a 3D
visualization that was easily decomposed into 2D components for interaction with
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the tablet. This allowed us to split our tasks into 2D interaction (e.g., drawing
data selections) and 3D interaction (e.g., scatter plot position), thus leveraging
the strengths of multimodal interaction and especially touch-based interaction.
Due to hardware limitations, we made the visualization size a trade-off between
good legibility and fitting within the user’s augmented field of view. However, this
required a large room to make full use of the visualization. Future iterations of AR
HWDs may become commonplace in the user’s workspace; future research could
therefore investigate how to make effective use of this limited space for organizing
and interacting with visualizations in the user’s workspace (I 1.6). Although we
could make use of navigation techniques (cf. [61]), this space could also offer new
interaction opportunities, for example by using predefined anchors in the user’s
workspace.

Due to our choice of visualization, we also added an alignment feature, allowing
users to compare data between two scatter plots without introducing errors due
to position differences. While this feature was not necessary in our user study,
it appealed to all of our participants (D1.6). This alignment feature has the
potential of reducing clutter within an AR environment, even outside of the
context of immersive analytics – an important yet often neglected topic.

Lastly, while we chose a single-user scenario to explore the feasibility of our
interaction concept, we still added the spectator viewer, allowing us to provide
guidance to users in AR. One participant expressed the potential for this kind of
asymmetric collaboration: “I found it really cool that you could look at what I was
doing with my HoloLens by simply coming to me with a tablet, and that you did not
have to also put on a HoloLens or boot up something else; but that you could simply
look into it ‘quick and dirty’, I thought that was cool. Because assuming you just
discovered something really great and you want to show it to someone else, then they
can just look via the tablet” – P7. Recent works have demonstrated the benefits
of symmetric collaboration in MR environments for visual data analysis (cf. [66,
235, 335]), but the spectator viewer of our STREAM prototype also indicates the
promise of asymmetric mixed device collaboration (I 1.7).

Design Insights – System Usability
D1.6 Support 3D object alignment in mixed reality environments

Research Implications – System Usability
I 1.6 Investigate effective use of space for AR visualizations (e.g., in

small office workplace)

I 1.7 Investigation of asymmetric co-located collaboration (e.g., HWD
and handheld AR)
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4.6 Limitations and Future Work

To uncover initial usability problems and investigate the general feasibility of our
interaction concept, we intentionally used an artificial workflow and non-expert
users in this study. Thus, our results show the possible potential of using spatially-
aware devices for interacting with a 3D data visualization in AR, but given the
large amount of design parameters, further studies are necessary to investigate
the advantages compared to other systems.

Many of the uncovered issues stem from the early state of our prototype: Most
participants worried about dropping the tablet, which may be partially attributed
to the heavy weight introduced by the spatial trackers. Since our results show that
the spatial awareness was not used as much as we expected, we can now investigate
more limited, yet lightweight solutions (e.g., internal sensors). Alternatively, we
may compare our tablet-based approach against a smartphone-based approach to
see if the handiness of the smartphone can offset the extra screen space of the
tablet.

We also intentionally reduced the duration of this study to accommodate our
users as the HWD can be very uncomfortable over longer periods. Since all of our
participants needed some time to get accustomed to our system, this left little
time to actually test out the system after getting used to its features. Given that
future hardware iterations (e.g., Microsoft HoloLens 2) are more comfortable to
wear, future studies should account for this habituation period by offering more
extensive interactive tutorials.

4.7 Follow-up Research Trajectories

Our follow-up work on the IDIAR (interactive dashboard in augmented reality)
prototype similarly studies multimodal interaction in hybrid user interfaces, fo-
cusing on the specific use case of tracking mobile health (mHealth) [365] data
using interactive dashboards (see Figure 4.11).

The design of IDIAR was guided by the needs of our collaborators in the SMAR-
TACT4 project (e.g., [124, 414]): Here, mobile intervention studies employ mobile
devices to observe participants’ behavior change over several weeks. Researchers
regularly monitor these highly dimensional data streams to ensure data quality
and prevent data loss (e.g., missing engagement or malfunctions [409]). The
multitude of problem sources hampers possible automated detection of such irreg-
ularities. To this end, interactive dashboards can leverage human capabilities for
the identification of patterns and irregularities [123, 287]. Still, visualizing the
large amount of data stemming from high-dimensional data and large cohorts of
participants (e.g., 20–40 participants) might raise the need for extra screen space.

IDIAR addresses these issues by providing interactive dashboards in immersive
AR, allowing researchers to quickly identify irregularities within ongoing studies
and intervene by sending messages to participants. The AR environment provides

4https://uni-konstanz.de/smartact, last accessed 2025-05-12.

https://uni-konstanz.de/smartact
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Figure 4.11: Interactive dashboards in augmented reality (IDIAR) visualize data
from an ongoing mobile intervention study, enabling researchers to
quickly identify irregularities. Four dashboards provide users with
information about an ongoing mobile intervention study. A mul-
timodal interaction approach combining smartphone-based touch,
head gaze, and voice input allows for familiar operation.

a larger and more flexible workspace in terms of scale and organization of dash-
boards, while still keeping the users’ current work practices. IDIAR leverages a
multimodal interaction approach combining smartphone-based touch, head gaze,
and voice input.

We studied IDIAR in a user study with 15 domain experts from our SMARTACT4

project. Although the user study and its findings are once again not part of this
thesis, our analysis shows that the multimodal interaction helps in error recovery,
while the familiar smartphone interaction allowed participants to understand the
system quickly and provided a sense of immediacy, which was especially useful
for writing text. Participants also appreciated the use of space afforded by both
the AR environment and the organization of dashboards.

Supplemental
Video

In summary, both STREAM and IDIAR highlight the value of exploring multi-
modal interaction in holistic application scenarios for immersive analytics. While
this multimodal interaction approach was generally appreciated, input modalities
that extended beyond conventional device capabilities offered limited utility. For
example: Although STREAM allowed users to rotate scatterplots by physically
rotating the tablet, this feature saw little use. Here, recent follow-up work has
demonstrated more effective uses of such spatially-aware tablets, for instance by
employing them as see-through lenses [225] in a dynamic lens configuration.

In contrast, the eyes-free interaction concept, integrated into both STREAM
and IDIAR, remains underexplored in research thus far. Although early feedback
highlights its utility for serial temporal usage, its effectiveness depends on careful
design and may be hindered by user familiarity. As hybrid user interfaces become
more common, there may be increasing value in fully leveraging available input
modalities, even if the corresponding output of one device remains unused.

https://youtu.be/YCnWmY2HXSQ
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4.8 Chapter Conclusion

The “STREAM” exemplar investigates the use of multimodal interaction using a
hybrid user interface for immersive analytics. Our eyes-free interaction technique
enables seamless interaction between the tablet and the AR environment, leverag-
ing the tablet’s form factor to place prominent actions into each corner that can be
operated thanks to an AR head-up display. In addition, our interaction concepts
allow users to bridge the gap between tablet and AR environment, enabling fluid
interaction between the 2D and 3D representation of our visualization. Lastly,
STREAM demonstrates the utility of multimodal interaction in hybrid user inter-
faces, allowing users to employ the appropriate input modality for a given task.
STREAM therefore contributes towards all three overarching research objectives.
While STREAM’s interaction techniques and findings are dependent on the specific
context described in this chapter, Part III will provide a broader reflection and
generalization of these insights.
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(a) NO-AR (b) SMALL-AR (c) MEDIUM-AR (d) LARGE-AR

Figure 5.1: Exploring virtually-extended displays using a video see-through aug-
mented reality head-worn display, comparing: (a) the NO-AR condi-
tion is used as baseline; (b) the SMALL-AR condition is comparable to
a tablet; (c) MEDIUM-AR is similar to a desktop monitor; and (d) the
LARGE-AR condition is equivalent to a television monitor.

5.1 Chapter Context

Supplemental
Video

The previous exemplar highlights the potential of hybrid user interfaces in im-
mersive analytics scenarios. Yet, in the absence of a suitable baseline, it remains
difficult to quantify their actual benefits. With this chapter, we thus build upon the
established concept of hybrid user interfaces by revisiting the original prototype
introduced by Feiner and Shamash [122], which proposes virtually extending
a physical display using an AR HWD (i.e., a VESAD configuration). Although
this concept was introduced over 30 years ago, it continues to be relevant for
contemporary hardware. However, the feasibility and quantitative benefits of
such VESAD configurations have never been evaluated, despite the availability of
an apparent baseline (i.e., no virtual screen extension). In contrast, prior work
on physical screens has investigated the effects of different screen sizes on spa-
tial memory, workload, and user experience [321, 423]. This chapter therefore
replicates and extends prior studies in the context of a VESAD configuration that
virtually extends the screen of a smartphone with an AR HWD (see Figure 5.1),
thereby investigating the unique benefits and challenges of a hybrid user interface
compared to more conventional setups (e.g., single displays [321]).

5.1.1 Research Questions

To better understand the relation between physical and virtual screens in hybrid
user interfaces, this chapter investigates the impact of virtually-extended screen
sizes through the complementary use of an AR HWD and a smartphone. We
conducted a controlled laboratory experiment with 24 participants testing the
effect of different sizes of virtually-extended displays on spatial memory, workload
(e.g., ergonomics, cognitive load), and user experience, thereby contributing to
the overarching research goal RO1: Transitioning Between Devices. This leads
to the following three research questions:

https://youtu.be/p6cHwLxHWJg
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RQ2.1 Spatial Memory.
How does screen size affect users’ navigation behavior and per-
formance in a spatial memory task?

RQ2.2 Workload.
Does a virtual screen extension cause an increased workload in
terms of cognitive load and ergonomics due to increased context
switching between the real and virtual display?

RQ2.3 User Experience.
In what way is user experience influenced by screen size?

Although we expect to find many similarities to prior studies on spatial memory
(e.g., [321, 423]), hybrid user interfaces also face unique challenges that must
be considered. For example: (1) By separating the display into a real and virtual
display, users may have to split their visual attention [326], counteracting potential
benefits gained from virtually increasing the display size [150]; (2) larger screen
sizes may require more head-movement, which may affect ergonomics [70]; and
(3) larger screen sizes cannot be fully kept in view or visually processed effectively,
which could affect cognitive load. All of these may prove detrimental to spatial
memory.

5.1.2 Spatial Memory

Yet, spatial memory is an important aspect of human cognition that has been well-
studied in relation to HCI [350], especially in the context of reducing cognitive
effort for navigation and search tasks [5, 317]. In this context, prior work has
investigated different input (e.g., peephole navigation [206, 283, 305], body move-
ment [132, 214, 320], mouse and touch [201, 382]) and output modalities (e.g.,
audio cues [136], tab interfaces [139]), display sizes [321, 423], visualization and
memorization techniques (e.g., fisheye lenses [364], providing an overview [174,
198], focus+context [67, 293], storytelling [135]), as well as the use of landmarks
such as gridlines [241], body parts [33], anchors and background images [390],
in graphical user interfaces [389] and 3D environments [138, 247, 286].

Specifically, prior work indicates that – compared to indirect mouse input –
direct touch interaction can improvememorization accuracy [382], spatial memory,
and navigation performance [201]. Zagermann et al. [423] showed that embodied
interaction can increase spatial memory when compared to indirect touch (e.g.,
via trackpad) and direct touch interaction, but at the cost of user experience and
efficiency. This is especially relevant in the context of peephole navigation [271],
as smartphones can be used for both static (i.e., touch) and dynamic (i.e., spatial
movement, e.g., [305]) peephole navigation. In terms of peephole size, a study
by Rädle et al. [321] shows that an increased peephole size can positively affect
learning speed, navigation speed, and task load – albeit with diminishing returns.
For AR, we also need to consider the virtual field of view. In this regard, a study
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by Caluya et al. [70] shows that a smaller virtual field of view has no significant
impact on spatial memory, but can increase head movement.

Although an increased screen real-estate can be beneficial, prior work in
multi-display environments also hints at several potential issues that may counter
the benefits. One issue is the split attention effect [141], as users have to split
their visual attention between multiple displays, resulting in overall worse per-
formance [326]. In this regard, Rashid, Nacenta, and Quigley [325] provide
an overview of different factors influencing attention switches in multi-display
environments, such as display contiguity and angular coverage. In addition, a
study by Nacenta, Mandryk, and Gutwin [288] shows that a physical gap be-
tween displays can significantly reduce performance. Yet, unlike prior methods
of expanding screens, VESADs leverage AR to seamlessly extend the smartphone
screen, thus eliminating any “displayless space” [288] and potentially avoiding
the attention split between two displays. Still, Grubert et al. [150] and Eiberger
et al. [106] observed significant overhead when switching between display output
of an AR HWD and smartphone due to different focal planes, while Normand and
McGuffin [292] observed no such overhead with video see-through HWDs. To the
best of our knowledge, there is no prior research investigating these challenges
for VESADs and their size.

In summary, prior work highlights the relation between peephole size and
spatial memory. We expect that bigger peepholes (i.e., larger screens) perform
better in terms of spatial memory, workload, and user experience (cf. [321, 423]),
but may also negatively impact workload (i.e., head movement) as screen sizes
exceed the HWD’s field of view (cf. [70]). Here, a 2D environment in AR with
direct touch interaction (e.g., via smartphone), gridlines, and visual anchors can
strike a good balance in terms of clutter [84], efficiency [84, 423], and user
experience [423].

5.2 Experiment

We aim to investigate whether reported findings on spatial memory can be trans-
ferred to the use case of hybrid user interfaces. On the one hand, larger display
screens have been shown to be beneficial for spatial memory [321], especially
when using touch interaction [423]. On the other hand, the split attention effect
may negatively impact performance [72, 325].

Based on prior work, we therefore expect that bigger peepholes (i.e., larger
screens) perform better in terms of spatial memory, workload, and user experience
(cf. [321, 423]), but may also negatively impact workload (i.e., head movement) as
screen sizes exceed the HWD’s field of view (cf. [70]). We therefore also expect to
see diminishing returns, as participants no longer profit from the increased screen
size beyond a certain threshold (e.g., tablet-sized [321]). A 2D environment in AR
with direct touch interaction (e.g., via smartphone), gridlines, and visual anchors
can strike a good balance in terms of clutter [84], efficiency [84, 423], and user
experience [423].
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We conducted a controlled laboratory experiment using different virtual screen
sizes to investigate the impact of virtually-extended display sizes on spatial mem-
ory, workload, and user experience. In addition, we also investigated possible
differences in the split attention effect between different virtual screen sizes.

5.2.1 Conditions

We differentiate between three extension sizes (similar to Rädle et al. [321]) to
mimic existing devices. In addition, we added a condition without any virtually-
extended display as baseline condition. Lastly, participants wore an AR HWD in
all conditions to ensure better comparability of conditions. In order of smallest
to largest display size, we compared the following display sizes (see Figures 5.1
and 5.2):

NO-AR: This condition serves as baseline with no virtual extension, using a
display size of 5.5′′.

SMALL-AR: This condition mimics the size of a tablet, using a total display
size of 11′′.

MEDIUM-AR: This condition is similar to current desktop monitors with a
display size of 23′′.

LARGE-AR: The largest condition has approximately the size of a television
monitor at 43′′.

NO-AR
SMALL-AR

MEDIUM-AR

LARGE-AR

Search Item 
Example

Distractor 
Example 

Figure 5.2: Exemplary 2D grid map used during the navigation phase containing
search icons and distractor icons. A space in the middle of the map
with the size of LARGE-AR was intentionally left blank to hide any
icons in the starting position of each condition. Colored borders
indicate the size and starting positions of each condition.
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5.2.2 Tasks

To keep our results comparable to prior studies on spatial memory, we employed
an established task [201, 214, 241, 283, 285, 286, 320, 423] which consists of a
navigation phase and an object location recall phase. The task makes use of a 2D
grid map (46 columns×27 rows, see Figure 5.2) with an approximate real world
size of 124 cm×73 cm. While the visible area differed for each condition, the
map size stayed consistent. All conditions and maps had a visible aspect ratio of
16:9.

Navigation phase. For the navigation phase, participants had to put on an AR
HWD and were provided with a smartphone that was extended with a VESAD
(depending on the condition, see Figure 5.1). Participants had to search for
and navigate to a symbol on the grid map using touch panning gestures on the
smartphone to move the map (i.e., using static peephole navigation [271]). To
increase ecological validity, the navigation behaved similarly to off-the-shelf map
applications by emulating physical inertia and stopping when the participant
touched the phone again. For each search trial, the application started in its
default position in the middle of the grid map (see Figure 5.2). The current search
icon was shown as a semi-transparent symbol, which remained statically in the
middle of the smartphone screen. The task was automatically completed once
participants navigated to the icon and placed it approximately in the middle of
the smartphone (i.e., once the map symbol’s center touched the semi-transparent
search symbol). In addition, we included a total of five item sets: an item set for
the training task, showing letters of the alphabet and four distinct item sets (see
Figure 5.2) to avoid learning effects between conditions. The locations of all icons
were randomized on each map (i.e., in every condition) to prevent learning effects
across conditions. Yet, we ensured that the length of navigation paths remained
comparable across conditions and that there were no differences with regard to
the complexity or theme of the icons (cf. [423]).

Participants were tasked to find a series of 6 different icons (with 4 repetitions
each), which were distributed on the 2D grid map that also included similarly-
looking symbols that served as distractors (cf. [423], see Figure 5.2). As shown
in Figure 5.2, no icons were visible in the starting positions of all conditions and
icons were not placed within an area equivalent to the size of LARGE-AR. With
this, we ensured that, for example, participants do not visually scan the map
in larger conditions before actually interacting with it, which might impair the
comparability of conditions (e.g., navigation path lengths and task completion
times). Each condition therefore consisted of 24 search trials, resulting in 96 trials
per participant and a total of 2304 trials over all participants.

Object location recall phase. For the object location recall phase, participants sat
in front of a desktop PC with a mouse, reducing potential influences of motoric
or kinesthetic memory to increase the internal validity of the spatial memory
measurement, as a common practice for studying spatial memory (cf. [201, 423]).
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Here, participants were first presented with an empty grid map. In this phase,
the entire map was visible on the screen and no navigation was possible. Instead,
participants had to place the icons from the navigation phase in their prior location
by clicking on the corresponding position on the map using the mouse. The current
icon was shown at the top of the screen. The icon order was based on the search
order from the navigation phase.

5.2.3 Measurements

We used quantitative and qualitative metrics to address our research questions.

Spatial Memory. To measure the impact on spatial memory, we measure the path
length, task completion time, and navigation speed during the navigation phase as
well as the icon placement recall accuracy during the object location recall phase.
For better comparability across conditions, we use the normalized path length,
which is calculated as a ratio between the participant’s actual path and the shortest
possible path using Euclidean distance. Here, we omitted the first repetition from
our analysis due to the initial randomness during the first navigation [201]. The
task completion time was logged as duration in seconds between the start of a
repetition until the icon was found and placed in the middle of the smartphone.
Since navigation speed can be derived from the path length and task completion
time, we complemented this measurement by recording the maximum navigation
speed to investigate whether larger display screen sizes allow participants to flick
through the map more quickly. Lastly, the icon placement accuracy was measured
in the Euclidean distance in pixels between the icon’s actual position and the
position where participants placed the icon during the object location recall phase.

Workload. To evaluate the objective workload, we measure the pupil size [105],
the total amount of gaze movement, total degree of head movement during
navigation, and the subjective task load. The pupil size was measured using a
built-in eye-tracker which logged a relative value between 0–1 according to the
pupil size range detected by the AR HWD. Here, a larger pupil size is seen as an
indicator for increased task load [105]. The total amount of gaze movement and
total degree of head movement were both calculated in the quaternion distance
(i.e., angles) between each data point and divided by the duration until the next
data point. We also used the raw NASA TLX [164] which allows us to measure
subjectively perceived task load. Lastly, we traced the participants’ gaze onto the
virtually-extended screen to measure how much time participants spent looking
at which screen (i.e., smartphone or virtual screen).

User Experience. We used the user experience questionnaire (UEQ) [352] to gain
more insights into the attractiveness, hedonic qualities, and pragmatic qualities of
each condition. We complemented these results with a semi-structured interview
at the end of the study session to gather qualitative insights into participants’
preferences.
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5.2.4 Apparatus

For all navigation tasks, we employed a Varjo XR3 as video see-through AR HWD
due to its high digital field of view (155° horizontal field of view; 90Hz refresh rate;
12megapixel video pass-through per eye, 100Hz eye-tracker) attached to a state-
of-the-art computer (Intel i9 9900K, Nvidia RTX 3090). We intentionally decided
against an optical see-through HWD to avoid potential issues with different focal
planes [106, 150, 292]. The information landscape was overlayed on top of a
Google Pixel XL (5.5′′, 2560×1440 pixel, Android 10). The smartphone was cut
out from the digital overlay, allowing participants to still fully see their hands and
the smartphone’s display and its content. We also reduced the transparency of the
entire map to 40% so that participants were still able to make out their physical
surroundings. The AR HWD was tracked using four Valve Base Stations placed in
every corner of the room, while the smartphone was tracked with a fiducial marker
mounted to the smartphone and tracked via the HWD’s front-facing cameras. We
used a stabilization algorithm to avoid inaccurate smartphone tracking when
participants were not looking at the smartphone (e.g., for LARGE-AR). The object
location recall task was performed using a desktop PC on a 4K 27′′ monitor.

The software for all devices was implemented in Unity 2021.1 and is available
as open source project1. The applications communicated through a client-server
architecture using TCP. We connected all devices via 5GHz Wifi or ethernet
to reduce latency – ensuring that there was no perceivable latency between
smartphone display and AR overlay.

5.2.5 Participants

We recruited 24 participants (10 female, 14 male) aged 21–36 (M = 24.4, SD
= 3.1) from the local university. Participants were recruited through flyers that
advertised an AR study about memory games. We recruited participants who
were fluent in the local language to avoid potential differences in the linguistic
meaning of different icons (cf. [201, 241, 423]). 22 participants were undergrad-
uate students from different fields (e.g., computer science, social studies, history,
biology, life science, law), 1 participant was a PhD student, and 1 participant was
administrative staff. Although participants were mostly experienced in the use of
smartphones (M = 4.375, SD = .824, on a Likert scale from 1 (inexperienced) to
5 (experienced)) and all participants owned a smartphone (n = 24), experience
with AR applications was mixed (M = 2.75, SD = 1.327, on a Likert scale from
1 (inexperienced) to 5 (experienced)). All participants had normal (n = 12) or
corrected to normal (n = 12) vision.

5.2.6 Procedure

Participants first signed a consent form, completed a demographic questionnaire,
and received an introductory presentation about the task and guidelines for wear-

1https://github.com/hcigroupkonstanz/ARound-the-Smartphone

https://github.com/hcigroupkonstanz/ARound-the-Smartphone


92 | 5 Exemplar: ARound the Smartphone

ing the HWD to ensure correct eye-tracking calibration. We assigned each par-
ticipant a different order of conditions using full counterbalancing to avoid any
learning effects. In each condition, participants started by putting on the AR HWD
and received a smartphone. During all navigation phases, participants remained
seated at a table and held the smartphone in landscape orientation. Participants
started in the navigation phase where they first solved a training task until they
felt comfortable with the system. Next, participants solved 4 repetitions of finding
6 different icons. After the navigation phase, participants took off the AR HWD to
use a desktop system, where they completed the object location recall phase using
mouse input. At the end of each condition, participants filled out a raw NASA
TLX [164] and a UEQ [352]. We concluded each session with a semi-structured
interview about topics such as memorization strategies, subjective preferences, and
preferred display sizes. The study duration ranged between 40–70minutes, and
all participants received monetary compensation for their time. We also awarded
an additional monetary reward to the fastest participant to further encourage
participants to perform the tasks as quickly as possible. We followed all necessary
ethical and sanitary guidelines provided by the local university.

5.3 Results

In this section, we present our results based on our three research questions of
spatial memory, workload, and user experience. Since a Shapiro-Wilk test revealed
that our data did not follow a normal distribution, we analyzed the data with
a non-parametric approach. We used a Friedman test followed by a pairwise
Wilcoxon test with Bonferroni correction as post-hoc analysis to test for statistical
significance, where appropriate. We indicate the medians (Mdn) and standard
deviations (SD) using subscripts 𝑁𝑂 for NO-AR, 𝑆 for SMALL-AR, 𝑀 for MEDIUM-
AR, and 𝐿 for LARGE-AR to improve readability. We assume 𝛼 = .05 for statistical
significance. For pairwise comparisons, we adjusted significance values by the
Bonferroni correction for multiple tests. The user study data is available in a data
repository2. To improve readability, we report results of statistical analyses as
tables in the appendix.

5.3.1 Spatial Memory

We measure spatial memory based on the navigation path length, task completion
time, and recall accuracy. As a related measure, we also investigated the navigation
speed during the navigation phase. Our findings are summarized in Figure 5.3.

Navigation Path Length

We found statistically significant differences in each repetition when comparing
normalized navigation path length across conditions. Pairwise post-hoc com-

2DOI: 10.18419/darus-3326
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Figure 5.3: Summary of measures for spatial memory. (A) Boxplots of pairwise
comparison of normalized navigation path length during the nav-
igation phase (optimal normalized path length is 1). We omitted
Repetition 1 due to the randomness of initial navigation trials [201].
(B) Boxplots showing average task completion time in seconds during
the navigation phase. (C) Boxplots showing participants’ accuracy of
the object location recall phase in average Euclidean distance in blocks
between the actual and the recalled position of the sign. (D) Maxi-
mum navigation speed in cm/s.

parisons showed that LARGE-AR (𝑀𝑑𝑛𝐿 = 2.629, 𝑆𝐷𝐿 = .365) and MEDIUM-
AR (𝑀𝑑𝑛𝑀 = 2.532, 𝑆𝐷𝑀 = .339) had consistently shorter navigation path
lengths than NO-AR (𝑀𝑑𝑛𝑁𝑂 = 4.168, 𝑆𝐷𝑁𝑂 = 1.317) and SMALL-AR (𝑀𝑑𝑛𝑆 =
3.92, 𝑆𝐷𝑆 = 1.274) throughout all repetitions (see Tables 5.1 and 5.2 and Fig-
ure 5.3 (A)); pairwise comparisons between NO-AR and SMALL-AR or MEDIUM-
AR and LARGE-AR did not show any statistically significant differences. Comparing
normalized navigation path lengths between repetitions within each condition
showed a decrease in path lengths: Here, the overall test showed statistically
significant differences for all conditions with individual differences for each condi-
tion, when comparing the first with following repetitions (see Tables 5.3 and 5.4).
Only MEDIUM-AR showed a significant difference between Repetition 1 and 2.
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Table 5.1: Results of the Friedman’s test for navigation path lengths between
repetitions, as visualized in Figure 5.3 (A). Statistically significant
entries are marked with a star∗.

Repetition Result

Repetition 2 𝜒2(3) = 44.10, 𝑝 < .001∗
Repetition 3 𝜒2(3) = 44.50, 𝑝 < .001∗
Repetition 4 𝜒2(3) = 53.55, 𝑝 < .001∗

Table 5.2: Results of the pairwise comparison of navigation path lengths between
repetitions, as visualized in Figure 5.3 (A). Statistically significant
entries are marked with a star∗.

Comparison Repetition 2 Repetition 3 Repetition 4

NO-AR ↔ MEDIUM-AR 𝑧 = 1.750, 𝑝 < .001∗ 𝑧 = 1.750, 𝑝 < .001∗ 𝑧 = 1.958, 𝑝 < .001∗
NO-AR ↔ LARGE-AR 𝑧 = 1.750, 𝑝 < .001∗ 𝑧 = 1.583, 𝑝 < .001∗ 𝑧 = 1.708, 𝑝 < .001∗
SMALL-AR ↔ MEDIUM-AR 𝑧 = 1.750, 𝑝 < .001∗ 𝑧 = 1.917, 𝑝 < .001∗ 𝑧 = 2.125, 𝑝 < .001∗
SMALL-AR ↔ LARGE-AR 𝑧 = 1.750, 𝑝 < .001∗ 𝑧 = 1.750, 𝑝 < .001∗ 𝑧 = 1.875, 𝑝 < .001∗

Task Completion Time

We found statistically significant differences (𝜒2(3) = 48.05, 𝑝 < .001) when
comparing task completion times across conditions (see Figure 5.3 (C)). A pairwise
post-hoc comparison reveals that NO-AR (𝑀𝑑𝑛𝑁𝑂 = 72.883, 𝑆𝐷𝑁𝑂 = 41.538)
is significantly longer than both MEDIUM-AR (𝑀𝑑𝑛𝑀 = 44.01, 𝑆𝐷𝑀 = 16.569,
𝑧 = 1.875, 𝑝 < .001) and LARGE-AR (𝑀𝑑𝑛𝐿 = 40.782, 𝑆𝐷𝐿 = 13.11, 𝑧 =
2.333, 𝑝 < .001). Similarly, SMALL-AR (𝑀𝑑𝑛𝑆 = 56.884, 𝑆𝐷𝑆 = 23.817) is also
significantly longer than MEDIUM-AR (𝑧 = 1.542, 𝑝 < .001) and LARGE-AR
(𝑧 = 1.083, 𝑝 = .022). No statistically significant differences were found between
NO-AR and SMALL-AR, or MEDIUM-AR and LARGE-AR.

Recall Accuracy

We found statistically significant differences in the object recall accuracy during
the object location recall phase (𝜒2(3) = 14.121, 𝑝 = .003, see Figure 5.3 (B)). A

Table 5.3: Friedman’s test for learning effects between repetitions for each condi-
tion. Statistically significant entries are marked with a star∗.

Condition Result

NO-AR 𝜒2(3) = 39.35, 𝑝 < .001∗
SMALL-AR 𝜒2(3) = 40.35, 𝑝 < .001∗
MEDIUM-AR 𝜒2(3) = 42.65, 𝑝 < .001∗
LARGE-AR 𝜒2(3) = 42.95, 𝑝 < .001∗

Table 5.4: Pairwise comparisons of learning effects between repetitions for each
condition. Statistically significant entries are marked with a star∗.

Condition Repetition 1–2 Repetition 1–3

NO-AR 𝑧 = 0.708, 𝑝 = .344 𝑧 = 1.667, 𝑝 < .001∗
SMALL-AR 𝑧 = 0.500, 𝑝 = 1 𝑧 = 1.542, 𝑝 < .001∗
MEDIUM-AR 𝑧 = 1.167, 𝑝 = .010∗ 𝑧 = 1.958, 𝑝 < .001∗
LARGE-AR 𝑧 = 0.958, 𝑝 = .061 𝑧 = 1.750, 𝑝 < .001∗



5.3 Results | 95

pairwise post-hoc comparison shows that NO-AR (𝑀𝑑𝑛𝑁𝑂 = 3.248, 𝑆𝐷𝑁𝑂 = 1.026,
𝑧 = 1.12, 𝑝 = .015) and SMALL-AR (𝑀𝑑𝑛𝑆 = 3.095, 𝑆𝐷𝑆 = 1.804, 𝑧 = 1.188,
𝑝 = .009) are significantly less accurate than MEDIUM-AR (𝑀𝑑𝑛𝑀 = 2.003,
𝑆𝐷𝑀 = .873). While MEDIUM-AR performed best on average, no significant
differences could be found between LARGE-AR (𝑀𝑑𝑛𝐿 = 2.715, 𝑆𝐷𝐿 = 1.199)
and MEDIUM-AR.

Navigation Speed

For navigation time, we divided normalized navigation path length by the task
completion time. Although both measures already showed statistically significant
differences between conditions, we still include the results here to substantiate our
findings. Since we found statistically significant differences in navigation speed
(𝜒2(3) = 49.35, 𝑝 < .001), we performed a pairwise post-hoc comparison. The
comparison shows that NO-AR (𝑀𝑑𝑛𝑁𝑂 = .196, 𝑆𝐷𝑁𝑂 = .039) had a significantly
slower navigation speed than MEDIUM-AR (𝑀𝑑𝑛𝑀 = .263, 𝑆𝐷𝑀 = .06, 𝑧 =
−2.417, 𝑝 < .001) and LARGE-AR (𝑀𝑑𝑛𝐿 = .24, 𝑆𝐷𝐿 = .051, 𝑧 = −1.625, 𝑝 <
.001). Likewise, SMALL-AR (𝑀𝑑𝑛𝑆 = .212, 𝑆𝐷𝑆 = .038) also was significantly
slower than MEDIUM-AR (𝑧 = −1.792, 𝑝 < .001) and LARGE-AR (𝑧 = −1,
𝑝 = .044). To further complement these findings, we also measured the maximum
navigation speed during each condition (see Figure 5.3 (D)). Although MEDIUM-
AR performed best on average, we found no statistically significant differences
(𝜒2(3) = 3.052, 𝑝 = .384).

5.3.2 Workload

To better understand the effects of display sizes on workload-related measures
such as ergonomics and cognitive load, we measured the amount of head movement,
the participant’s pupil size, the amount of eye-gaze movement during all conditions,
the participant’s visual attention, and the subjective task load (see Figure 5.4 and
Figure 5.5 (A)). For eye-tracking measures, we omitted data from 7 participants
due to insufficient tracking quality. For movement-based data, we omitted data
from 3 participants due to technical issues with our prototype.

Head Movement

We measured the amount of head movement using the rotational data of the AR
HWD (see Figure 5.4 (B)). Here, we found statistically significant differences in
the amount of head rotation between conditions (𝜒2(3) = 35.682, 𝑝 < .001).
A pairwise post-hoc comparison reveal that LARGE-AR (𝑀𝑑𝑛𝐿 = 4.932, 𝑆𝐷𝐿 =
5.47) is significantly higher than both NO-AR (𝑀𝑑𝑛𝑁𝑂 = .176, 𝑆𝐷𝑁𝑂 = 1.889,
𝑧 = −2.353, 𝑝 < .001) and SMALL-AR (𝑀𝑑𝑛𝑆 = .278, 𝑆𝐷𝑆 = 2.388, 𝑧 = −2.118,
𝑝 < .001), while MEDIUM-AR (𝑀𝑑𝑛𝑀 = 1.812, 𝑆𝐷𝑀 = 3.85) is significantly
higher than NO-AR (𝑧 = −1.294, 𝑝 = .021).
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Pupil Size

We also analyzed participants’ pupil size as an objective indicator for mental
demand [105]. We compared the relative pupil size between conditions which
revealed statistically significant differences (𝜒2(3) = 15.568, 𝑝 = .001). A
pairwise post-hoc comparison shows participants had a significantly larger pupil
size in NO-AR (𝑀𝑑𝑛𝑁𝑂 = .072, 𝑆𝐷𝑁𝑂 = .012) than MEDIUM-AR (𝑀𝑑𝑛𝑀 = .069,
𝑆𝐷𝑀 = .009, 𝑧 = 1.211, 𝑝 = .023) and LARGE-AR (𝑀𝑑𝑛𝐿 = .069, 𝑆𝐷𝑁𝑂 = .01,
𝑧 = 1.579, 𝑝 = .001). No statistically significant differences were found for
SMALL-AR compared to all other conditions (𝑀𝑑𝑛𝑆 = .07, 𝑆𝐷𝑆 = .01).

Eye-Gaze Movement

We found statistically significant differences in the amount of eye-gaze movement
between conditions (𝜒2(3) = 31.518, 𝑝 < .001, see Figure 5.4 (C)). A pairwise
post-hoc analysis shows that SMALL-AR (𝑀𝑑𝑛𝑆 = .398, 𝑆𝐷𝑆 = .596, 𝑧 = −1.353,
𝑝 = .013), MEDIUM-AR (𝑀𝑑𝑛𝑀 = .391, 𝑆𝐷𝑀 = .551, 𝑧 = −1.471, 𝑝 = .005),
and LARGE-AR (𝑀𝑑𝑛𝐿 = .686, 𝑆𝐷𝐿 = .553, 𝑧 = −2.471, 𝑝 < .001) have a larger
amount of eye-gaze movement when compared against NO-AR (𝑀𝑑𝑛𝑁𝑂 = .041,
𝑆𝐷𝑁𝑂 = .0595). No significant differences between the AR conditions were found.

Visual Attention

We investigated the amount of time participants focused on the AR extension
(see Figure 5.4 (D)) and visualize gaze behavior (see Figure 5.4 (E)). We thereby
omit the NO-AR condition as participants were fully focused on the smartphone.
For duration of visual focus, we found significant differences in how much time
participants spent looking at the smartphone screen or the AR extension depending
on the screen size (𝜒2(2) = 20.235, 𝑝 < .001). A pairwise post-hoc analysis
shows that participants looked significantly less at the AR extension during SMALL-
AR (𝑀𝑑𝑛𝑆 = .33, 𝑆𝐷𝑆 = .185) when compared to MEDIUM-AR (𝑀𝑑𝑛𝑀 = .453,
𝑆𝐷𝑀 = .205, 𝑧 = −.941, 𝑝 = .018) and LARGE-AR (𝑀𝑑𝑛𝐿 = .697, 𝑆𝐷𝐿 = .196,
𝑧 = −1.529, 𝑝 < .001). This gaze behavior also becomes apparent from the
heatmap visualization (see Figure 5.4 (E)), where clusters of darker color indicate
that especially for SMALL-AR participants looked mostly at lower central portion
of the smartphone screen, with occasional glances at the virtual extension around
the smartphone. Even in MEDIUM-AR and LARGE-AR, where participants overall
spent more time looking at the virtual extension, the participants’ gaze was mostly
centered on or just around the smartphone. For LARGE-AR, participants’ gaze
appears to traveled across the extended display up to theMEDIUM-AR size (percent
of total gaze time in MEDIUM-AR area, excluding inner sizes: 𝑀𝑑𝑛 = 32.828%,
𝑆𝐷 = 9.397%), but quickly falls off towards the edge (percent of total gaze time in
LARGE-AR area, excluding inner sizes: 𝑀𝑑𝑛 = 7.336%, 𝑆𝐷 = 6.897%). Similarly,
gazes in MEDIUM-AR also fall off towards the edges, but the overall virtual display
area of MEDIUM-AR appears more evenly used.
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Figure 5.4: Summary workload measures. (A) Boxplots showing the average head rotation in ∘/s. (B) Boxplots showing the average pupil size
during all conditions. Here, pupil sizes ranges are a relative value between 0 and 1 as calculated by the AR HWD. (C) Boxplots showing
the average gaze movement in ∘/10ms. (D) Boxplots showing the average time in percent that participants spent looking at the AR
screen extension. (E) Heatmaps showing how long participants focused on what part of the VESAD. Heatmaps indicate fixation duration
per position related to total gaze time, whereby results were scaled with a power-law function (𝛾 = 0.5) to increase the visibility of lower
values. We marked corresponding virtual extensions sizes in each heatmap to better contextualize the values. We also added statistics
below each heatmap indicating how much percent of a participant’s focus each display size received (excluding inner conditions).
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Subjective Task Load

We used the NASA TLX [164] to measure task load after each navigation phase
(see Figure 5.5 (A) and Tables 5.5 and 5.6). We found statistical significant
differences in all subscales: mental demand, physical demand, temporal demand,
performance, effort, and frustration as well as the overall scores. In a pairwise
post-hoc analysis, we found a statistically significant improvement of SMALL-AR
compared to NO-AR in effort. A comparison of NO-AR and MEDIUM-AR shows
statistically significant improvements for MEDIUM-AR across all subscales. When
comparing NO-AR to LARGE-AR, we found significant improvements for LARGE-
AR inmental demand, temporal demand, and frustration. We also found statistically
significant improvements from SMALL-AR to MEDIUM-AR in mental demand and
frustration. Repeating this pairwise comparison for the overall score, results show
that MEDIUM-AR and LARGE-AR have a significantly lower workload than NO-AR,
while MEDIUM-AR also has a significantly lower workload than SMALL-AR. On
average, MEDIUM-AR performed better than LARGE-AR in all subscales, but no
statistically significant differences were found.

Table 5.5: Pairwise comparison of the raw NASA TLX, as visualized in Fig-
ure 5.5 (A). Statistically significant entries are marked with a star∗.

Scale NO-AR ↔ SMALL-AR NO-AR ↔ MEDIUM-AR

Mental Demand 𝑧 = 0.333, 𝑝 = 1 𝑧 = 1.521, 𝑝 < .001∗
Physical Demand 𝑧 = 0.833, 𝑝 = .152 𝑧 = 1.229, 𝑝 = .006∗
Temporal Demand 𝑧 = 0.958, 𝑝 = .061 𝑧 = 1.479, 𝑝 < .001∗
Performance 𝑧 = 0.313, 𝑝 = 1 𝑧 = 1.042, 𝑝 = .031∗
Effort 𝑧 = 1.000, 𝑝 = .044∗ 𝑧 = 1.542, 𝑝 < .001∗
Frustration 𝑧 = 0.688, 𝑝 = .390 𝑧 = 2.000, 𝑝 < .001∗
Overall 𝑧 = 0.750, 𝑝 = .265 𝑧 = 2.229, 𝑝 < .001∗

Scale SMALL-AR ↔ MEDIUM-AR NO-AR ↔ LARGE-AR

Mental Demand 𝑧 = 1.188, 𝑝 = .009∗ 𝑧 = 1.063, 𝑝 = .026∗
Physical Demand 𝑧 = 0.396, 𝑝 = 1 𝑧 = 0.354, 𝑝 = 1
Temporal Demand 𝑧 = 0.521, 𝑝 = .974 𝑧 = 1.646, 𝑝 < .001∗
Performance 𝑧 = 0.729, 𝑝 = .302 𝑧 = 0.813, 𝑝 = .175
Effort 𝑧 = 0.542, 𝑝 = .877 𝑧 = 1.125, 𝑝 = .015∗
Frustration 𝑧 = 1.313, 𝑝 = .003∗ 𝑧 = 1.396, 𝑝 = .001∗
Overall 𝑧 = 1.479, 𝑝 < .001∗ 𝑧 = 1.354, 𝑝 = .002∗

Table 5.6: Results of the Friedman’s test for the raw NASA TLX, as visualized in
Figure 5.5 (A). Statistically significant entries are marked with a star∗.

Scale Result

Mental Demand 𝜒2(3) = 21.618, 𝑝 < .001∗
Physical Demand 𝜒2(3) = 14.397, 𝑝 = .002∗
Temporal Demand 𝜒2(3) = 25.07, 𝑝 < .001∗
Performance 𝜒2(3) = 10.235, 𝑝 = .017∗
Effort 𝜒2(3) = 20.127, 𝑝 < .001∗
Frustration 𝜒2(3) = 35.226, 𝑝 < .001∗
Overall 𝜒2(3) = 38.949, 𝑝 < .001∗
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Table 5.7: Results of the Friedman’s test of the user experience questionnaire, as
visualized in Figure 5.5 (B). Statistically significant entries are marked
with a star∗.

Scale Friedman’s Test

Attractiveness 𝜒2(3) = 25.146, 𝑝 < .001∗
Perspicuity 𝜒2(3) = 24.614, 𝑝 < .001∗
Efficiency 𝜒2(3) = 36.500, 𝑝 < .001∗
Dependability 𝜒2(3) = 30.434, 𝑝 < .001∗
Stimulation 𝜒2(3) = 18.067, 𝑝 < .001∗
Novelty 𝜒2(3) = 21.790, 𝑝 < .001∗

Table 5.8: Results of the pairwise comparison of the user experience questionnaire,
as visualized in Figure 5.5 (B). Statistically significant entries are
marked with a star∗.

Scale NO-AR ↔ SMALL-AR NO-AR ↔ MEDIUM-AR NO-AR ↔ LARGE-AR

Attractiveness 𝑧 = −0.854, 𝑝 = .131 𝑧 = −1.667, 𝑝 < .001∗ 𝑧 = −1.479, 𝑝 < .001∗
Perspicuity 𝑧 = −0.896, 𝑝 = .097 𝑧 = −1.646, 𝑝 = .001∗ 𝑧 = −1.375, 𝑝 < .001∗
Efficiency 𝑧 = −1.250, 𝑝 = .005∗ 𝑧 = −1.896, 𝑝 < .001∗ 𝑧 = −1.854, 𝑝 < .001∗
Dependability 𝑧 = −1.500, 𝑝 < .001∗ 𝑧 = −1.812, 𝑝 < .001∗ 𝑧 = −1.521, 𝑝 < .001∗
Stimulation 𝑧 = −0.646, 𝑝 = .499 𝑧 = −1.062, 𝑝 = .026∗ 𝑧 = −1.458, 𝑝 = .001∗
Novelty 𝑧 = −0.667, 𝑝 = .442 𝑧 = −1.146, 𝑝 = .013∗ 𝑧 = −1.604, 𝑝 < .001∗

5.3.3 User Experience

We measure user experience based on the user experience questionnaire and subjec-
tive preferences gained from a semi-structured interview. Figure 5.4 (B) shows an
overview of our statistical findings.

User Experience Questionnaire

We employed a UEQ [352] after each navigation phase (see Figure 5.5 (B) and
Tables 5.7 and 5.8). We discovered statistically significant differences in all scales:
attractiveness, perspicuity, efficiency, dependability, stimulation, and novelty. A
pairwise post-hoc analysis reveals that SMALL-AR was ranked better than NO-AR
in efficiency and dependability. MEDIUM-AR was ranked better than NO-AR in all
scales; similarly, LARGE-AR was ranked better than NO-AR in all scales. Although
MEDIUM-AR ranked, on average, best in all scales except stimulation and novelty,
no statistically significant differences compared to LARGE-AR could be found.

Subjective Preferences

We asked participants about their most and least favorite condition (multiple
choices were allowed) and the reasoning behind this choice.

Regarding the most favored condition, participants were split between
MEDIUM-AR (𝑛 = 14/24) and LARGE-AR (𝑛 = 11/24). Furthermore,
4 participants chose the SMALL-AR extension as their favorite. While some
participants (𝑛 = 8/24) stated they liked the LARGE-AR condition for the
extensive display size that provided a better overview, other participants found
LARGE-AR too big (𝑛 = 5/24), too overloaded (𝑛 = 1/24), and disliked the head
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movement associated with the LARGE-AR condition (𝑛 = 3/24). For LARGE-AR,
participants noted that “I liked the television size […] because when I scan the
whole map to see where each symbol is, then the biggest size helps the most” – P19
and that “you could really take advantage of the headset by really looking around to
see where the different items are” – P13. In contrast, other participants argued
that “the TV monitor was almost too big, it was hard to keep everything in sight”
– P11. Participants (𝑛 = 2/24) also felt that they were most familiar with the
MEDIUM-AR condition, as it resembled a typical desktop monitor in size. Lastly,
one participant indicated some possible motion sickness issues due to increased
amount of eye gaze movement in the LARGE-AR condition and therefore rated
the SMALL-AR condition higher in comfort: “[…] because I had to move my eyes
less. […] Once I have to move my eyes too much, I get motion sick” – P2.

Regarding the least favored condition, participants almost unanimously (𝑛 =
23/24) chose NO-AR. One participant only disliked the SMALL-AR condition as
it provided no real advantage to NO-AR. Another participant disliked both the
NO-AR condition and the LARGE-AR condition because they felt that the LARGE
condition made it harder to remember the icons, as a result of seeing the icons
almost instantly. Participants expressed that they felt lost on the map (𝑛 = 13/24)
due to seeing too little of the map (𝑛 = 10/24), especially when no other icon
was visible. Participants also felt that the small display size forced them to search
too much (𝑛 = 5/24) and see little to no relations with other objects (𝑛 = 3/24).

5.4 Discussion

In this section, we discuss the results of our laboratory experiment in the context
of findings from prior work. We structure our discussion based on our research
questions concerning spatial memory, workload, and user experience.

5.4.1 Spatial Memory

In terms of spatial memory, MEDIUM-AR and LARGE-AR significantly improved
navigation path length and task completion time, thereby also improving overall
navigation speed. While MEDIUM-AR also clearly resulted in a significantly higher
learning effect and recall accuracy, we did not find any similar significant effects
for LARGE-AR. Thus, our findings suggest that – similar to findings from Rädle
et al. [321] and Zagermann et al. [423] – there is a “sweet spot” for display size
in terms of spatial memory and that a larger available display size improves
navigation performance. Prior findings by Gao et al. [137] and Uddin, Gutwin,
and Cockburn [390] indicate that additional landmarks (e.g., seeing more icons
in larger conditions) can facilitate the formation of spatial memory, which is in
line with our qualitative findings. Despite this effect and unlike Rädle et al. [321],
however, participants actually performed slightly worse again beyond the MEDIUM-
AR size. Surprisingly, SMALL-AR also slightly decreased spatial memory despite
being bigger than NO-AR – further deviating from prior findings [138, 321, 390].
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This implies that AR extensions have an implicit cost associated with splitting the
display into a real and virtual screen.

Contrary to our expectations, maximum navigation speed did not show a sig-
nificant difference between the conditions. We expected the maximum navigation
to increase with display size, as participants could be more confident in quickly
flicking across the information space (as they are “scrolling into the unknown”) and
scanning the available area for the symbol. Instead, our results show a relatively
consistent maximum navigation speed, indicating that the time required to visually
scan the map and the time required to navigate to a new segment were roughly
consistent across all conditions.

In summary, a larger display size generally contributes to a better task com-
pletion time. Spatial memory, however, can actually decrease for small virtually-
extended screens. Here, MEDIUM-AR presents a “sweet-spot” for spatial memory,
after which spatial memory starts to slightly degrade again.

5.4.2 Workload

In line with findings by Caluya et al. [70], our results show that head rotation
increases with larger display sizes (i.e., insufficient virtual field of view for the
given content is compensated by increased head movement). The LARGE-AR size
comes at the cost of significantly more head rotation than both NO-AR and SMALL-
AR. Although MEDIUM-AR fits comfortably within the participant’s field, our data
also shows a significant increase in head movement and rotation compared to
SMALL-AR and NO-AR. Conversely, the cognitive load significantly decreased for
the MEDIUM-AR and LARGE-AR conditions, which indicates a trade-off between
ergonomics in terms of head rotation and cognitive load and is in line with prior
findings by Rädle et al. [321].

Similarly, our data also shows that virtually-extended display size correlates
with how much participants spent looking at the virtual screen. However, our
analysis reveals that most of the participants’ gaze is still focused on or around
the smartphone. While the increased display space is well-used in the SMALL-AR
condition, adding more display space beyond the MEDIUM-AR sees barely any
use. Given the significant increase in head rotation for LARGE-AR, the extra space
only caused additional physical load with little to no additional benefit.

To our surprise, gaze movement did not significantly increase with display size,
but rather whether or not an virtually-extended screen was used. Since we ensured
that both (real and virtual) screens were on the same focal plane (i.e., using a video
see-through HWD, cf. [106, 150, 292]) and that there was no visible gap between
the displays (cf. [288]), we expected gaze movement to correlate with display
size. Here, further research is necessary to explore the actual underlying causes.
For example, the smartphone bezel might provide a physical frame of reference,
thereby further splitting the screen into two distinct displays, contributing to an
increase in context switching (cf. [141, 325]). Alternatively, the smartphone may
provide a “sweet spot” in terms of angular coverage [325], thus fitting well within
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the fovea-wide field of view. Another reason might be due to our participants’
familiarity with a smartphone’s physical affordances: By introducing a virtual
screen, we added an unfamiliar affordance, thus leading to a higher cognitive
load without much added benefit for small extensions: “[During SMALL-AR], I
was still focused on the smartphone. It took me a while until I looked at the [VESAD]
again, it took me a while to convince myself that I can peek across the border” – P18.

In summary, while larger virtually-extended displays are worse for ergonomics,
the increased display space was well-used until MEDIUM-AR. Yet, there is no
benefit in increasing the size beyond MEDIUM-AR (cf. [321]). In contrast, a small
virtually-extended display causes disproportionately high cognitive workload.

5.4.3 User Experience

Our results show a clear subjective preference for any AR display extension over the
NO-AR condition across attractiveness, pragmatic qualities, and hedonic qualities.
Here, both MEDIUM-AR and LARGE-AR were consistently rated significantly
higher than the NO-AR condition, which was confirmed in our semi-structured
interviews: “It’s not too much to overwhelm you with information, but it’s also not
too small so that you have to search too much. […] It’s like, if your monitor is too
big you start to lose track of your cursor” – P9.

Although MEDIUM-AR is ranked slightly better than LARGE-AR (cf. [423]), the
difference might be due to a legacy bias [314]: Most of our participants are likely
used to working on a notebook or desktopmonitor, thus explaining their preference
towards MEDIUM-AR over LARGE-AR. In contrast, other participants might use a
television-sized monitor or multi-monitor environment in their everyday life, thus
preferring LARGE-AR over MEDIUM-AR.

In summary, participants consistently favored larger AR extensions such as
MEDIUM-AR and LARGE-AR. The subjective size preference between MEDIUM-
AR and LARGE-AR might depend on the use case and participants’ day-to-day
experiences.

5.5 Limitations and Future Work

Due to the narrow focus on comparing virtually-extended display sizes against a
smartphone baseline condition, this study has the following limitations.

We intentionally limited the overall map size to accommodate both NO-AR and
LARGE-AR. While LARGE-AR may see further improvements with a larger informa-
tion space (e.g., with regard to task completion time), this would negatively affect
the NO-AR condition. Future studies could exclude the NO-AR condition to better
study the effects of larger virtually-extended display. In addition, we assigned
each condition dedicated icons and icon locations to achieve full counterbalancing
of our conditions. Although we ensured that icons were equally placed between
different maps and our results are mostly in line with prior work (e.g., [321, 423]),
our results may be influenced by the layout of each map. We also intentionally
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switched to a desktop interface during the object location recall phase. While this
reduced the ecological validity, it allowed us to better compare our results with
prior studies (e.g., [321, 423]) and isolate spatial memory from other confounding
influences (e.g., muscle memory).

Another limitation may be given by the use of a video see-through AR HWD.We
intentionally decided against an optical see-through AR HWD to avoid confounding
factors with respect to different focal planes (cf. [106, 150, 292]). However, video
see-through HWDs are more cumbersome than optical see-through HWDs and
have a reduced real-world field of view, which may negatively impact larger display
sizes. In this regard, prior research already indicated that a restricted virtual field
of view does not negatively impact spatial memory [70]. As AR HWDs continue
to improve, further studies are necessary to investigate the impact of device
ergonomics on larger virtually-extended display sizes. In line with this, future
research could investigate whether a fully virtually simulated AR environment
(e.g., combining a virtual reality HWD and a physical prop) could be used to
increase the internal validity of the measurements – albeit at the cost of ecological
validity.

Since this study compared different virtually-extended screen sizes with a
fixed input modality as a static smartphone-sized peephole [271], there are many
aspects left unexplored. For instance, future work could explore the effects of
different physical screen sizes (e.g., smartwatches, tablets) and their relation
to virtually-extended screens. Furthermore, future work could also investigate
dynamic peephole navigation as input modality by tracking the smartphone in
space (e.g., see [305]): Replacing touch interaction with physically moving the
handheld device to explore the information space could further improve spatial
memory (cf. [423]).

5.6 Insights and Implications

In this section, we synthesize our findings from our laboratory experiment (see Sec-
tions 5.2 and 5.3) and our discussion (see Section 5.4) to provide design insights
(D2.1–D2.4) for the design of VESADs and research implications (I 2.1–I 2.4) to
inspire future work. Key implications are summarized in call-out boxes at the end
of this section.

While our results generally show that any virtually-extended display size
can have significant benefits in terms of task completion time and user experi-
ence (D2.1), our results consistently favor MEDIUM-AR over LARGE-AR. Looking
at our workload results, we conclude that MEDIUM-AR presents the best trade-off
in terms of performance (e.g., task completion time, navigation path length) and
increased task load (e.g., subjective and objective physical demand) (D2.2). How-
ever, a much finer granularity in the comparison of display sizes is necessary to find
the “tipping point” that presents the ideal virtually-extended screen size (I 2.1).

For LARGE-AR, the advantages gained from increasing the display sizes begin
to diminish (cf. [321]), while the workload (e.g., ergonomics) starts to outweigh
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the benefits (D2.3). In this regard, we could fully realize the potential of AR to
bend the information space around the user (i.e., similar to off-the-shelf ultra-wide
monitors or CAVE [91] systems). Here, we could investigate if bending the virtual
screen shows any benefits for virtually-extended display sizes (e.g., comparing
CAVE-like system, ultra-wide monitor, and straight display) (I 2.2).

For SMALL-AR, our objective results contradict the subjective user preferences:
While users appreciate even the smallest virtually-extended display size (e.g.,
subjectively increased efficiency), our objective results indicate adverse effects in
terms of spatial memory (e.g., navigation path length, recall accuracy). In terms
of spatial memory and workload, we therefore conclude that a small virtually-
extended screen is worse than providing no virtually-extended screen (D2.4).
Although our results indicate clues (e.g., increased eye gaze movement) why
SMALL-AR performed worse, further research is necessary to find the underlying
cause (I 2.3). However, prior works (e.g., [102, 229, 292, 333, 431]) already show
several promising scenarios of utilizing the small space next to a display (e.g., for
pushing UI elements out of the screen). As we did not study the interaction with
the AR content per se (e.g., via mid-air input [292]), we suggest to systematically
investigate use cases and scenarios for interaction with out-of-screen UI elements
(comparable to the size of SMALL-AR) regarding the effect on a user’s workload
as the interaction might alleviate shortcomings related to spatial memory (I 2.4).

Design Insights
D2.1 Any virtually-extended screen size is beneficial in terms of user

experience and task completion time for navigation tasks.

D2.2 Virtually extending a smartphone to the size of a desktop monitor
presents a “sweet spot” in terms of spatial memory, workload, and
user experience.

D2.3 Virtual extensions that are larger than a desktop monitor are detri-
mental to spatial memory and ergonomics with little additional
benefit.

D2.4 Small display extension negatively impact spatial memory and
workload.

Research Implications
I 2.1 Find “tipping point” of virtually-extended display size that repre-

sents optimal trade-off between ergonomics and performance.

I 2.2 Compare different levels of bending the virtually-extended display
around the user (cf. [137, 138, 246]).

I 2.3 Investigate effects of context switch between real and virtual
displays (cf. [325]).

I 2.4 Investigate if interaction with out-of-screen UI elements can alle-
viate shortcomings of small display extensions (cf. [292]).



106 | 5 Exemplar: ARound the Smartphone

a b c

Figure 5.6: Push2AR is a novel interaction concept that enhances scroll list inter-
action on phones by pushing list items to the AR space. (a+b) The
user bookmarks an item by swiping right on it to slide it into the AR
space. (c) The position of bookmarked items in AR is synchronized
with their respective position on the smartphone.

5.7 Follow-up Research Trajectories

Supplemental
Video

The findings of this study demonstrate the benefits of virtually extending a smart-
phone screen with an AR HWD. While some factors require further investigation
(see Section 5.6), the insights gained offer practical guidance for real-world appli-
cations. Building on this foundation, our recent work on Push2AR [407], applies
these findings to a concrete use case targeting mobile AR glasses (see Figure 4.6).

Push2AR translates the experimental insights from ARound the Smartphone
into a more ecologically valid setting, focusing on the ubiquitous task of browsing
and comparing items in mobile list interfaces Traditionally, mobile list interactions,
while functional, are constrained by the dimensions of the screen, often requiring
excessive scrolling and switching between tabs to access and compare information.
This traditional method can introduce visual clutter and increase users’ cognitive
load as they attempt to comprehend and interact with large amounts of data on a
small display [162].

Push2AR enhances this experience by enabling seamless interaction between
phone and AR space: A user is scrolling through a list of items while online
shopping (Figure 5.6 a). Once they find an item to bookmark, they simply “push”
the item to the AR space by sliding the finger from the item on the phone to
the right (Figure 5.6 b). Positions of these AR items are synchronized with the
scroll positions of respective items on screen. Using Push2AR, users extract and
bookmark items of interest to make comparisons among large amounts of data
(Figure 5.6 c). Push2AR further provides interactive scroll bar indicators that map
the pushed items to their location on the phone. They serve as a bridge between
the mobile and AR interaction spaces, allowing users to quickly jump to an item on
the phone by tapping on its scroll bar indicator. By allowing users to interact with
large data sets through such familiar gestures, the Push2AR concept demonstrates
how to leverage the strengths of both AR and smartphone usability.

https://youtu.be/Gkwah6YJX2s
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We implemented our interaction concept as an open-source web extension3,
showcasing how Push2AR can be applied to a wide range of real-life webpages.
We further evaluated our approach in a user study with 16 participants and
compared it against a smartphone-only web-browsing baseline to answer the
research question on how Push2AR affects interaction efficiency, task load, and
satisfaction. Although the experimental comparison and findings are not part of
this thesis, users reported lower task load and higher levels of satisfaction when
navigating through dense information using the AR space, but exhibited higher
task completion times. Our findings show that Push2AR significantly reduces
the number of page switches when browsing through lists online, leading to less
frustration and, thus, improved user experience.

Both ARound the Smartphone and Push2AR illustrate the potential of hybrid
user interfaces to improve elementary interactions, such as virtually extending a
screen for navigation or offloading user interface elements, thereby improving user
experience. Yet, these represent just two interaction techniques that make use of
the distinct strengths of each device in VESAD configurations. Follow-up work has,
for example, replicated our findings for virtually extending a smartwatch [196],
explored the effects of distance between smartphone and AR content on text
legibility [19], or applied such screen extensions to multiple view layouts for
visual analysis tasks in cross reality environments [93]. By seamlessly expanding
and integrating with existing display space, VESADs therefore offer promising
directions for supporting fluid interaction.

5.8 Chapter Conclusion

The “ARound the Smartphone” exemplar examines the use of an AR HWD to
virtually extend the display size of a smartphone. Here, we study the effect
of different display sizes on spatial memory, workload, and user experience,
thus informing how users transition between devices, contributing towards RO1:
Transitioning Between Devices. Our findings highlight the practical benefits
of using a VESAD configuration in a hybrid user interface, but also highlight
potential challenges. Although we found that all virtually-extended screen sizes
were beneficial to user experience and task completion time, the small display
extension shows that there is significant overhead when introducing a virtual
screen extension: If the virtual display extension is too small, the disadvantages
of splitting the screen into a real and virtual screen outweigh the benefits of an
increased screen size; if the extension is too large, device ergonomics start to
supersede any benefit gained from extending the screen size. While this study
does not directly address immersive analytics, it offers insights into effective device
transitions in hybrid user interfaces and highlights design considerations for future
applications, thus providing a foundational understanding of the objective benefits
of hybrid user interfaces.

3https://github.com/hcigroupkonstanz/Push2AR

https://github.com/hcigroupkonstanz/Push2AR
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Figure 6.1: The ReLive mixed-immersion tool. ReLive combines an immersive
analytics virtual reality view (left) with a non-immersive visual ana-
lytics desktop view (right) for analyzing mixed reality studies. The
virtual reality view allows users to analyze prior studies in-situ, while
the desktop facilitates an ex-situ analysis of aggregated data.

6.1 Chapter Context

Supplemental
Video

While hybrid user interfaces can enhance interaction in mobile scenarios (as
demonstrated in Chapters 4 and 5), much of the analytical work is still performed
on a desktop: Here, integration with established applications and access to pow-
erful 2D data manipulations and statistical analyses remain essential. Yet, using
multiple devices synchronously (i.e., parallel or serial usage) can be cumbersome.
Users may want to spend prolonged time on the desktop (e.g., for statistical
analyses) without wearing a HWD due to comfort. What about asynchronous use?

Consider Apple’s Handoff1 feature: users start writing an email on one device
and can finish writing that email on another device. Handoff transfers the appli-
cation state (i.e., the content of the mail) from one device to another. This works
well for homogeneous devices supporting similar modalities such as physical or
virtual keyboard input: the content of the mail is stored in the cloud and shown
in different, yet homogeneous views. While we can employ a fluidly responsive
design to support screens of different sizes for providing access to the same con-
tent, sharing this content across realities on the Virtuality Continuum [276] (e.g.,
from a smartphone to a VR environment) may be more complex. Here, we have
to consider additional aspects, such as representing the same content in both 2D
and 3D, or switching between entirely different input modalities. To ensure that
the user can effectively switch, transitional interfaces must be designed such that
mental connections between realities are maintained.

In pursuit of this idea, this chapter explores an asynchronous hybrid user
interface, where heterogeneous (i.e., non-immersive and immersive) devices are
used exclusively. While the exclusive use does not immediately offset the individual
device-specific disadvantages with the advantages of another interface, it allows
users to choose the appropriate device for a given sub-task. To ground this work on
a real-world analysis scenario, this chapter explores the use of such asynchronous
hybrid user interfaces in the context of analyzing MR studies.

1https://support.apple.com/en-us/HT209455, last accessed 2025-05-12.

https://youtu.be/BaNZ02QkZ_k
https://support.apple.com/en-us/HT209455
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6.1.1 Use Case

Given its rapid growth, MR environments are seeing an ever-increasing need for
user studies and field evaluation, analyzing not only MR-specific metrics such as
use of space [22], movement patterns [62, 215], or interaction ergonomics [117],
but also more traditional HCI performance metrics such as time and error. For this
purpose, researchers gather an abundance of quantitative and qualitative data
such as interaction or movement logs (e.g., spatiotemporal data), audio/video
recordings, and questionnaire responses in mixed-method evaluation approaches
that allow for data triangulation. However, MR tools and techniques are partic-
ularly challenging to evaluate given their device heterogeneity, diversity of use,
and mobile deployment. Additionally, many metrics are affected by the original
environmental context [60, 215] or may be hard to analyze in a 2D context [62,
117]. Thus, Ens et al. [114] recently identified the establishment of a general
evaluation framework as one of the current grand challenges in immersive an-
alytics [76]. Several immersive analytics tools have already emerged that aim
to streamline this process (e.g., [60, 215, 289]), offering increased immersion
and flow [306]. This can be especially beneficial when analyzing spatiotemporal
data (e.g., simulations of the actual study scene [60]), analyzing data within their
environmental context [60, 215], or viewing 3D visualizations [60, 222, 289] in
situ. However, “being ‘in the data’ at times prevents an outside-in view that may be
needed to get an overview of the data” [60].

In contrast to these novel immersive approaches, non-immersive visual analytics
tools are widely used to analyze data through a more traditional ex-situ approach
– where the analyst is detached from the original study environment – that can
outperform immersive counterparts for overview tasks [223]. The familiar input
methods in these non-immersive tools allow for precise interaction (e.g., via mouse
pointer) and facilitate the creation of specialized analysis workflows (e.g., via
computational notebooks [13]). In addition, the 2D environment is suited towards
a range of relevant study analysis tasks, such as analyzing video data, transcribing
audio, pre-processing data, or exporting results for use within other applications
(e.g., for statistical tests).

We argue that a holistic analysis of MR study data can therefore benefit from
both immersive and non-immersive visual analytics tools, as they complement
each other well [109, 114, 424]: On the one hand, immersive analytics tools
excel in an in-situ analysis, allowing researchers to reconstruct the context of the
original setting (akin to a crime scene investigation) and facilitating the analysis
of inherently 3D data; on the other hand, non-immersive visual analytics tools
excel in an ex-situ analysis, providing a holistic overview of the data and inter-
compatibility with other tools, and allowing users to define their own specialized
analysis pipelines to compare data across multiple participants or conditions. Yet,
there is a missing link between both approaches: Researchers have to reconstruct
their (mental) workspaces when switching from one tool to the next, thus barring
any kind of serendipitous findings that might occur if this transition were seamless.
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In addition, there has been little research on which tasks are best suited for
immersive or non-immersive settings as well as on how to best transition between
these environments [114]. More specifically, which aspects of the analysis process,
if any, benefit from immersive representation, and which aspects are instead better
served by the use of a non-immersive visual analytics interface? How can we
transfer context information and support users when switching from, for example,
an immersive VR device to a non-immersive desktop environment and back?

6.1.2 Research Questions

To investigate the aforementioned challenges, this chapter introduces ReLive: a
mixed-immersion visual analytics framework [339] that combines both immersive
and non-immersive views to enable the holistic exploration and malleable analysis
of MR user studies (see Figure 6.1). ReLive offers an in-situ VR view suited for
immersing the user in an interactive spatial recording replicating the original study
setting (cf. [245]). Similar to prior work (e.g., [60, 215, 289]), users can walk
through the scene, create visualizations based on entities and events within the
scene, and view the study data within its original environmental context. Unlike
prior work, which uses AR to visualize spatiotemporal data (e.g., [60, 289]), we
argue for the use of VR, which does not require access to the original study setting
(cf. [60, 289]), can simulate studies across the whole virtuality continuum [202,
276], and allows for higher immersion, which, in turn, may provide deeper insights
into the study participant’s environmental context. To cover both exploratory and
analytical procedures of the analysis process and identify which aspects may be
better served by an immersive analytics view or a 2D view, we complement our VR
view with an ex-situ desktop view. Users can use this desktop view as a visual
analysis workbook, taking advantage of a toolkit of visual analytics techniques for
summarizing, linking, and exploring details of spatiotemporal, event, and nominal
data to make comparisons between study sessions. The desktop view also allows
for the playback of audio and video media, and offers a 2D window into the current
VR view. Both the desktop and VR view are synchronized in real time, facilitating
the switch between the different views – thus representing an asynchronous hybrid
user interface [187] with exclusive temporal usage. Although our focus in this
work is solely on a single-user system, such cross-platform environments can also
open up the design space for asymmetric collaboration [77, 129, 344].

For ReLive, we were particularly interested in the interplay between in-situ
and ex-situ analysis (contributing towards RO1: Transitioning Between Devices),
and which tasks are best suited for which level of immersion (contributing towards
RO2: Task Allocation). Although we also investigated the general applicability of
this concept, these explorations are beyond the scope of this thesis and are thus
omitted from this chapter.
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RQ3.1 Interplay Between Ex-Situ and In-Situ Analysis
How do in-situ and ex-situ analysis complement each other?

RQ3.2 Task Allocation
Which analysis tasks benefit from immersive analytics, which
tasks are better suited for non-immersive visual analytics?

We evaluated a prototype of ReLive in a two-step evaluation process to identify
the benefits and challenges of combining immersive and non-immersive views for
the analysis of MR user studies. In the first step, a guided design walkthrough
was conducted with the authors of this paper to analytically evaluate and validate
the concepts. In the second step, we invited 5 MR experts in an empirical user
study to see how they use the interplay between immersive and non-immersive
visual analytics for the analysis of study data. To ground this study in realistic
data, we first explored relevant metrics for evaluating user studies conducted in
MR environments and examined the level of immersion required for meaningful
analysis.

6.1.3 Metrics for Evaluating Mixed Reality Studies

When evaluating MR studies, researchers employ a variety of different metrics,
the choice of which is heavily influenced by the study type and research objec-
tives [114, 289]. Performance metrics such as task completion time, accuracy,
or error rate are often used for MR studies and offer a well-understood point of
reference [32]. However, established metrics for 2D interaction may not be easily
transferred to these immersive environments: For example, applying ergonomics
metrics created for interacting with vertical displays [168] to mid-air interaction
may result in misleading results, especially when visualized in situ [117]. In
addition, most MR studies “need to cover many more factors than studies of non-
immersive surroundings” [32], such as place illusion and world awareness [363],
environmental constraints [60, 117], or novelty bias [114]. Although an extensive
analysis of MR study metrics exceeds the scope of this work, recent works [32,
114, 274] point towards a lack of standardization for MR study metrics.

An interview with domain experts conducted by Nebeling et al. confirms that
“[researchers] mentioned many types of data specific to their projects but relatively
few concrete metrics” [289]. Rather, many MR systems are evaluated qualitatively
based on interview data, observations, or bespoke visualizations of available study
data, such as movement data [62, 282]. To aid in these observations, some studies
employed a passive observation client [179, 394, 415], which can provide more
insights into the digital environment than the user’s point of view.

Another aspect of evaluating MR studies is capturing and calculating specific
metrics: Nebeling et al. [289] automated the calculation of a set of global metrics
(e.g., task completion time, distance moved, area coverage of user movement)
in a Unity framework; Kloiber et al. [215] integrated a clustering algorithm to
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automatically detect keyframes in a recording with high spatial activity; and Lilija,
Pohl, and Hornbæk [245] enable the user to step through notable changes of
a selected object. Prior work also supports creating annotations and tags [60],
recording of gestures and voice commands [289], or defining tasks for calculating
metrics [289]. Yet, some MR systems may not rely on evaluating user movement,
but instead investigate olfactory (e.g., [23]) or taste (e.g., [1, 401]) feedback.

In summary, well-established performance metrics work especially well for
simple interactions such as pointing and dragging, but are usually insufficient
to completely characterize more complex activities in MR. The possibilities of
multi-modal interaction, multi-user scenarios, and multi-device environments
therefore demand an analysis environment that not only allows for the calculation
of classical measures, but can also offer richer ways to capture, visualize, and
analyze these complex activities (e.g., using a 3D environment [117]).

6.1.4 Degree of Immersion for Analysis of Mixed Reality Studies

When analyzing user studies, researchers usually turn towards (non-immersive)
desktop analysis tools, offering a wide range of different well-established software
suitable for analysis, the choice of which depends on the data set, the goal of
the analysis, and the expertise of the user group [13]. Existing approaches offer
a fully-featured graphical user interface which may require data preprocessing,
or provide a powerful development environment (e.g., R [130] or Python) that
allows users to both calculate their metrics and output visualizations. These
non-immersive approaches are highly configurable, as simple visualizations may
be expressed using a common specification (e.g., Vega-Lite [348]) to replicate
the visualization in a wide range of analysis tools, or use powerful toolkits (e.g.,
D3.js [47]) to generate bespoke visualizations. To give more context to these
visualizations, computational notebooks (e.g., [13, 143, 311, 323]) are often used,
employing the concept of literate computing [277] to narrate the analysis process
by combining explanations, code, and resulting visualizations as a visual analysis
workbook.

Specific to the analysis of MR user studies, past efforts have also investigated
non-immersive visualizations of spatiotemporal data. For visualizing user move-
ment and orientation, such prior work has augmented top-down views [57, 80, 98,
383, 395] and 3D scene views [58, 98, 316] with different visualizations, includ-
ing trajectory plots [57, 58, 80, 98, 383], heatmaps [57, 80, 395], or field of view
frustums [57, 80, 316]. Often (e.g., [57, 58, 80, 98, 268, 395]), visualizations
can be controlled by a timeline in combination with playback controls. These
visualizations of movement data are also often complemented by the playback of
one or more video recordings (e.g., [57, 58, 98, 268, 395]), synchronizing the
visualization of user movement with the actual video recordings. Furthermore,
several works [57, 58, 268, 395] visualize calculated or manually annotated
events (time points and time periods) as part of a timeline.
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In contrast to these (non-immersive) desktop-focused approaches, recent work
has also introduced various immersive prototypes and toolkits that facilitate the
analysis of spatiotemporal data from AR [60, 289] and VR studies [215, 245]. The
capability of these prototypes depends on the individual research focus, which
affects the choice of visualization: Here, 3D trajectory plots and 3D trails are
often used to visualize the position and speed of objects of tracked devices [62,
245], participants’ heads and hands [215, 245], or gaze cues [316]. In addition,
Nebeling et al. [289] use 3D point plots to visualize events such as the position and
direction of users, tracked objects, and physical markers, while a tablet shows an
overview of the events in a 2D visualization. Büschel, Lehmann, and Dachselt [60]
also enrich spatial 3D trajectories with additional videos and 2D visualizations (e.g.,
heatmaps, scatterplots) that can be placed in the AR environment, while Lilija,
Pohl, and Hornbæk [245] use these 3D trajectories as an interactive, non-linear
time slider.

In summary, both non-immersive and immersive analysis tools represent viable
choices for analyzing data from MR user studies: Non-immersive tools offer
flexibility and reproducibility (e.g., via computational notebooks) and are well-
integrated in a rich ecosystem of established applications, for example allowing
users to export their results to their research paper. In contrast, immersive tools
can reveal the environmental context [60], increase spatial understanding [222],
help in understanding physical measurements [233], and aid in the decision-
making [328], but still suffer from novelty factors and discomfort issues [73,
310] such as HWD weight [416], temperature [416], or simulator sickness [209]
which can make these immersive approaches unattractive for some users over
longer periods of time. We therefore argue that a holistic analysis of MR user
studies requires both immersive and non-immersive approaches – allowing users
to choose and transition between different levels of immersion based on their
current analysis task. Yet, most existing tools only support one or the other; users
have to therefore either choose one or spend significant effort in migrating their
current analysis workflow to a different reality.

6.2 ReLive

We propose ReLive: a visual analytics framework [339] that combines immer-
sive with non-immersive views to enable the holistic exploration and malleable
analysis of MR user studies. Based on trends in immersive and visual analytics
study analysis, ReLive provides an immersive VR view for in-situ analysis with a
synchronized, non-immersive desktop view for ex-situ analysis (see Figure 6.1):
The VR view allows users to relive an interactive spatial recording replicating the
original study (cf. [60, 245, 289, 316]), while the complementary desktop view
facilitates the malleable analysis of aggregated study data (cf. [13, 45, 311, 323]).

To ground ReLive in authentic data and realistic evaluation scenarios, we refer
to five reference studies (RS) that served as testbeds for the conceptual design,
prototypical development, and evaluations of ReLive:
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RS1 In this study [22], domain experts were tasked with individually exploring
a domain-specific data set, configure their visualizations in a 3D space, and
present their findings. Here, the use of space or the resulting complexity
of visualizations was studied, focusing on quantitative measurements in a
within-subjects design.

RS2 In this study [408], two co-located participants were asked to collaboratively
position and rotate virtual furniture to pre-defined target positions using
handheld AR tablets. This allowed to study the influence of different inter-
action techniques on task performance (e.g., accuracy or task completion
time), focusing on quantitative measurements in a within-subjects design.

RS3 In this study [286], two participants (either co-located or remote) were
instructed to remember the position of task objects using different display
configurations: The study compared a handheld AR condition (tablets su-
perimposing digital content on their real-world camera) with handheld VR
condition (tablets showing a completely digital world), both controllable
through egocentric navigation. Both display conditions featured visual land-
marks in the form of digital furniture. The display configuration represented
the within-subjects factor and the spatial dispersion (e.g., co-located or
remote) represented the between-groups factor. The authors studied the
influence of the display configuration on measures such as the perceived
social presence (i.e., for remote collaboration) and task completion times,
while combining other qualitative and quantitative measurements in a mixed
design (between-groups and within-subjects factors).

RS4 In this study [179], participants were tasked to individually explore and
analyze a visualization of 3D parallel coordinates using the various input
modalities provided by the handheld tablet (e.g., touch or tablet orientation)
and AR HWD (e.g., head-gaze or voice input) to investigate the applicability
of this multimodal interaction approach, focusing on qualitative measure-
ments in a within-subjects design.

RS5 In this study [125], two remote participants were asked to jointly decide
on a travel destination and plan a trip. In this realistic negotiation task, the
influence of the location and representation of the remote peer allowed to
study user experience and subjective perception of presence, focusing on
qualitative measurements in a within-subjects design.
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The selection of these reference user studies was guided by the aim to cover
a wide range of MR user study situations to ensure the general applicability of
ReLive. It ranges from single-user studies using an AR/VR HWD (RS1, RS4),
over co-located collaborative user studies using handheld AR/VR (RS2, RS3), to
remote collaborative user studies using AR HWDs (RS5), each focusing on various
types of measurements and applying different study designs.

To facilitate replication in ReLive, we created a data specification that unifies
the recorded data from these different studies. Existing data was converted to
this specification using bespoke preprocessing pipelines and imported to ReLive.
To support and validate our concepts in real world scenarios, we also created a
data logging toolkit to easily recreate and analyze future studies in ReLive.

The following sections describe the data specification, the component templates
and instances that allow for a malleable analysis, the non-immersive desktop view
and the immersive VR view, and the transition between in-situ and ex-situ analysis.
Lastly, we describe our data logging toolkit to support ReLive for future user
studies.

Throughout this chapter, we will refer to the following example scenario to
showcase the possible benefits of using ReLive, which is further illustrated in the
figures in this chapter. The scenario is based on findings that were unveiled when
analyzing data from RS3 with ReLive during development.

Scenario The HCI researcher Sarah finished the mixed reality mixed-method experi-
ment RS3 with 32 participants and two conditions. Before investigating the gathered
data with statistical tools such as IBM SPSS, she starts exploring the qualitative and
quantitative data with ReLive to get a first impression and to see how the display
configurations were adopted by the participants. For this, she opens up a new analysis
notebook in the desktop view and selects RS3, which then loads all data based on the
pre-defined dependent variables on the desktop and on the complementary VR view.

6.2.1 Data Specification

Our data specification was designed to holistically reflect the data from a user
study, allowing ReLive to reconstruct the study as accurately as possible. The data
format differentiates between four types of logging messages: sessions, entities,
events, and states (see Figure 6.2). Additional data, such as audio or video, may
be included as attachment, but is stored as an ordinary file to facilitate external
access.

Sessions. A session represents a self-contained subset of the study data pertaining
to one study session containing multiple entities and events. Depending on the
study design, a session can represent a trial, an experimental condition, or an
entire study session.

Entities. Each entity describes an actor, input device, or object with a visual
appearance, which should be replicated. Entities may change over time (e.g., their
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Event
{
    "eventType": "touch",
    "name": "Tablet 1 unveils Cube 10B",
    "position": { /* Position of event */ }

    // ... Additional optional metadata
    //     to describe the event
}

Entity
{
    "name": "Tablet 1",
    "type": "tablet",
    "fieldofview": 80,

    // ... Additional optional metadata
    //     to describe the entity
}

Session

{
 "name": "Pair 1, AR Condition",
 "tags": ["AR", "Colocated"]
}

State
{
    "stateType": "entity",
    "position": { /* Position Change */ },
    "rotation": { /* Rotation Change */ },

    // ... Additional optional metadata
    //     to capture the changes
}

State

{
    "stateType": "event",
    "touch_position": { /* Position Change */ },

    // ... Additional optional metadata
    //     to capture the changes
}

0..1 (Optional)

1..* 1..*

1..* 1..*

Figure 6.2: Hierarchy and relation of data specification. Each logging type
shows a data example from RS2. Relational and technical metadata
(e.g., timestamps, foreign keys) were omitted for brevity.

position or rotation, see states) and are usually represented by a 3D model of the
original object. Entities may also contain media (e.g., screen capture of a tablet)
that can be used for a more holistic replication (e.g., displaying a tablet’s screen
recording directly on its virtual replica).

Events. Events represent ephemeral actions that typically do not have a physical
representation (e.g., task start, touch event), but occur at a specific point or
interval in time. Similar to entities, events may occur at a specific position within
a room (cf. [289]) and may contain media data, such as screenshots. Events may
optionally refer to specific entities: For example, a touch event may refer to a
tablet entity to later identify the origin of the event.

States. States capture the changed properties of any entity or event over time,
thus recording each individual change.

Scenario In RS3, each pair of participants is divided into two sessions, one for each
condition: handheld AR and handheld VR. In this study, entities are represented by
the participant’s tablets, the virtual furniture acting as landmarks, and the cubes
of the memory task. New events are created at the position of a participant’s tablet
whenever a cube is unveiled by the participant.

6.2.2 Component Templates and Instances

To establish a malleable analysis workflow that works in both VR and on a desktop,
we adapt the concept of components from computational notebooks (cf. [13, 45,
323]). Instead of having to program each component separately, our concept
differentiates between component templates that are programmable and component
instances which execute the template’s code with data provided by the analyst.
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Figure 6.3: Component instance. Used on the desktop (top) and in the 3D
study replication (bottom), created from a trail visualizer component
template. On the desktop (top), the component requires one entity,
as well as at least one data set (session) to create a top-down 2D
visualization of the tablet’s movement. The component exposes three
properties to further customize the current visualization. Additional
buttons in the top right corner allow for general control (e.g., delete
component, export data). In VR (bottom), the same component
instance also adds a 3D visualization in the 3D study replication,
which can reveal additional information such as user behavior.

ReLive thus combines the benefits of a desktop environment for programming,
while still offering a flexible analysis workflow in VR.

Component templates can be programmed by analysts to calculate and visualize
metrics, or to add custom behavior to the interactive 3D study replication – thus
allowing for the creation of custom analysis tools. By using the data specification,
templates are generic and only need to specify how many entities or events are
required for successful code execution. In addition, analysts can specify optional
parameters to further customize the calculation. Component templates facilitate
the distribution of metrics across different analysis workflows, as these templates
can be easily packaged (cf. [45]) and shared with others. For example, consider a
component template that visualizes the user’s movement as a trail (cf. [60, 245],
see Figure 6.3): Here, the analysts can specify that the component requires one
entity, add code to convert the entity’s movement data to a visualization, and
provide additional parameters (e.g., length of visible trail in seconds) that can
customize the resulting visualization. In future work, we aim to make these
templates more easily programmable by the user, for example by offering an editor
similar to existing computational notebook, allowing components to output a
Vega-Lite specification [348] depending on their specified input parameters.

In contrast, component instances (see Figure 6.3) can be created from existing
templates. Instances can be customized by the analyst by adding study data or
adjusting parameters. Once configured, components automatically execute the
code defined in their corresponding template. Component instances either add
custom behavior to the 3D study replication, or visualize the calculated metrics.
Visualizations can differ between the non-immersive and immersive environment
akin to multiple coordinated views, making the best use of each environment.
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Figure 6.4: ReLive desktop view. This view combines a computational notebook
approach with a video editor interface, specializing in an ex-situ
analysis of aggregated study data. Access to additional media data
such as videos and 3D study replication allows for a holistic insight
into the user study.

For example, when instantiating the trail component template, analysts have to
specify a entity for this instance and can adjust the defined properties, such as trail
length. Once one or more sessions (i.e., data subsets) are added to the instance,
the template’s code is executed, and a visualization appears in the component
(see Figure 6.3 (top)). In addition, a corresponding 3D visualization appears in
the 3D study replication if the affected entity is visible (see Figure 6.3 (bottom)).

6.2.3 Non-Immersive Desktop View

The non-immersive desktop interface of ReLive is designed to provide analysts
with a holistic ex-situ overview of the study’s available data and is suited for an
analytical evaluation of aggregated study data using a components-based approach
(see Figure 6.4). Our concept takes inspiration from computational notebooks
(e.g., [13, 45, 311, 323]), which use an interactive programming environment to
display results such as visualizations inline (cf. literate computing [277]). Here,
analysts can create component templates and instances, allowing analysts to,
for example, narrate their analysis process, calculate and visualize metrics (see
Figure 6.4 (B)), or export data from these components for external applications.

This notebook approach is combined with a video playback interface akin to
state-of-the-art video editors to better support the complementary in-situ analysis.
Analysts can display available 2D media data (see Figure 6.4 (C)), or see into a
MR study session via a reconstruction of the study session (see Figure 6.4 (D)).
The current playback status is synchronized across all available media data and
can be controlled with a timeline.
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The desktop interface is divided into five panels to merge the computational
notebook approach with a video editor (see Figure 6.4): a data panel (A), a
component panel (B), a timeline panel (E), a video panel (C), and a 3D scene
panel (D).

Data Panel. The data panel shows an overview of all available sessions, entities,
and events within a study (see Figure 6.4 (A)), allowing analysts to assign this
data to other panels via drag and drop (e.g., to configure component instances).
To facilitate comparisons across study sessions, data with similar attributes (e.g.,
identical name) is automatically grouped together: Session tags act as a smart
folder of sessions with similar attributes (e.g., the same experimental condition),
allowing analysts to drag and drop multiple sessions at once; shared entities and
shared events group together similar entities or events, respectively, across sessions
and thus allow for an easy comparison of data across different sessions.

Component Panel. A component panel allows analysts to visualize study-specific
metrics as visualizations via customizable components (see Figure 6.4 (B)). Here,
analysts can create new component instances from existing component templates.
Created component instances are organized linearly like a computational notebook,
allowing analysts to narrate their analysis process. In addition, the visualizations
can provide contextual information about the current playback time (e.g., as
interactive playhead in a time series line chart, see Figure 6.4 (G)), linking the
ex-situ analysis with the available videos and 3D study replication.

Timeline Panel. Similar to a video editor, a timeline panel at the bottom controls
the current playback time, speed, and status (see Figure 6.4 (E)). To facilitate
the comparison across study sessions, the current playback time is synchronized
across all sessions – each session is therefore akin to a single video track in a
video editor. In addition, each session timeline can be expanded to reveal an
overview over the lifetime of all entities and a timeline visualization of events (see
Figure 6.4 (F)), which can be filtered (cf. [289]). Static data (e.g., screenshots
contained within events) can be inspected by hovering over the data, while videos
can be displayed in the video panel.

Video Panel. The video panel provides additional insights into the real-world
context of the study (see Figure 6.4 (C)). Here, videos enabled in the timeline
panel are displayed as separate videos and synchronized with the playback time
displayed in the timeline panel, akin to a video editor.

3D Scene Panel. The 3D scene panel provides additional insights into the virtual
context of the study (see Figure 6.4 (D)). Based on the available data, the orig-
inal study is reconstructed as an interactive 3D scene suited for in-situ analysis
(cf. [316]). This 3D scene panel provides controls similar to common 3D editing
programs such as free camera movement and isometric (e.g., top-down) camera
perspectives, but can also provide additional insights, for example by replaying



6.2 ReLive | 123

Figure 6.5: ReLive VR view. This view immerses analysts in an interactive
reconstruction of the original study. A user interface is affixed to the
analyst’s left controller and a timeline at the bottom allows analysts
to control the simulation. In addition, metrics and utilities from
component instances are visualized in situ. Once multiple sessions
are visible simultaneously, a colored outline helps in differentiating
entities and events from different sessions.

the scene from a user’s point of view. In addition, analysts can drag and drop data
to instantly locate the corresponding 3D object. Lastly, visualizations from corre-
sponding component instances are displayed in the 3D scene window, allowing
for a quick glance into the VR view.

Scenario As Sarah is interested in task completion times, she creates a new component
instance of an already available “Event Timer” component template in the component
panel. To get an initial overview, Sarah adds the data from all participants to this
component instance by dragging and dropping the “All Sessions” tag from the data
panel to the newly created component instance. In addition, Sarah specifies a start
and end point by dragging in the representative events from one of the sessions in the
timeline panel into the component instance. Once the data has been defined, a 2D
barchart automatically appears – revealing that one participant pair was considerably
slower in their first trial (see Figure 6.4 (G)). To investigate this outlier, Sarah looks at
the video data by dragging in the outlier sessions into the the video panel to show the
real world video, and then dragging the same session into the 3D scene panel to show
a digital reconstruction, controlling their playback with the timeline panel. However,
viewing the replay on a desktop makes it difficult to understand how the participants
moved through the digital environment, as Sarah has to constantly adjust the camera
to understand the objects’ spatial relations.

6.2.4 Immersive Virtual Reality View

In contrast to the desktop view which focuses on ex-situ visual analytics, the
VR view focuses on in-situ immersive analytics (see Figure 6.5). The VR view
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is inspired by prior work (e.g., [60, 245, 289, 316]), which enriches the in-situ
analysis with environmental context. To that end, analysts can relive an interactive
replication of the original study, which is enabled by our data specification: Session
backgrounds (e.g., 3D model of the room) can be added to the data set and
displayed in VR; entities are reproduced using, for example, their 3D model and
move around the scene based on their captured movement data; and events are
visualized in situ as colored spheres (cf. [289]).

For better cohesion with the desktop view, the user interface is structured
similarly to its desktop counterpart (cf. [71]), yet also geared towards an in-situ
analysis. Analysts can interact by clicking and pointing on user interface elements
or objects within the scene, mirroring the features of the desktop where possible.
In the future, we aim to provide an ex-situ view in VR similar to the desktop view,
allowing for a more detailed control over the analysis. The interface of the VR
view provides analysts with access to the study data, the created components, a
timeline, and displays available media data within the scene.

Study Data. Analysts can reveal additional information about entities and events
as a floating tooltip by pointing at a corresponding 3D object within the scene.
Analysts can also use a user interface anchored to their left controller to get a
basic overview of all entities and events within a scene (see Figure 6.5 (A)). This
menu also allows analysts to focus on specific entities (e.g., by hiding all irrelevant
entities). Lastly, analysts can browse through all available sessions and load the
data into the scene. When multiple sessions are active at the same time, a colored
outline is added to each object in the scene, allowing analysts to map entities to
their corresponding data set.

Components. To allow for an analysis of the data, analysts can create new com-
ponent instances through a 2D menu anchored to the left controller (see Fig-
ure 6.5 (B)). However, as the input modalities for VR are unsuited for text-based
programming, creation of new component templates is restricted to the desktop
view. Thus, component instances can be created by selecting a template, then
clicking on the corresponding entities or events within the 3D scene.

The user interface shows existing component instances (see Figure 6.5 (C)),
which can also be placed anywhere in the 3D space. The resulting visualizations
may appear in situ (movement trail, see Figure 6.5 (D)), as a freely placeable
visualization, or as a single value depicting the current value (see Figure 6.5 (D)).

Timeline. Similar to the desktop view, a timeline allows analysts to control the
playback state, speed, and time (see Figure 6.5 (F)). In addition, analysts can
scrub back and forth by using the VR controller’s joysticks. The timeline can also
provide an overview of all events, which can be filtered based on event properties.

Media. To simulate a device’s screen during the actual study, each device shows
their current view on the virtual scene on their screen (see Figure 6.5 (E)). We aim
to visualize more recorded media data in future work, for example by replaying
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screen recordings from a tablet on the corresponding replica’s screen, or adding
another video playback panel to the components menu.

Scenario To better investigate the outlier, Sarah immerses herself in VR by putting
on a VR HWD – putting her into the same environment as visible in the desktop’s
3D scene panel. For comparison, she loads in another participant pair by opening
the study data interface on their left controller and activating another session. Thus,
another set of tablets appears, which are now highlighted with a yellow outline to
distinguish them from the tablets of the other session (outlined in red and green).
To better visualize the participant’s movement, Sarah selects a “Trail Visualizer”
component instance from a predefined component template and attaches this to
each tablet by pointing and clicking on each tablet with her right controller. As a
result, each tablet now shows a trail of its movement over the last few seconds (see
Figure 6.5). Using the timeline interface, Sarah quickly scrubs through the session,
allowing them to relive the study. By observing the tablet’s position and screen, Sarah
notices that one participant’s tablet was occluded by the digital furniture placed in
the room, which could be a potential cause for the longer task completion time. She
also notices that the participants communicated by holding their tablets into the
cubes they wanted to select (see Figure 6.3 (bottom)). For both cases, Sarah selects
the “Camera” from the components panel to take a photo, thus saving these incidents
within ReLive for further analysis.

6.2.5 Transitioning Between In-Situ and Ex-Situ Analysis

Both the non-immersive desktop view and the immersive VR view were designed to
suit different analysis workflows. Depending on the task and context, analysts may
prefer to work in situ (e.g., in the VR view) or ex situ (e.g., on a desktop). ReLive
therefore aims to facilitate the transition between in-situ and ex-situ analysis and
follows the guidelines proposed by Carvalho, Trevisan, and Raposo [71].

Most importantly, application state (e.g., components, playback time) is syn-
chronized across both views in real time, thus “[making] users aware of the system
state” [71]: Component instances created in the desktop view are instantly visible
in the VR view and vice versa. This is further supported as analysts can explore
the 3D study replication on the desktop view (see Figure 6.4 (D)). In addition, the
desktop view allows analysts to drag data (e.g., entities, events) from the ex-situ
overview to the 3D scene replication, causing the camera to focus on the related
object in the 3D scene. Analysts can therefore instantly explore the environmental
context from within the ex-situ overview.

In future work, we also want to implement and examine cross reality linking
and brushing: Here, users could mark outliers in the component instance of the
desktop view, which is then instantly highlighted in the VR view and vice versa –
akin to linking and brushing [208] across realities.

Scenario While investigating the outlier in VR, Sarah also notices that the “cube
selection” events of one pair of participants are clustered within one corner of the
room – while the events of other pairs are spread throughout the entire room. To
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quantify this, Sarah attaches a “Property” component instance to the tablets of each
session and configures the component instance in the component menu to show the
“total distance moved” – thus displaying the current distance above each tablet. By
scrubbing to the end of the session, Sarah can now compare their values between
the currently loaded sessions, revealing a substantial difference between the different
sessions. To better generalize this across all 32 participants, Sarah switches back to
the desktop view. Here, Sarah can seamlessly resume her workflow with the previously
created “Property” component instance, which shows a line chart of the “distance
moved” metric. By dragging and dropping the “All Sessions” tag to this component
instance, Sarah can easily generalize her findings for all participants and continue
their analysis, for example by correlating the movement with task completion time or
exporting her findings and visualizations to her research paper.

6.2.6 Data Logging Toolkit

To utilize ReLive in a real world scenario, we developed a holistic logging and
malleable evaluation environment, supporting researchers throughout all stages
of a study (see Figure 6.6). At the center of this logging framework is a data
specification that aims to captures the abundance of qualitative and quantita-
tive data collected during a study (e.g., spatiotemporal data, interaction events,
video/audio recordings, 3D models), allowing researchers to relive the original
study as accurately as possible. With the increased availability of 3D scanning
hardware (e.g., LIDAR sensors in Apple iPad), scans of the real world environment
can be added to the resulting data set [316]. In comparison to prior work that
offers similar workflows (e.g., [60, 289]), our concept follows two main design
principles:

RELIVE

External Applications
(Scripts, Live Dashboards, …)

Ex-Situ Analysis
(Desktop)

In-Situ Analysis
(Virtual Reality)

D

E

DATA LOGGING TOOLKIT

Spatio-Temporal Data

Questionnaire Responses

Camera/Audio Recordings

3D Models

Prior Studies

A

B

Data Specification 
(Database)

C

Figure 6.6: Logging and evaluation overview. This environment supports re-
searchers throughout the all stages of a study: (A) An open data
logging toolkit can facilitate data capturing, including spatiotemporal
data (e.g., movement data from AR HWD), video data (e.g., imported
or automatically captured from network cameras), questionnaire re-
sponses, and 3D models. (B) Data from prior studies can be converted
to the data specification for use within ReLive. (C) Our data specifi-
cation contains holistic data about a study, and can be easily accessed
by external applications. (D) ReLive uses the data specification to
enable a holistic study data analysis and reconstruct the original study
setting. (E) Data from an ongoing study can be streamed to (and
parsed by) external applications, enabling an analysis using bespoke
scripts or live dashboards.
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(1) Openness: Our concept was designed to run on all platforms (e.g., Unity,
web) and integrates well with external applications by relying on established
standards (e.g., JSON for interaction data, standardized file formats where
possible). Our aim is to encourage open science by making it easy to share
and reuse data sets.

(2) Extensibility: To offer support beyond the status quo and accommodate
a wide range of MR studies, the toolkit is designed to be easily extensible
without requiring changes to the underlying code.

6.3 Evaluation Process

We evaluated ReLive in a two-step evaluation process: First, a guided design
walkthrough (Section 6.4) allowed us to analytically investigate ReLive in a
formative evaluation; second, an expert user study (Section 6.5) provides deeper
insights into the real world applicability of ReLive in an empirical evaluation.
The overall goal of this evaluation process was to better understand the interplay
between an in-situ and ex-situ analysis as exemplified by the VR and desktop
view of ReLive, respectively, and how this combination can support the analysis
of MR user study data. In line with the research goals of task allocation, interplay
between ex-situ and in-situ analysis, and applicability, we created an evaluation
prototype that implements the core features of ReLive.

6.3.1 Evaluation Prototype

To address our research questions, we created an evaluation prototype of ReLive
(see Figures 6.1–6.5), which was iteratively improved. First, we focused on
implementing core concepts for the guided design walkthrough. This first version
already supported both a limited desktop view and a limited VR view, which
were synchronized: The desktop view offered predefined component templates
(see Table 6.1) that produced 2D visualizations, a timeline panel, and a 3D scene
view; the VR view also supported the same predefined component templates
that produced in-situ visualizations and a timeline. Based on the feedback from
the guided design walkthrough, we refined our evaluation prototype to support
an authentic evaluation of our reference studies. This study prototype includes
all features described in Section 6.2, with the exception of user-programmable
component templates, which were intentionally replaced with predefined tools.
This reduced the complexity of this study and allowed us to focus on uncovering
initial challenges relating to RQ3.1: interplay and RQ3.2: task allocation, especially
as potential participants would not be familiar with the used reference studies.

We decided on seven predefined tools listed in Table 6.1, based on the eval-
uation requirements of our reference studies RS1–RS5. The tools are aimed to
address a wide range of analysis tasks and allow for an easily understandable, yet
authentic analysis of our five reference studies. Consequently, we intentionally
decided against implementing other ideas for very specific components that we
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Table 6.1: Overview of predefined tools. We defined seven component tem-
plates as predefined tools for our final prototype. Tools were derived
based on the evaluation requirements of our reference studies. The
chosen tools showcase either visualizations available in both desktop
and VR view, or utilities for analyzing the study in VR. The event timer
tool was not part of the prototype for the guided walkthrough.

Tool Visualizes Desktop view VR view Use Cases / References

Distance 
Tool

Distance between 
two entities

Line chart
(distance vs. time)

Virtual measuring tape 
connecting the entities with 
label showing the current 
distance

• Position error during docking 
task, as in RS2 

• Finding F-Formations

Angle
Tool

Angle between 
two entities

Line chart
(angle vs. time)

Angle visualization 
connecting the entities, 
projected to the floor

• Rotation error during docking 
task, as in RS2

• Finding F-Formations

Trail 
Visualizer

Entity movement 
over time

Top-down view on 2D trail
(xz graph)

3D trail visualization in the 
VR scene

• Analyzing movement behavior / 
spatial activity, as in RS1, RS4, 
and RS5

• Detecting tracking issues

Event 
Timer Tool

Time between two 
events

Bar chart Line connecting the events 
with label showing the time 
between them

• Task completion time as in RS1, 
RS2, RS3

• Action duration as in RS4

Property 
Tool

An entity’s 
properties and 
derived metrics

Line chart
(property value vs. time)

Label with the properties’ 
values hovering over the 
entities

• Displaying raw data and metrics 
during analysis, such as distance 
moved per minute, as in RS1

Frustum 
Visualizer

An entity’s field of 
view within the 
3D scene

Configuration only Lines visualizing the frustum 
directly at the entity in the 
VR scene

• Visualize what participant has 
seen, as in RS5

• Attention grouping

Camera Screenshots of the 
3D study 
replication

Gallery of taken screenshots 
and possibility to take 
screenshots from scene view

Virtual camera for taking 
screenshots in the VR scene

• Documenting insights (e.g., 
outliers)

discussed during our design walkthrough. To align with our research questions
RQ3.1: Interplay and RQ3.2: Task Allocation, each tool either provides a visual-
ization on both the desktop and in VR, or utility within the 3D scene (Frustum
Visualizer, Camera).

6.3.2 Technical Implementation

For the ReLive evaluation prototype, we use a client/server structure with two
separate clients (immersive VR and non-immersive desktop). Our server uses
a multithreaded Node.js v12 runtime and is backed by MongoDB. The server is
responsible for serving media files as well as preprocessing (e.g., data compres-
sion) and calculating metrics to ensure that the clients remain responsive. For
this, we employ different transport protocols, such as HTTP for fetching static
data, TCP/WebSockets for real-time data synchronization, and WebRTC for video
transmission. For the desktop interface, we utilize web technologies for rapid
prototyping (e.g., Angular), while the immersive VR client was written in Unity.
The 3D scene in the desktop interface is streamed as a native HTML video from a
rendertexture within Unity. The ReLive evaluation prototype, data specification,
logging toolkit, and sample data is available as open-source project on GitHub2.

2https://github.com/hcigroupkonstanz/ReLive

https://github.com/hcigroupkonstanz/ReLive
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6.4 Design Walkthrough

We analytically evaluated the initial prototype of ReLive to validate our concepts,
develop ideas for additional features that are essential for the analysis of MR
user studies, and verify the general applicability of ReLive. We conducted design
walkthroughs [165] using each of our five reference user studies (RS1–RS5)
as testbeds. Each session lasted about 1.5 hours and 4–7 authors participated
in the design walkthroughs. We prepared both request and evaluation sheets
for task-related features for systematic feedback during the sessions, and used
screen sharing in a video conferencing tool to share the same point of view, while
following all ethical and sanitary guidelines provided by our universities.

Roles. During each session, attendees were given specific roles: A moderator who
moderated and guided the design walkthrough and kept track of time; a note-taker
responsible for filling out evaluation sheets for task-related features; a presenter
who was involved in the reference user study (i.e., one of the authors) and could
provide insights into the prior study analysis; and an analyst who was not involved
in the reference user study and tried to replicate the analysis within the ReLive
prototype – mimicking a potential user. Other participants without a dedicated
role participated by discussing ideas and noting down possible issues by observing
the analyst. We switched roles for each reference user study to, for example, avoid
that a person who was involved in the prior study analysis takes on the role of the
analyst as this might have influenced the workflow.

Procedure. First, the presenter briefly introduced their reference user study by
presenting the study’s goal, research questions, and other user study related
aspects (e.g., procedure, data gathering methods, apparatus). This introduction
was concluded with a list of research objectives and metrics that were investigated
during prior analysis. This list was then briefly discussed and extended with
additional analysis ideas of all participants. Next, the analyst started the ReLive
application and progressed through each of the research objectives. All participants
discussed possible solutions to each research objective and evaluated the use of
existing features, which were noted down by the notetaker.

Results. We collected a total of 59 requests and 16 evaluation sheets for task-
related features from all walkthroughs to prepare the prototype for an expert
user evaluation. We first estimated the priority and implementation effort for
each feature request and tagged it using the following tags: (1) Web, (2) VR,
(3) Bridge, (4) Component, and (5) Visualization. We then ranked each feature
request based on its generalizability, combined possible duplicates, and filtered
out requests that did not fit within the scope of the following expert user study.
Remaining features were further organized based on common topics, using a
semantic clustering approach. Lastly, we discussed and sketched out possible ideas,
before implementing 18 requests that were in line with our research questions.
This extended prototype was then used for our expert user study. The outcome of
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our walkthrough is merged with the insights from our expert user study and are
discussed in Section 6.6.

Aside from revealing opportunities to improve usability, our requests were
mainly concerned with new visualizations and tools for study analysis and interac-
tion techniques to facilitate the transition between environments. In terms of new
visualizations and tools for study analysis, many ideas were linked to visualizing
the available data types: For example, transcribed audio data could be presented
as a wordcloud in 2D for overview, while showing the exact position where the
words were spoken in 3D. Similarly, a waveform visualization could be combined
with a 3D trajectory trail in the 3D scene replication, highlighting areas where
participants talked.

Concerning interaction techniques to facilitate the transition between environ-
ments, we gathered requests to increase the cohesion between the in-situ and
ex-situ analysis: For example, users can drag and drop entities directly into the
desktop’s 3D scene reconstruction to zoom in on the relevant object; show the
point of view of the VR user or different entities within the 3D scene (e.g., showing
the exact point of view of an AR tablet); or change the position of the VR view
directly in the desktop view. To further increase cohesion, ReLive could support
linking and brushing on both the desktop and VR (i.e., across realities): Here,
areas of interest can be marked in an ex-situ 2D visualization, which would auto-
matically highlight relevant areas within the corresponding in-situ visualization.
However, the implementation and evaluation of such a cross reality linking and
brushing exceeds the scope of this work.

6.5 Expert User Study

To empirically evaluate ReLive, we conducted an expert user study, focusing on
participants that had prior experience in conducting and analyzing MR studies.
Our goal was to evaluate ReLive guided by our two research questions. Our tasks
were based on real data from two of our five reference user studies. We collected
qualitative and quantitative data to gain insights into participants’ workflows.

6.5.1 Participants

We recruited 5 male MR experts between 25 and 38 years (𝑀 = 29.80, 𝑆𝐷 = 5.17)
from different research labs as participants. We intentionally looked for researchers
with prior experience in analyzing or conducting MR studies and who were not
affiliated with any of the current works of the authors. Thus, we invited researchers
from a data analysis, an immersive analytics, and a virtual reality lab from the
University of Konstanz. We also invited a colleague from the human-computer
interaction lab at the University of Konstanz who was not involved with the design
or implementation of ReLive. All participants had degrees in computer science,
4 with master’s degrees and 1 with a doctorate. All of them were working in
academia (e.g., as lecturers or research assistants) and had conducted MR user
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studies and analyzed their results before. All participants had normal or corrected
to normal eyesight and did not suffer from color blindness; consequently, they had
no problems with text sizes and the color-coding used in the different visualizations.
We asked them to rank their experience in conducting AR/VR studies (𝑀 = 4.20,
𝑆𝐷 = 0.45) and analyzing the results (𝑀 = 3.60, 𝑆𝐷 = 0.55) on a scale from
1 (very inexperienced) to 5 (very experienced). On the same scale, they also
ranked their experience with computational notebooks (𝑀 = 2.40, 𝑆𝐷 = 0.55)
and virtual reality applications (𝑀 = 4.60, 𝑆𝐷 = 0.55). Four of them already
developed a VR application on their own. We also asked participants if they prefer
to analyze MR study data on their own (n=3) or together with others (n=2). All
participants interacted with ReLive for the first time during the expert user study
– this means, none of them were involved in the design nor the implementation.

6.5.2 Apparatus

All studies took place in one of our labs in which we allotted a walkable area of
approximately 2×2m where participants could freely move. At one side of this
area, we set up two tables (each 1.40×0.80m) with the long sides aligned. At
one table, the participant was seated. The experimenter sat down at the opposite
table. We equipped the participant’s table with a 27′′ 4k display, a mouse, and a
keyboard connected to a desktop PC (simulating a desktop workspace, similar
to Figure 6.1) that they used to work with the non-immersive desktop view of
ReLive and to fill out questionnaires. Additionally, we provided participants with
a tethered VR HWD (Oculus Quest 2) and the accompanying controllers to work
with the immersive VR view of ReLive. The connection cables of the HWD were
mounted via ceiling trusses to provide participants freedom in their movement
while avoiding tripping hazards. On the experimenter’s table, we placed two
displays (both 27′′ 4k), a mouse, and a keyboard connected to the participant’s
desktop PC. One display was mirrored with the participant’s display and the other
display showed the VR scene.

6.5.3 Procedure

Participants were welcomed and provided with introductory documents explaining
the purpose and procedure of this study. They signed a consent form and filled
out a demographic questionnaire. Using a slide show, the experimenter then
introduced participants to ReLive and the data set of RS3. After that, participants
started with the guided phase (see tasks below) to familiarize themselves with
ReLive. Then, participants received a short introduction to the data set of RS4
before starting with the free phase (not guided by the experimenter). At the
end of the free phase, participants filled out the System Usability Scale [53] and
each session was concluded with a semi-structured interview, which included a
subjective rating of the interplay of both views. Sessions took approximately 1.5 h
and participants received compensation for their time. We followed all ethical and
sanitary guidelines provided by the local institution at the time of the study.
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6.5.4 Tasks

Participants started the tasks sitting in front of the desktop view. They were
allowed to stand up and move through the allotted walkable area at any time. For
the guided phase, we carefully ensured that all tasks were balanced between the
desktop view and VR view. This means that the guided phase was not favoring
one of the views. For the free phase, participants were given the opportunity to
use both views as they suited them for their analysis workflow.

Guided phase. Participants were guided by the experimenter to solve the fol-
lowing six tasks using step-by-step instructions. For each task, we summarize in
italics which instructions the participants received. The tasks resembled authentic
analysis scenarios based on the actual analysis of RS3. Participants started with
the desktop view and over the course of these tasks, they were required to switch
between the desktop and VR view 5 times and therefore had 3 phases in the
desktop view alternating with 3 phases in VR.

1. Task completion time (one session). Visualize the task completion time
of a given session by measuring the time between the start and end event.
Participants solved this task using the desktop view. They created an event
timer tool and added the given session, its start event, and its stop event to
compute and visualize the session’s task completion time.

2. Task completion time (all sessions of a condition). Visualize the task
completion time of all sessions of a given condition. Participants solved this
task using the desktop view. They added the given condition’s session tag to the
event timer tool they created in the previous task.

3. Accuracy (one session). Measure how accurately the participants of a given
session placed a given entity in comparison to a given target position. Partic-
ipants started with the desktop view to select the session and find the entities’
position within the scene using the 3D scene panel. They were then instructed
to switch to the VR view and create a distance tool by visually connecting the
two entities. This also involved winding through time and teleporting through
the 3D scene.

4. Accuracy (all sessions of a condition). Measure how accurately all partici-
pants of a given condition placed a given entity in comparison to a given
target position. Participants switched back to the desktop view for this task.
Here, they added the session tag for the given condition to the distance tool
they created in the VR view during the previous task.

5. Events. Investigate where the participants of a given session were located
in the room when a given event happened. Participants switched back to the
VR view, filter the events, and use the VR controller’s joystick to wind forward
and backward to investigate the events’ position and occurrence.
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6. Tracking Issues. Investigate if a given tablet (entity) in a given session
had tracking issues by visualizing the speed (unrealistic high speed is an
indicator for tracking issues). Participants switched back to the desktop view
and used the property tool to investigate the time series line chart for the speed
of the given tablet. In the chart, they identified segments where the tablet moved
with an unrealistic high speed. They then switched to the VR view and created
a trail visualizer to investigate the direction of the jumps in context.

Participants needed between 15min 8 s and 25min 36 s (𝑀 = 20.25 min, 𝑆𝐷 =
3.53 min) for the guided phase – excluding the times for switching between
desktop and VR, as they were not representative due to hygiene requirements. In
total, they spent between 6min 38 s and 13min 44 s (𝑀 = 9.25 min, 𝑆𝐷 = 2.52
min) in VR. While E1 and E2 always stood up when in VR, E4 remained seated
during all tasks. E3 stood only briefly during the last phase in VR. E5 started the
first use of VR seated but then decided to stand up for the remaining time in VR.
In total, participants were standing between 0min and 10min 6 s (𝑀 = 6.01 min,
𝑆𝐷 = 4.16 min).

Free phase. Participants explored and analyzed the data set of RS4 on the their
own and were free to use either environment on their own accord. As a starting
point, the experimenter suggested the following four analysis goals. However,
participants were free to follow their own analysis approaches.

1. Investigate the distance between HoloLens and the Interaction Tablet over
time. Did the distance increase while the user was holding the tablet?

2. Which participant moved the most?

3. Were there any tracking issues?

4. When holding the Interaction Tablet vertically, at which height did the
participants roughly hold their Interaction Tablet: At eye-level, or at shoulder
level?

The free phase had a soft limit of 10minutes. However, all participants decided
to continue their individual analysis at the end of these 10minutes and spent
between 11min 20 s and 17min 14 s (𝑀 = 13.37 min, 𝑆𝐷 = 2.19 min) in the
free phase – again excluding the times for switching between the views. All
participants decided to start their analysis using the desktop view. E3 switched 3
times between both views, while the others switched only once. Participants spent
between 2min and 10min 21 s (𝑀 = 5.70 min, 𝑆𝐷 = 2.89 min) in VR. Only E3
remained seated during the whole free phase. All other participants stood up for
using the VR view. In total, they were standing between 0min and 10min 50 s
(𝑀 = 4.93 min, 𝑆𝐷 = 3.86 min).
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6.5.5 Data Collection and Analysis

We used two ceiling-mounted cameras with opposing views on the scene to capture
video data. We recorded the content of the participant’s display and HWD. For
audio recordings (e.g., interviews), we placed a dedicated microphone in the center
of the tables. Further, we transcribed all interviews and analyzed them following
an inductive thematic analysis approach [51]: After familiarization with the data,
one author identified data extracts that are relevant to our research questions
and generated descriptive codes to label them. These descriptive codes were
then counterchecked and validated by two other authors. We then thematically
clustered the codes to identify potential themes. In the further process, we
iteratively revised and refined the themes to ensure that they were in line with
the dataset and our research questions.

6.5.6 Findings

Here we present the findings of the expert user study. We use the five themes that
resulted from the thematic analysis of the data collected in our semi-structured
interviews as structure to report our findings – this means that we present the
scores of the subjective rating and system usability scale thematically aligned.

Theme #1: Desktop view for overview, and VR view for reasoning in
the environmental context

All experts generally expressed that the desktop view is better suited for getting an
overview of the study data compared to the VR view. For example, they said that
“the advantage of the [desktop] view is overview” – E1 or that “the 2D charts provide
a quick overview” – E3. In addition, E1 noted that the “VR view lacks [this] overview
over the data” – E1 and that the “VR tools are not powerful enough to quickly get
the big picture” – E1. Two experts (E1, E4) emphasized that this enabled them
to find points of interest (e.g., outliers) in the data that they then could analyze
more in detail using the VR view. Besides, E3 explained that the desktop view is
better suited for performing statistical analyses and to “correlate different factors”
– E3. Also, experts (E1, E3, E4) mentioned that the desktop view was faster to
use when configuring components.

Concerning the VR view, experts noted that it allows you to immerse yourself
in the data (E3) and to relive the study in its spatial context (E3, E5). Our
experts mentioned various situations and tasks for which this can be beneficial.
For example, E3 noted that reliving the study can be especially helpful when
analyzing the study data weeks after you conducted it: “[Then the VR view] offers
the possibility to dive back into the study. It’s like being inside the study again
[…] and maybe seeing aspects that were no longer present” – E3. Two experts (E2,
E4) additionally mentioned that they found the VR view helpful to get a better
overview of the course of the sessions. According to our experts, this spatial-visual
impression (E1, E2) helps to assess where entities and events were located in
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the scene (E2) and to see what the participants of the study have seen (E1, E2).
Although E5 stated that he did not use the VR view during the free phase as
the desktop view already provided an interactive representation of the VR scene,
he described the potential utility of the VR view for tasks that benefit from an
increased depth perception. In this context, experts (E1, E2, E4, E5) also positively
highlighted the stereoscopic 3D view in VR as an advantage over the scene view
in the desktop view. They perceived it beneficial for spatial measurements (E2,
E4, E5) and assessing the entities’ and events’ depth and spatial constellations
(E1, E5). “The [desktop scene view] helps a lot. […] I can explore it like a game.
However, only as 2D representation of a 3D world with which I don’t get the spatial
impression. I only get that when I put on the headset. For example, when I look at
[these objects] in the 2D scene view it is hard to assess their depth. I get that much,
much better in VR” – E1.

With that, the VR view helps to explain the data (E2, E3, E4, E5), for example
to find reasons for outliers and also allows for exploring the data to discover points
of interest that you would not see in the 2D diagrams presented in the desktop
view (E1, E3). Participants’ descriptions of their workflows during the free phase
reflected these different strengths of the two views: Three experts (E3, E4, E5)
stated that they started in the desktop view to get an overview of the data and
then – if needed – switched to VR for reasoning (E4, E5) or to explore the data
further (E3): “For me, the [desktop] view is overview, and if I need details, I’ll switch
to VR, and that’s a coherent workflow for me” – E5. In contrast, E2 stated that
he would start in VR to better understand the scene and switch to the desktop
afterwards. E1 could imagine to use both workflows and E1, E3, and E5 agreed
that the workflow “depends on the research questions and the data” – E3 to be
analyzed. We also discovered three different patterns of participant behavior when
using VR: (1) Remaining seated, (2) standing up, and (3) switching between
standing and sitting. Interestingly, participants behavior partly changed between
the guided and the free phase, indicating that their behavior not only relates to
personal preferences but also to the type of task (cf. [28]).

All in all, experts stated that both views complement each other well (E1, E3),
that their combination has no disadvantages (E1, E2, E4), and that the VR view is
necessary to solve the tasks (E4).

Theme #2: Interplay between in-situ and ex-situ visual analytics for
analysis workflow

A common theme during the evaluation was the interplay between the different
views (i.e., desktop for ex-situ, VR for in-situ) and, thus, analysis types (i.e.,
in situ or ex situ). Three experts (E2, E4, E5) appreciated the instantaneous
synchronization between the desktop and VR environment, with one expert noting
that: “If I start in 2D and then see something […] interesting within the data, I’ll
jump there, put the headset on and look at it” – E1. Another expert (E4) considered
the synchronization the most important feature for the interplay. Three experts



136 | 6 Exemplar: ReLive

(E1, E2, E4) noted that, while the interplay was “not perfect” – E1, it worked
“flawlessly” – E1 and there were “no problems” – E2, E4, removing the need to
configure the VR view (E1). One expert (E1) highlighted the consistency of both
views in terms of their icons and interaction with the components.

When transitioning between devices, problems occurred for 2 experts (E3,
E4) due to loss of orientation: “You somehow have a cut, and then you have to
reorient yourself” – E3. Similarly, one expert (E4) also lost touch with the desktop’s
position in the real world. Here, E3 suggested showing the real desktop device in
VR, which could act as an anchor point and could enable the use of the keyboard
in VR. In addition, one expert (E4) noted that the transition could be more fluid,
while two experts noted that the transition “worked well” – E1, E2 and was “quite
fast” – E2. Here, two experts (E2, E4) mentioned that the 3D scene panel in
the desktop view helped them when switching between devices, noting that it
was “really helpful” – E2. Another expert (E1) appreciated the combination of a
“familiar” – E1 desktop view with its link to a native 3D application.

The availability of a desktop view in VR for quick access to the ex-situ analysis
view was appreciated by four experts (E1, E2, E3, E4): “I thought the possibility
to jump directly to the desktop view was very cool. I can imagine that it helps in
ensuring a quick transition” – E3. However, three experts (E1, E2, E3) requested a
deeper integration of this desktop view into the VR environment. Similarly, four
experts (E1, E3, E4, E5) missed the availability of their component’s 2D charts
in VR, for example for finding the exact point in time when an outlier occurred:
“I would’ve liked to see [the 2D charts] in VR! Because then I get the impression in
2D: okay, here the curve rising, then I can jump to this point and view it in detail”
– E1. During the concluding interview, we also asked experts to rank the interplay
between both views on a scale from 1 (“not very useful”) to 10 (“very useful”).
Here, experts ranked the prototype with an average score or 8.00 (𝑆𝐷 = 1.73).

In terms of using both in-situ and ex-situ view for their analysis workflow,
opinions were divided: Two experts (E1, E5) expressed a preference for working
in the desktop view, especially as the desktop still offers a higher resolution (E1)
and as HWDs can be uncomfortable (E1, E5). E5 therefore preferred working
solely on the desktop view, treating both views separately and commenting that
“the [desktop view] can do everything, why should I still switch to VR?” – E5. In
contrast, E1 could also imagine staying in VR if a well-integrated desktop view was
available. Nevertheless, all experts used both views during the free phase of our
expert study and, on average, spent almost half their time in VR. In addition, two
experts (E1, E2) were positive about integrating the switch between desktop and
VR into their analysis workflow, noting that each view has its distinct advantages
and disadvantages: “You can completely use the [desktop view] […], and then for
parts where there is an advantage for VR, you can use VR, and vice versa” – E2. E3
highlighted the potential for future hardware, which could offer better ergonomics
and enable more fluid transitions.
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Theme #3: Modularity to suit individual analysis requirements

Throughout the interview, experts mentioned several features that are required for
analyzing their specific study data, “[because] everyone has different requirements
for what is analyzed” – E1. Here, experts highlighted the variety of different
analysis use cases from their own work, such as crime scene investigation (E2,
E5), collective behavior (E2), ergonomics (E3), balance issues (E1), or general
asynchronous remote tasks (E4). Two experts (E1, E4) therefore emphasized
the system’s extensibility, with one expert (E1) appreciating that ReLive uses a
similar approach to a computational notebook. Experts also mentioned integrating
additional visualizations, such as aggregated trails (E5), 3D heatmaps (E1, E5), or
eye-tracking data (E4). To support this, experts noted that the data specification
should support eyetracking data (E4), questionnaire data (E4), interaction data
from non-immersive systems (E5), and audio recordings (E5).

Furthermore, experts suggested different metrics that could provide further
insights, such as metrics to calculate a user’s balance (E1), speed (E2), room
coverage (E2), task completion time (E2), metrics to analyze ergonomics (E3),
and the user’s height as an indicator if users have bent down (E4, E5). Here, one
expert highlighted the need for an export functionality for intercompatibility with
other tools: “If I really want to calculate something with the data, I would want to
do that in a different tool” – E1. Experts also suggested extending the timeline to
support aligning different sessions (E2, E3) or dividing sessions (E3) to facilitate
comparisons. In addition, experts (E1, E4) suggested different forms of video
playback in VR, including 360° videos (E1), displaying screen recordings on their
corresponding devices (E1, E4), or adopting different points of view (e.g., from
individual participants) (E5). Lastly, four experts (E1, E2, E4, E5) emphasized
that importing the data must be as easy as possible, highlighting the need for a
data logging toolkit: “If it’s easily applicable, then I would definitely like to use it. I
even would have liked to use if for my last study!” – E2.

Theme #4: Despite the limited extent of the prototype, the concept
was appreciated

Generally, all experts (E1–5) were positive about the ReLive framework, noting
that ReLive was “intuitive” – E1, E2, “very positive” – E4, “very useful” – E3,
“cool” – E2, E3, E5, “easy to use” – E1, E2, and well-suited for the analysis of lab
studies (E3). One expert cited ReLive’s adaptiveness as an advantage, “[enabling]
the analysis of all kinds of studies” – E5. Furthermore, E5 appreciated having the
data in one place, while E4 mentioned that the data specification helped to create
a mental map of the data. E4 also highlighted the potential for open science
several times, mentioning ReLive’s potential for whiteboxing analysis, providing
data provenance, and helping with replication and reproducibility of research
results: “[…] and I think that is indeed a step into this direction [of replication and,
generally, reproducible research]. Because for VR, it’s often the case that […] it’s
flexible, but not traceable” – E4.
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Since our evaluation prototype did not cover our entire concept, experts also
mentioned current limitations. Experts expressed that the system is “unfinished”
– E4 and that several details should be improved (E2, E3, E5), noting various minor
usability issues (E1, E3, E4, E5). Specifically, E3 mentioned that the mapping
between sessions and participants was unclear and the terminology should be
clarified, while three experts (E1, E3, E5) felt that it was unclear when a session
was visible in the 3D scene reconstruction. One expert also noted that pointing at
objects to interact with them can be imprecise (E1). Experts also addressed the
complexity of ReLive: four experts (E1, E2, E3, E5) mentioned that a preceding
tutorial or training is mandatory, especially as the system was “overwhelming” – E5
at first. Here, experts provided the “feature-richness” – E5 as a reason, and ranked
ReLive as an expert system with many different use cases (E2).

The experts’ impression of our prototype was also reflected in the scores of the
System Usability Scale [53]. With a mean Usability Score of 74.50, the usability
of our prototype was rated as good [21]. Additionally, all experts expressed that
they would like to use ReLive for the analysis of their next MR study.

Theme #5: Potential for collaborative analysis

A recurring topic across all experts was ReLive’s potential for a collaborative
analysis, which was unanimously seen as advantage. Experts provided several
possible collaboration opportunities, such as looking together at the desktop
(as opposed to sharing VR glasses) (E2), symmetric collaboration in VR (E2),
or asymmetric collaboration with one user at the desktop and another user in
VR (E2, E4, E5). Here, user could take on different roles (E1, E2, E5): for
example, the desktop user could act as a director, guiding the VR user to look at
the data in context (E5). This asymmetric collaboration could also remove the
need to transition between a desktop and VR (E5), allowing users to maximize
the advantages of both VR and desktop (E2). Experts also pointed at additional
opportunities during collaboration, such as the use of a private space (E3) or
handing over control (E1).

6.6 Insights and Implications

This section provides design insights (D3.1–D3.4) and research implications
(I 3.1–I 3.4) based on our design of ReLive (Section 6.2), as well as findings from
our design walkthrough (Section 6.4) and expert user study (Section 6.5). The
structure follows our research questions of RQ3.1: interplay between in-situ and
ex-situ analysis and RQ3.2: task allocation.

6.6.1 Interplay Between In-Situ and Ex-Situ Analysis

Although ReLive’s desktop view focused on an ex-situ analysis, adding an in-situ
view (i.e., 3D scene panel) proved useful, providing an at-a-glance window into
the environmental context. Depending on the task complexity, this can render the
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full transition to VR obsolete, as the cost of switching displays may outweigh the
benefits of full immersion and stereoscopy provided by VR (D3.1).

While the desktop’s 3D scene panel allowed for an instant glimpse into the
VR scene, the transition between the desktop and the VR environment can still
be disorienting. Here, future research could investigate a more explicit switch,
requiring the user to specify a position in the VR scene before allowing the user
to transition into VR (I 3.1). In addition, anchors in VR (e.g., displaying a virtual
desktop in the actual position of the physical desktop) can provide spatial context
to the user, aiding in both transition into VR and back to the desktop (cf. [284])
(D3.2). Future devices may further help this transition by gradually fading
between VR and real world (I 3.2), or allowing the user to work exclusively in VR.

Furthermore, a task queue can be helpful in further reducing the need to
transition between devices. Here, a cross reality linking and brushing technique
could be investigated, that could, for example, allow users to mark areas of interest
(e.g., outliers) in the ex-situ view which are then highlighted in the in-situ view
(I 3.3). While the ex-situ view in VR should be easily accessible for an at-a-
glance overview (cf. [60]), the 3D visualizations can be further improved with an
on-demand 2D overview visualization.

In terms of video playback, both ex-situ and in-situ view complement each
other: The ex-situ can act as a familiar 2D video player, allowing users to investi-
gate video details (e.g., with a high-resolution desktop display). In contrast, the
in-situ view helps in immersing the user in the original study setting, as videos
can be played back in its original context (e.g., displaying screen recordings on
a replica of the original device). The in-situ replication also enables analysts to
view the study from different points of view, for example reliving the study from a
participant’s perspective. Considering the limited field of view of current AR and
VR devices, this emulation can provide additional insights into what was actually
in the user’s view.

Design Insights – Interplay Between In- and Ex-Situ Analysis
D3.1 Avoid needless transitions by offering basic in-situ view in desktop

(and vice versa for VR).

D3.2 Use anchors when transitioning between VR and desktop
(cf. [284]).

Research Implications – Interplay Between In- and Ex-Situ Analysis
I 3.1 Investigate requiring an explicit switch before allowing transition

into VR.

I 3.2 Investigate effect of continuous transition between the real world
and VR.

I 3.3 Investigate benefits and challenges of cross reality linking and
brushing.
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6.6.2 Task Allocation

All experts agreed with our intended distribution of using a desktop view for an
ex-situ overview of the data and using VR for an in-situ analysis of the details in
its environmental context, akin to an overview + detail visualization: “For me,
the [desktop] view is overview, and if I need details, I’ll switch to VR, and that’s a
coherent workflow for me” – E5. The desktop view therefore allows experts to
quickly compare data across different study sessions, find outliers, and create
an analysis pipeline (D3.3). In contrast, the in-situ perspective (i.e., both 3D
scene reconstruction on the desktop view and the VR environment) was used
for sensemaking and reasoning tasks, focusing on why something happened –
thus providing additional (environmental) context that cannot be found in the
overview (D3.4). This is in line with prior research, which suggests that 2D
outperforms immersive environments for overview tasks (cf. [223]). Here, further
research could be conducted in directly comparing in-situ or ex-situ tasks in either
environment (cf. [394]) (I 3.4). However, the use of VR for an in-situ view on the
data (as opposed to using the 3D study replication on the desktop) depends on
both the task complexity (cf. [222]) as well as the user’s own preference.

Design Insights – Task Allocation
D3.3 Non-immersive visual analytics desktop view allows for analysis,

ex-situ overview, finding outliers.

D3.4 Immersive analytics view suited in-situ analysis, looking at data
in context, reasoning, but also exploration.

Research Implications – Task Allocation
I 3.4 Comparison of tasks in in-situ and ex-situ scenarios (cf. [223]).

6.7 Limitations and Future Work

Our evaluation prototype of ReLive was tailored towards evaluating the interplay
between in-situ and ex-situ analysis of MR user study data. As the analysis
of unfamiliar MR user study data with a novel analysis environment can be
challenging, we intentionally tried to reduce the complexity of the prototype,
the data, and its visualizations. While this lowered the threshold of interacting
with ReLive, it also left several aspects of the overarching concept untouched:
Conceptually, the desktop view can be organized linearly like a computational
notebook, allowing analysts to, for example, configure or program components
that suit their analysis. We did not implement programmable component templates
to reduce complexity. Further studies are necessary to study the general feasibility
and applicability of such components for a mixed-immersion analysis workflow
(cf. [13, 311]). In this regard, prior work by Borowski, Rädle, and Klokmose [45]
has already demonstrated the benefits of providing packages (cf. components) for
computational notebooks and how they can even support shared activities [46].
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Future work could investigate this concept, allowing analysts to access, share,
or contribute to a public collection of available metrics, visualizations, or scripts.
This would in turn facilitate the idea of open science, allowing for a whiteboxing
of the analysis (supporting reproducibility and data provenance) by, for example
sharing the analysis notebook along with the available study data, in addition to
preregistering.

To further reduce complexity, our evaluation prototype only provides simple,
yet easily understandable predefined visualization templates (see Table 6.1). Given
that participants were not familiar with the used reference studies, we intended
to not overwhelm participants further. This allowed us to study the suitability
of in-situ and ex-situ analysis for different analysis tasks. While our insights
already allude to the necessity of 2D overview visualizations inside VR, additional
studies are necessary to investigate the role of 2D and 3D visualizations in the
different views (e.g., desktop, VR). Furthermore, future work could investigate the
mapping between 2D visualizations and their 3D equivalents and how established
techniques such as linking and brushing could facilitate the interplay between
in-situ and ex-situ analysis.

The reduced evaluation prototype and relatively small amount of expert partic-
ipants also limits the extent of our results and discussion. Due to the predefined
tasks and missing comparison to existing tools, our evaluation provides only lim-
ited insights into the real world efficacy of ReLive. Thus, we concentrated on
investigating the transition between different environments instead of quantita-
tively comparing if ReLive provides any ecologically valid benefits over existing
tools. However, given that participants were experts in their respective fields, they
provided valuable insights into initial opportunities and challenges. In addition,
although the tasks artificially forced a transition between desktop and VR, they
were grounded on our own experience when analyzing MR studies.

Although ReLive is designed to provide access to a wide range of data, gath-
ered using an abundance of available quantitative and qualitative methods, we
intentionally limited the scope of available data for the evaluation. This reduced
complexity facilitated especially the free phase in the expert user study and re-
duced the overall duration of the user study. However, we see a great potential
for the interplay between in-situ and ex-situ analysis of, for example, qualitative
data such as annotating and coding of video material: Traditionally, the coding
of video material is a part of the user study analysis workflow done in a desktop
environment. The analyst carefully watches recordings of user study sessions
to understand participants’ activities, annotates remarkable events, and assigns
codes to them to quantify the material for further analysis. However, having a
pre-defined and static perspective of the camera can be a limitation (due to occlu-
sion or limited resolution). Here, the in-situ analysis approach can complement
the ex-situ analysis by investigating the activities from any desired point of view.
Future research could investigate to what extent sophisticated video analysis tools
(e.g., [216]) in combination with in-situ approaches can support MR user study
analyses either post-hoc after completing all study sessions or even with the help
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of additional experimenters ad hoc during the runtime of a study session (e.g.,
adopting the participant’s view).

Lastly, we intentionally focused on a single-user scenario to investigate the
interplay between in-situ and ex-situ analysis. However, the findings of our expert
user study highlighted the potential for ReLive as a collaborative system, support-
ing different constellations (e.g., collaborating on a desktop, or assuming different
roles such as for overview on desktop and detail in VR), with one participant
expressing that “[…] you need another person, and, I think, then it’ll be really
great” – E5. Further studies are necessary to investigate the potential benefits and
challenges of such a collaborative system for the analysis of MR user studies (cf.
heterogeneous remote assistance systems [77, 129]).

6.8 Follow-up Research Trajectories

The idea of asynchronous hybrid user interfaces has since been extended and
validated across a range of scenarios [3, 197, 255, 387]. One example is our follow-
up work on ARTHUR, which applies this approach to the field of human–robot
interaction (HRI).

In HRI, recent research has demonstrated the benefits of collaborative robots
(cobots) for assisting with assembly tasks [256, 264], as they enable close collabo-
ration between humans and robots without extensive safeguards [79]. However,
despite great interest and desire to adopt these new technologies, the manufac-
turing industry struggles to integrate collaborative robots into their processes for
various reasons, such as lacking knowledge and safety concerns. To overcome
such limitations and make “genuine” human–robot collaboration possible, the
operator must be made aware of the ongoing and planned robot procedures and
be able to coordinate these. Information presented in AR can be beneficial for
conveying the robot’s intent [308, 378], visualizing safety information [167, 204],
and highlighting the user’s tasks and procedures [103, 256].

However, the process of designing, testing, debugging, and refining AR content
for HRI is often tedious and challenging: AR setups for HRI are typically authored
on a desktop system, requiring accurate simulation of the real-world environment
in which the virtual content should be anchored. Even then, there is often a notable
discrepancy between the simulation of AR content and its situated visualization
upon deployment on the AR HWD. To break out of the sequential design-deploy-
refine process that requires time-consuming alternation between a desktop and
an HWD, prior work has demonstrated the potential of authoring visualizations
directly in AR (i.e., in-situ) [258]. Yet, such in-situ authoring in AR can limit the
user’s effectiveness compared to desktop-based interaction.

To address these challenges, we created ARTHUR, an open-source3 AR-based
Authoring Tool for Human–Robot collaboration scenarios that supports the cre-
ative workflow through a hybrid user interface (i.e., across a desktop, tablet, and

3https://gitlab.au.dk/arthur

https://gitlab.au.dk/arthur
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Figure 6.7: ARTHUR is an authoring tool for augmented reality-supported
human–robot collaboration. It supports (1) creating the initial system
configuration in the web interface on a PC (left), (2) refining the
setup in-situ using a hybrid of web interface (tablet) and AR interface
(center), and (3) testing and using the authored system on the AR
interface through an AR HWD (right).

HWD, see Figure 6.7). We expand upon prior work by facilitating in-situ authoring
not only of visualizations but also of user actions and conditions, thus creating
a holistic AR environment for designing human–robot collaboration processes.
Besides enabling the general setup and in-situ authoring, our proposed system flu-
idly facilitates switching to the operation phase, allowing users to instantaneously
try out their authored workflows on one or more robots. ARTHUR thus combines
not only exclusive temporal usage by switching between a desktop (configuration
phase) and AR environment (refinement and operation phase), but also utilizes
the advantages of a synchronous hybrid user interface during the refinement and
operation phase.

Supplemental
Video

Although the findings of the evaluation are once again not part of this thesis,
we demonstrated the potential of ARTHUR by replicating a variety of scenarios
from prior work and evaluated the usefulness of the supported features and the
suitability of our hybrid user interface approach in a usage evaluation with experts.
Follow-up research by Lunding, Feuchtner, and Grønbæk [257] further validated
ARTHUR in an in-the-wild study, confirming its feasibility and the effectiveness of
such an asynchronous hybrid user interface.

Together, ReLive, ARTHUR, and subsequent efforts by other researchers il-
lustrate the broad applicability of integrating existing workspaces and practices
with novel immersive MR hardware. While asynchronous use may not take full
advantage of the benefits of a hybrid user interfaces (as discussed in Section 3.5.6)
and such exclusive usage might be better described as cross reality, bridging the
gap between environments still allows users to benefit from the strengths of each
– ultimately enabling more fluid workflows.

However, the physical transition between devices remains challenging. Users
still experience a physical (and thus cognitive) break when switching from a desk-

https://youtube.com/playlist?list=PLhjFAueqW0cuRR-ZruATwfFXfasdi5Gli
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top setup to a VR environment. Future HWDs may be able to replace traditional
desktops as they become more comfortable. Yet, the principles of connecting
2D and immersive environments established in this chapter remain relevant and
transferable to such scenarios [387], regardless of their actual output modality.
In terms of input, however, switching between dedicated input devices, such as
mouse and VR controllers, continues to be a source of friction that has not been
addressed thus far.

6.9 Conclusion

The “ReLive” exemplar showcases the use of an asynchronous hybrid user interface
with exclusive device usage for analyzing MR user studies. The immersive VR
environment allows users to relive an interactive recording of a replica of the
original study, providing the possibility for in-situ analysis of the data. In con-
trast, the non-immersive desktop view facilitates the analysis of aggregated study
data and provides a holistic overview of the available study data. ReLive also
supports the transition between the VR and desktop environment, for example by
synchronizing both environments in real-time and offering a glimpse of the VR
environment on the desktop and vice versa – thus representing an asynchronous
hybrid user interface.

By investigating the distinct roles of devices for different tasks, ReLive con-
tributes to the research objectives RO1: Transitioning Between Devices and RO2:
Task Allocation. However, achieving a fully fluid interaction remains challenging
due to the inherent break when switching between devices. The following chapter
explores a potential solution to further bridge this gap, tightly integrating these
two complementary environments.
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Figure 7.1: The SpatialMouse combines a desktop mouse with a virtual reality
controller, enabling seamless interaction across 2D and 3D informa-
tion spaces in immersive mixed reality environments.

7.1 Chapter Context

Supplemental
Video

By combining the distinct input and output modalities of 2D and 3D devices,
hybrid user interfaces leverage the strengths of both paradigms for their respective
environments. This works especially well when used synchronously (i.e., parallel or
serial temporal usage, as discussed in Section 3.5.6 and exemplified in Chapters 4
and 5), as potential downsides of one device are immediately compensated by
the other device – forming a symbiosis of interfaces [424].

Although ReLive (see Chapter 6) demonstrates the value of linking two exclu-
sive environments (i.e., desktop and VR environment) in an asynchronous hybrid
user interface, it also highlights the significant gap between these two environ-
ments compared to synchronous solutions: Despite combining the benefits of a
desktop with VR environments, users still need to physically switch between a
desktop and VR environment, regardless how interconnected the software is. This
practical inconvenience poses a significant disruption to the user’s flow – and thus
hinders fluid interaction.

Current HWD can overcome this gap in terms of output, as they can now
sufficiently simulate physical 2D screens [155, 202, 310]. Yet, the affordances
of physical input devices are more difficult to simulate as their capabilities and
constraints vary widely. As a result, users must still either intentionally switch
between input devices for different information spaces – incurring significant
transitioning costs, even with hand tracking [40, 87] – or work with limited input
devices, for example, using a desktop mouse for 3D input [16, 86].

This situation is unfortunate, since mouse input still offers high accuracy
and familiarity for 2D surfaces despite lacking the capabilities for full spatial
interaction. In contrast, VR controllers excel at 3D manipulation in immersive
environments, but face the challenges of spatial interaction: Users may face hand
jitter [36] or a Heisenberg effect of spatial interaction [48, 411]. Free-hand
interaction using hand tracking [40, 87] or touchpads [359] could facilitate
device switching. However, physical input devices offer significant advantages in
terms of task completion time and accuracy [69, 156, 260] in addition to superior

https://youtu.be/vRS1W8I82Qw
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ergonomics and user preferences [260]. Hybrid user interfaces overcome this
dichotomy by combining multiple devices through software – why not address this
challenge by combining a mouse and VR controller into one hybrid input device?

This chapter presents one potential solution by introducing the SpatialMouse
(see Figure 7.1) – an input device for the “era of spatial computing”. The Spa-
tialMouse enables seamless interaction between 2D surfaces and 3D spaces, thus
representing a hybrid pointing device suitable for both indirect 2D pointing as well
as for 3D input with six degrees of freedom (6DoFs). Although not a hybrid user
interface per se, the SpatialMouse has the potential to support fluid interaction
within asynchronous hybrid user interfaces by combining the capabilities of a desk-
top mouse with a VR controller as one unified device: When used on a table, the
SpatialMouse acts as a conventional 2D mouse suitable for on-surface operation;
when the device is lifted, it automatically switches to a spatial interaction mode,
acting as a VR controller with 6DoFs suitable for 3D spaces.

In addition to eliminating a switch of input devices, the SpatialMouse enables
several novel hybrid interaction techniques. We demonstrate the capabilities the
SpatialMouse using two approaches: First, we implemented an initial physical
prototype, which was evaluated in a user study with 12 participants. Second,
we discuss a set of novel interaction techniques for 2D surfaces and 3D spaces
enabled by this hybrid input approach.

7.1.1 Research Questions

Our overarching goal in developing the SpatialMouse was to eliminate the need
to switch between input devices. While the novel interaction techniques enabled
by this hybrid input device contribute to RO3: Interaction Techniques, the
SpatialMouse directly addresses RO1: Transitioning Between Devices. Towards
this goal, the SpatialMouse must offer performance comparable to established,
dedicated input devices. Accordingly, our user study focuses on the following
three research questions to investigate performance metrics:

RQ4.1 Performance
How does the SpatialMouse affect performance when switching
between 2D surfaces and 3D spaces?

RQ4.2 Task Load
Does the SpatialMouse impact the user’s perceived task load in
tasks that require transitioning between 2D and 3D environ-
ments?

RQ4.3 Usability and User Experience
In what way is usability and user experience influenced by the
SpatialMouse?
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To inform the design requirements of such a hybrid input device, we first
examined three key areas: First, we explored specific transitional workspaces to
identify relevant task demands; second, we analyzed existing dedicated input
devices to guide the needs of the hybrid device; and third, we investigated shared
input paradigms across 2D and 3D spaces to inform the seamless transitions.

7.1.2 Transitional Workspaces

Prior work in the area of cross reality finds that “most cross reality workflows
involve short, temporary movements between VR and desktop” [406] and that users
“were more willing to transit between [desktop] and VR when the transition cost
was lower” [387]. Several systems have therefore explored the tight integration
between 2D monitors and MR environments, such as analyzing data from motion
capture [60, 186] and volumetric medical scans [43, 367] or 3D modeling [333,
334]. All these areas represent potential use cases for the SpatialMouse.

Although prior work often considers the combination of physical monitors with
immersive environments, a contemporary HWD can simply show “virtual monitors
[that] can be used now for real-world work” [310], thereby enabling purely digital
workspaces. Such 2D surfaces can offer distinct advantages beyond the restrictions
of physical monitors [152, 310], such as arbitrary sizes or placement within the
user’s environment. For example, ZIGEN [213] demonstrates how holistic window
management for VR environments could integrate transitions between 2Dwindows
and 3D models. Zwin1 demonstrates how a holistic operating system for VR could
involve both 2D windows and 3D “windows”, thus requiring not only precise 2D
interaction but also 3D manipulations.

7.1.3 Dedicated Input Devices

While there is an abundance of devices and modalities for 2D input (e.g., touch,
stylus, gaze), this chapter focuses on the computer mouse, with its long history in
HCI2 as the most established input device for desktop environments. Although
alternatives are commonplace for certain devices (e.g., touchpads for laptops, direct
touch for smartphones), prior research has shown that they can be significantly
slower [359] and less accurate [341] than mouse input.

The consumer market is saturated with custom mice, addressing not only
minutiae such as weight and latency [397, 417] but also offering diverse form
factors with different trade-offs: While horizontal mice offer more performance,
vertical mice promote ergonomic wrist posture [2, 251, 295, 319, 373]. Subse-
quent research therefore proposes a slanted mouse that optimizes ergonomics
without compromising performance [251]. Since the SpatialMouse should be

1www.zwin.dev, last accessed 2025-05-12.
2Please refer to Bill Buxton’s unpublished manuscript “Human Input to Computer Systems: Theories,

Techniques and Technology” (www.billbuxton.com/inputManuscript.html) and Horst Oberquelle’s “Com-
puter Museum” (www.fundus.uni-hamburg.de/en/search/expert?collection=computer&q=mouse),
both last accessed 2025-05-12.

www.zwin.dev
www.billbuxton.com/inputManuscript.html
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easily grippable when acting as a VR controller, we base our initial prototype
design on such slanted mice, which are akin to off-the-shelf VR controllers.

Similarly to the mouse for 2D input, physical 6DoF controllers have established
themselves as the leading device for input in MR environments [177], despite the
wide variety of available 3D input devices [160, 351]. Although free-hand input
(i.e., hand tracking, gaze [313]) is becoming more prevalent, studies show that
physical controllers can outperform free-hand input [260], in part due to their
tactile feedback [36] and limitations of hand-tracking hardware [69, 156].

Given the advantages of dedicated input devices, prior research has investigated
explicitly switching between devices. All studies conclude that such a switch incurs
a significant overhead [40, 87, 315]: For example, a recent study by Cools et
al. [87] shows that switching between free-hand interaction and mouse input
incurs significant penalties for tasks that require constant switching between
2D and 3D spaces. We assume that this overhead is even more pronounced for
physical controllers, especially since users may not want to pick up another device
after working with mouse and keyboard [400]. As a result, prior work proposes a
“universal mouse-pointer to handle both 3D and 2D interaction [to reduce] functional
discontinuity in the transition between [3D manipulation] and WIMP” [71].

7.1.4 Shared Input Paradigms Across 2D and 3D Spaces

Adapting traditional 2D input devices for interaction within immersive 3D spaces is
an ongoing research topic [272]. Several recent studies demonstrate the usefulness
of traditional input devices for text entry in MR [153, 154, 270]. Prior research
has also explored translating mouse input into 3D space [10, 86, 290, 430] or
using touch interaction techniques to extend to 3D space [30, 85, 95]. These
approaches work especially well with spatial AR [351], which projects the mouse
cursor on physical surfaces rather than allowing it to hover in free space [211,
267, 337]. However, given the 2DoF of mouse input, such approaches fall short
of 6DoF devices for manipulation tasks [230, 428]. It has been argued that the
“lengthy and dominant reign of the 2D mouse is at an end when it comes to 3D
systems” [203].

The opposite may be true for input devices with 6DoF: They show great poten-
tial for 3D manipulation tasks [428], but perform notably worse than dedicated
2D input devices (mouse, touch) to interact with 2D information spaces [54, 87,
194]. This can be partially alleviated by providing users with a desk to stabilize
their arms [78, 100]. Note that this approach implicitly provides the user with
the option to switch to a dedicated mouse.

Research has therefore explored other input devices suited to both 2D and 3D
spaces. Pen input devices, such as the Eye of Ra [43, 44] or SpatialTouch [429],
can offer a natural mapping for direct 2D and 3D input. While some researchers
suggest that pen input can be a good choice for certain scenarios (e.g., medical
use cases [265, 324]), others show that pen input performs worse than 6DoF
controllers in task performance and user experience for general 3D sketching and
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docking tasks [275]. Alternatively, hybrid user interfaces can be beneficial for
interacting with 2D and 3D environments, but their ergonomics and efficiency are
limited due to the physical constraints of the 2D devices (e.g., a touch screen).

Thus, we still see the mouse and traditional 6DoF controllers as the optimal
choice in their respective environments. To bridge the gap between these two
devices, previous research has adapted mice to support more than 2DoF: Examples
include the roller mouse [393], Rockin’Mouse [16], VideoMouse [170], two-ball
mouse [263], GlobeMouse [133], or the commercially-available SpaceMouse3.
However, these examples employ isometric approaches (i.e., with resistance),
which are slower for interaction in 3D space than isotonic inputs (i.e., without
resistance) [404]. In contrast, “flying mice” [427] such as the bat [403] or the
Cubic Mouse [134] support isotonic input with 6DoF but seem more comparable
to contemporary MR controllers, as they lack support for mouse operation. The
devices closest to our SpatialMouse are Logitech’s “MX Air”4, Sodial’s “Air Mouse”2,
and Simgraphics’ “Flying Mouse”2, which supports both mouse operation and
isotonic input with 6DoF. To the best of our knowledge, there are no studies that
evaluate the efficacy or ergonomics of this device compared to a combination of
mouse and MR controller or investigate potential interaction techniques offered by
such a device. Our SpatialMouse further differs by its design for spatial interaction
in MR environments, taking the form of an MR controller and slanted mouse for
improved ergonomics. In contrast, devices such as the “Flying Mouse” retain the
shape of a horizontal mouse, which could restrict its suitability as VR controller.

7.2 Use Cases

Our work is motivated by two main scenarios from prior work that span 2D
surfaces and 3D spaces, requiring users to switch between these environments.
Apart from our presented following use cases, we envision the SpatialMouse as a
viable input alternative for various scenarios that span across 2D surfaces and 3D
spaces.

7.2.1 Immersive Analytics

This use case draws inspiration from cross reality workspaces such as Hybri-
dAxes [356] and ReLive [186] (see Chapter 6). Given the distinct strengths and
limitations of 2D and 3D visualizations [50, 360, 379], we argue using both can en-
able more effective and flexible workflows: 2D visualizations are well-established
and effective for providing an overview of dense information, which requires pre-
cise interaction. In contrast, 3D visualizations are well-suited for inherently spatial
data (e.g., volumetric structures, motion trajectories) or providing environmental
context (e.g., situated analytics [112]). In addition, a complementary 3D view to
a 2D view can offer higher precision in spatial tasks [388].

3https://3dconnexion.com/spacemouse/, last accessed 2025-05-12.
4https://ifdesign.com/winner-ranking/project/mx-air/36413, last accessed 2025-05-12

https://3dconnexion.com/spacemouse/
https://ifdesign.com/winner-ranking/project/mx-air/36413
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We envision data analysts fluidly [111] transitioning between 2D surfaces
and 3D spaces throughout their workflow. For example, to evaluate a mixed
reality user study, an analyst might start with a 2D overview of aggregated data
to identify patterns and outliers [186]. In this phase, mouse input is ideal due to
its precision and low ergonomic demand, enabling efficient selection and filtering
even in dense datasets. To explore spatial data such as motion patterns, the analyst
can drag relevant 2D visualizations into the surrounding 3D space [327, 356],
where they automatically transform into interactive 3D representations [234, 244,
355]. These visualizations can then be spatially arranged or manipulated using a
VR controller, allowing the analyst to examine data from different perspectives
or select specific regions within the 3D visualization. By seamlessly switching
between 2D and 3D views, the analyst can triangulate insights across dimensions
by leveraging established techniques such as linking and brushing [208].

7.2.2 3D Modeling

3D modeling is central in domains such as computer-aided design and visual
effects. This use case is primarily motivated by cross reality workspaces such as
Myr [34] and ZIGEN [213], which tightly integrate desktops with immersive VR
environments. Spatial interaction using 6DoF controllers supports 3D modeling
through one-to-one mapping for 3D manipulation that mimics real-world object
handling and natural navigation [224]. However, research has also highlighted
key limitations of spatial input for design tasks. Given the ergonomics of extended
mid-air interaction [168, 307], designers tend to produce simpler 3D models to
reduce strain [278]. In addition, fine motor control can be challenging without
arm support [78, 100], and biomechanical constraints may cause translations to
be accompanied by unintentional rotations [169]. Research thus proposes “to
split intrinsically 3D operations from operations that are ideally suited to 2D” [100],
for example by implementing constraints in software [126]. Unsurprisingly, 2D
mouse input can provide higher precision for fine-grained adjustments in 3D
modeling [31]. As a result, prior work has explored using mobile devices to
provide more precision and control in 3D modeling applications [279, 333].

We envision 3D designers switching between 2D and 3D input as their task
demands. A typical workflow might begin on a 2D desktop, where a designer
uses familiar mouse-based input to navigate files and open a project. From there,
relevant models can be dragged from the 2D surface into the surrounding 3D space,
where they are transformed into fully interactable objects [213]. Designers can
thus perform spatial operations such as extrusion and sculpting, or isolate parts of
the 3D model for detailed refinement. However, for fine-grained 3D manipulations
(e.g., during translations), designers may prefer the precision and stability afforded
by 2D mouse input [31], taking advantage of its physical constraints. In addition,
designers may need to constantly switch between editing 2D texture maps and
adjusting their placement on the 3D model [224], highlighting the need for a
seamless transition between mouse operation and 6DoF controllers.
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7.3 SpatialMouse

With the increasing relevance and viability of transitional workspaces and asyn-
chronous hybrid user interfaces, we see the need for an appropriate input device
that supports users in the seamless transition between 2D surfaces and 3D spaces.
Our SpatialMouse represents one possible solution (see Figure 7.2), which al-
lows users to seamlessly switch between indirect 2D pointing input for mouse
operations and 3D input with 6DoFs for spatial interactions.

7.3.1 Interaction Concept

As its name implies, the SpatialMouse differentiates between two distinct modes:
mouse mode and spatial mode. The user maintains the same hand posture across
both modes, eliminating the need for grip adjustments when switching.

Mouse Mode. The mouse mode is automatically activated when the SpatialMouse
is placed on a surface, allowing the user to operate the SpatialMouse like a slanted
mouse. Users can indirectly control a cursor on a 2D surface (e.g., desktop monitor)
by moving the device like a mouse. In mouse mode, input to the cursor is relative
and may require clutching: The clutch can be activated by lifting the SpatialMouse
slightly and moving it back to a neutral position.

Spatial Tracking

Joystick

On/Off Switch

Baseplate

Secondary Button

Primary Button 

Figure 7.2: The SpatialMouse offers controls similar to a mouse and VR controller.
The controls are mapped depending on the current mode: In mouse
mode, the buttons are mapped to the left and right click, while the
joystick acts as a mouse wheel replacement. In spatial mode, the
buttons are mapped to the primary trigger and secondary button,
while the joystick allows for 2D input. A spatial tracker at the top
ensures consistent tracking in 3D space, while a baseplate on the
bottom provides a wrist rest in mouse mode.
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(a) Low-Fidelity Mockup (b) Clay Modeling (c) Cardboard Prototype

Figure 7.3: We followed an iterative design process for the SpatialMouse pro-
totype: (a) starting with a low-fidelity mockup by attaching a VR
controller to a mouse to explore ergonomics and input needs, (b) us-
ing clay modeling to test form factors for both mouse and spatial
usage, and (c) creating cardboard prototypes to refine button place-
ment, hand positioning, and overall size.

Left and right clicks can be triggered by pressing the upper and lower buttons
with index and middle fingers, respectively. A joystick mounted near the user’s
thumb allows for scrolling input, similar to a scroll wheel: moving the joystick up
and down moves the content up or down at a speed relative to the joystick’s tilt
angle, providing precise and adjustable scrolling control. Similarly, moving the
joystick back and forth allows for horizontal scrolling, while pressing the joystick
simulates clicking on a scroll wheel.

Our initial prototype does not include any additional buttons as often found in
many commercial mice (e.g., back, forward). This omission is due to space con-
straints inside our physical prototype and could easily be addressed by industrial
design methods.

Spatial Mode. The SpatialMouse automatically activates the spatial mode when
the device is picked up. In spatial mode, the device provides 6DoF for translating
and rotating virtual objects in 3D space. This can be used for direct or indirect
3D manipulations (e.g., via raycasting). Given the lack of standardized control
schemes for VR controllers (e.g., touchpads or joysticks, button placement, amount
and type of buttons), we designed the SpatialMouse to support a basic set of inputs,
with a primary and secondary button, as well as a joystick. While the button
mapping is application-dependent, the upper button acts as the primary input,
similar to the trigger of a contemporary VR controller such as HTC Vive or Meta
Quest 3 controllers. The lower button acts as a secondary button similar to the
grip button on Meta Quest 3 controllers or clicking on the touchpad of an HTC
Vive controller. In our prototype, the primary button is mapped to grabbing an
object, while the secondary button allows object deletion. Similarly, the joystick
can be mapped to various 2D inputs for fine-grained control in mid-air.
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7.3.2 Implementation

In the following, we describe the form factor, hardware components, and software
of our SpatialMouse.

Form Factor. We followed an iterative design approach for the form factor of our
SpatialMouse (see Figure 7.3). Starting with a VR controller attached to a mouse
to gain an initial understanding of general ergonomics and input placement, we
built several clay models and cardboard prototypes to refine the shape of the device
before arriving at our current design. Given that the SpatialMouse is partially
intended to be used as a VR controller, we found the form factor of horizontal
mice to be insufficient, especially when used for mid-air interaction. Instead, we
adopted a design similar to slanted mice and VR controllers such as the HTC Vive
controllers, thus promoting ergonomic wrist posture in mouse mode [2, 251, 295,
319, 373] and ensuring a secure and comfortable grip in spatial mode.

Our current prototype has a total height of 17.5 cm and weighs 282 g with an
HTC Vive tracker mounted on top. The case was 3D printed in individual parts,
then manually assembled using bolts and glue to allow easy access to its internal
components (see Figure 7.4). A baseplate at the bottom allows users to rest their
hands when operating in mouse mode. A standardized screw on the top supports
the mounting of different tracking technologies.

Hardware Components. We use off-the-shelf commodity components with an
Arduino Nano ESP32 for input processing and Bluetooth LE 5, ensuring our work
can be easily replicated and improved upon. We opted for a PMW 3389 optical
sensor (as opposed to disassembling a commercial mouse), as it allows for the

Figure 7.4: The SpatialMouse uses a modular 3D-printed case, allowing for easy
assembly and access to internal sensors and batteries. A standardized
UNC 1/4′′-20 screw at the top allows for secure mounting of different
tracking technologies.
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integration of custom firmware, which is necessary for automatically switching
betweenmodes. The mouse sensor, buttons, joystick, and on/off switch are directly
wired to the Arduino module. To ensure optimal spatial tracking, we mount a
separate tracker on the top of the SpatialMouse, which is otherwise not connected
to the internal electronics.

Software. The SpatialMouse uses custom firmware for the Arduino to process
and send sensor input to the desktop as a “mouse” human-interface-device. Most
notably, we use surface quality readings from the optical sensor to automatically
switch between modes: If the surface quality is below a predefined threshold (i.e.,
mouse is lifted from surface), the internal logic switches to spatial mode. This
allows us to keep the SpatialMouse self-contained and send different button events
based on the mode over its external interface.

7.4 User Study

We conducted a user study to evaluate the feasibility of the SpatialMouse and
to understand how such a hybrid pointing device can facilitate the transition
between 2D surfaces and 3D spaces (RO1: Transitioning Between Devices). We
compared the performance, perceived task load, usability, and user experience of
our SpatialMouse with a combination of dedicated input devices (mouse and VR
controller). We decided on a within-subjects study design to allow for a direct
comparison with dedicated input devices as a state-of-the-art baseline.

7.4.1 Conditions

Our study involves two conditions: The baseline condition includes dedicated
input devices (i.e., a mouse and a VR controller) for 2D surfaces and 3D spaces,
respectively – involving switches between the distinct modalities. In contrast, the
SpatialMouse condition does not involve switching between distinct modalities,
but its usage leads to mouse mode or spatial mode. To account for learning and
carryover effects, we counterbalanced the order of conditions and tasks (i.e., half
of the participants started with the baseline condition, while the other half started
with the SpatialMouse).

7.4.2 Task

We designed an abstract task to model workflows that involve frequent transi-
tions between 2D and 3D information spaces (see Section 7.2 and Figure 7.5).
Participants interact with a simulated desktop (i.e., a 2D WIMP interface, cf. [87,
315]) and its surrounding 3D VR environment. We chose VR instead of an AR
environment to avoid issues with screen legibility and disparities when transition-
ing cubes from 2D to 3D, thereby following research on VR workspaces [38, 202,
296]. The task combines drag-and-drop, docking, and construction operations: In
each step, a colored icon is dragged from the 2D desktop and dropped outside in
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Figure 7.5: In this study task, users had to switch between a simulated desktop
(left) and its surrounding 3D environment (right). 3D models of the
SpatialMouse, mouse, and VR controller were shown in VR, depending
on the condition.

3D space to instantiate a 3D cube, which is then placed in a 3D grid. We used a
step-by-step workflow that transfers one item at a time from 2D to 3D, enforcing
sequential interaction and ensuring frequent environment transitions. We use the
terms mouse and spatial to refer to the SpatialMouse’s input modes, corresponding
to traditional mouse input and VR controllers, respectively.

The desktop displays a pool of icons and an interactive plan with six 2D
perspectives (top, bottom, front, back, left, right) of the 3D grid. Participants
switch between views to determine the correct position of each cube. A color-
coded border around the 3D grid aligns with the active perspective to support
spatial mapping. Each cube must be placed within a threshold of 1mm (position)
and 5° (rotation). Incorrect cubes can be deleted via the VR controller using the
secondary button.

To enforce device transitions, desktop interaction is restricted to the mouse (or
mouse mode of the SpatialMouse), while 3D manipulation uses the VR controller
(spatial mode). Although the SpatialMouse supports seamless interaction, we
deliberately split the task to match the baseline’s device switching. Once all cubes
are correctly placed, the grid is highlighted in green, and participants proceed by
clicking the “next” button on the desktop. During training trials, visual feedback
is provided on individual placements. We designed two task sets with each six
different yet comparable tasks (i.e., variations of item positions and combinations).
We balanced the order of task sets by alternating the starting task set depending
on the individual condition.

7.4.3 Measurements

We group our measurements based on our research questions of performance,
task load, and usability and user experience. We evaluate performance based on
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(a) Mouse (b) VR Controller (c) SpatialMouse

Figure 7.6: Devices used during the study5. The mouse was fitted with a custom
3D-printed attachment for Optitrack targets.

task completion time, accuracy of the 3D objects placed, and usage of input
modality. Task completion time was measured in milliseconds from the start of
the task to the successful completion. Accuracy was calculated as the Euclidean
and angular distance between the final and target positions and rotations of
each cube. We also analyzed the usage of input modes by measuring the time
spent in mouse, switching, or VR modes, based on device movement. For the
baseline, switches were counted when one device stopped and the other began
moving. The SpatialMouse required no switching; instead, input events (e.g.,
button clicks) distinguished clutching from spatial mode. We assess task load using
the raw NASA TLX [164] and usability with the SUS questionnaire [53] at the
end of each condition. We asked participants about their user experience in a final
semi-structured interview.

7.4.4 Apparatus

For all conditions, participants wore a Valve Index HWD (1440 × 1600px per
eye, 120Hz refresh rate, 108° field of view) connected to a desktop computer
(Intel i7 7700K, Nvidia GTX 1080 Ti, 32GB RAM). Four Valve Base Stations in
each corner of the room ensured consistent tracking. For the baseline condition,
participants switched between a Microsoft Surface Precision Mouse and an HTC
Vive Pro controller. Participants were asked to hold a separate, powered-off VR
controller in their left hand to ensure they switched between devices. The VR
controller has a similar shape to the SpatialMouse and does not contain a wrist
strap. The mouse was connected via Bluetooth and fitted with targets for Optitrack
cameras (see Figure 7.6). We manually aligned the mouse model once to match
its position in the VR scene. In contrast, the SpatialMouse condition used the
prototype as described in Section 7.3. The SpatialMouse was tracked with an HTC

5VR controller image taken from vive.com/us/accessory/controller/, last accessed 2025-05-12.

https://www.vive.com/us/accessory/controller/
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Vive Tracker, ensuring the same tracking quality as the VR controller. The weight
of the SpatialMouse was 282 g, the VR controller was 205 g, and the weight of the
mouse, including a tracking attachment, was 148 g.

The project was implemented in Unity 2022.3 and is available as an open-
source project. Within the VR scene, the desktop monitor simulates a common 16:9
display (∼90×48 cm). Each 2D icon on the desktop is 5×5 cm in size and expands
to a 30×30 cm cube in the 3D environment, resulting in a size of 90×60×60 cm
for the 3D grid.

7.4.5 Participants

We recruited 12 participants from the local university (1 diverse, 2 female, 9 male)
between the age of 21–29 (𝑀 = 24.17, 𝑆𝐷 = 2.37). All participants were
undergraduate students from different fields (e.g., computer science, biology). All
participants indicated to use their right hand for mouse operation. On a Likert
scale from 1 (inexperienced) to 5 (experienced), they rated their mouse proficiency
as mostly experienced (𝑀 = 4.42, 𝑆𝐷 = .67). Prior VR experience was mixed
(𝑀 = 3.33, 𝑆𝐷 = 1.5), with three participants having no prior VR experience. We
recruited participants using flyers advertising the SpatialMouse.

7.4.6 Procedure

Participants signed a consent form, completed a demographic questionnaire, and
received an introduction to the study, task, and input methods. They were in-
structed to complete the task as quickly and accurately as possible. After putting
on the VR HWD, they completed two training tasks (with two cubes, then five
cubes) for each condition to become familiar with the system and resolve potential
issues. This was followed by six main tasks (five cubes each; see Section 7.4.2).
After each condition, participants filled out the raw NASA TLX [164] and SUS [53]
questionnaires. Each session ended with a semi-structured interview covering the
SpatialMouse, missing features, and potential use cases. Sessions took 60–70 min-
utes, and participants were compensated. The study followed university guidelines
for ethics and safety.

7.4.7 Results

Our results are summarized in Figure 7.7. We analyzed the data with a non-
parametric approach using a pairwise Wilcoxon test, where appropriate, as a
Shapiro-Wilk test indicated that our data did not follow normal distribution.
We therefore indicate the medians (Mdn) and standard deviations (SD) where
applicable and assume 𝛼 = .05 for statistical significance. Due to a technical
issue, we imputed the final baseline task of Participant 1 with the median of
their previous baseline tasks [145]. We transcribed audio recordings from the
concluding interview using OpenAI Whisper and verified used quotes manually.
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Figure 7.7: Summary of results. * marks significant differences, lines indicate
medians, and crosses represent averages.

Two authors iteratively clustered participants’ statements thematically using an
affinity diagramming approach.

Performance. Task completion time shows no significant differences (𝑧 = −1.448,
𝑝 = .149) between the baseline (𝑀𝑑𝑛 = 113.71 𝑠, 𝑆𝐷 = 51.24 𝑠) and Spatial-
Mouse (𝑀𝑑𝑛 = 105.11 𝑠, 𝑆𝐷 = 39.34 𝑠) condition. There were also no signifi-
cant differences in position accuracy (𝑧 = −0.722, 𝑝 = .47) between baseline
(𝑀𝑑𝑛 = 9𝑚𝑚, 𝑆𝐷 = 6𝑚𝑚) and SpatialMouse (𝑀𝑑𝑛 = 9𝑚𝑚, 𝑆𝐷 = 5𝑚𝑚). Sim-
ilarly, we found no significant differences in rotational accuracy (𝑧 = 1.124,
𝑝 = .261) between baseline (𝑀𝑑𝑛 = 2.91°, 𝑆𝐷 = 1.9°) and SpatialMouse
(𝑀𝑑𝑛 = 2.9°, 𝑆𝐷 = 2.03°). In terms of time spent in each mode, participants
spent between 2.29–14.31% of each task switching between devices (𝑀𝑑𝑛 =
5.01%, 𝑆𝐷 = 2.68%) in the baseline condition. Participants spent less time using
the mouse during baseline (𝑀𝑑𝑛 = 46.367%, 𝑆𝐷 = 11.99%) than in its equivalent
mouse mode during the SpatialMouse condition (𝑀𝑑𝑛 = 54.92%, 𝑆𝐷 = 9.66%).
In contrast, participants spent more time using the VR controller during base-
line (𝑀𝑑𝑛 = 47.74%, 𝑆𝐷 = 12.05%) than in spatial mode during SpatialMouse
(𝑀𝑑𝑛 = 45.08%, 𝑆𝐷 = 9.66%). Since there is no switch in the SpatialMouse
condition, we refrain from reporting on potentially misleading statistical analyses.
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Task Load. The overall score reveals significant differences (𝑧 = −2.118, 𝑝 =
.038) between baseline (𝑀𝑑𝑛 = 37.92, 𝑆𝐷 = 15.95) and SpatialMouse (𝑀𝑑𝑛 =
32.5, 𝑆𝐷 = 9.69). Effort is significantly higher (𝑧 = −2.314, 𝑝 = .022) in baseline
(𝑀𝑑𝑛 = 55, 𝑆𝐷 = 18.64) than in SpatialMouse (𝑀𝑑𝑛 = 45, 𝑆𝐷 = 19.82).
Frustration was also significantly higher (𝑧 = −2.141, 𝑝 = .036) in baseline
(𝑀𝑑𝑛 = 30, 𝑆𝐷 = 27.51) than in SpatialMouse (𝑀𝑑𝑛 = 12.5, 𝑆𝐷 = 15.3). We
found no other statistically significant differences for the subscales mental demand,
physical demand, temporal demand, and performance.

Usability and User Experience. Analysis of the SUS questionnaire shows sta-
tistically significant higher scores (𝑧 = −2.746, 𝑝 = .007) for the SpatialMouse
(𝑀𝑑𝑛 = 88.75, 𝑆𝐷 = 9.88) compared to the baseline condition (𝑀𝑑𝑛 = 63.75,
𝑆𝐷 = 16.96). Overall, participants described the SpatialMouse as “intuitive”
(𝑛 = 7/12) and “comfortable” (𝑛 = 6/12). However, participants noted that the
baseplate interfered with wrist movement in spatial mode (𝑛 = 6/12), that the
mouse sensor (𝑛 = 5/12) and buttons (𝑛 = 4/12) felt worse than those of a
commercial mouse, and that the SpatialMouse felt heavy (𝑛 = 4/12). Partici-
pants suggested making the SpatialMouse more ergonomic by shaping the device
to fit one’s hand better (𝑛 = 2/12) and using a more slanted (𝑛 = 1/12) or
shape-changing (𝑛 = 2/12) design.

All participants appreciated that the SpatialMouse reduced the effort of switch-
ing, describing the switch as “instinctual” (𝑛 = 1/12): “The inhibition threshold
was lower to switch to VR” – P11. In this context, participants positively highlighted
that they no longer have to grab different devices (𝑛 = 10/12), allowing them to
focus more on their task without interruptions (𝑛 = 5/12). They were thus more
willing to verify the position of the cube on the 2D desktop and click through
different perspectives: “You’re more likely to look [at the desktop] again than with
the [baseline condition] because you can check it so easily” – P08. As a result, one
participant perceived our intentional study restriction of having to pick up each
cube again after dragging it out of the desktop as a “bug”, with four other partic-
ipants expressing a similar impulse: “intuitively […] I lifted the [SpatialMouse]
while dragging [the cube] out of the monitor” – P03.
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7.4.8 Discussion

We organize our findings based on our research questions.

RQ4.1: Performance. We designed our task to focus on frequent transitions
between 2D and 3D interactions. Given that the SpatialMouse does not require
a device switch, we expected significantly improved task completion times. Yet,
despite saving about 5% time spent switching between devices, the SpatialMouse
did not significantly outperform the baseline. Our results show that users spent
proportionally more time in the SpatialMouse’s mouse mode than using the mouse,
indicating that the SpatialMouse performed worse than a dedicated mouse for
2D input. This performance gap may stem from using lower-quality sensors
or the prototype’s form factor, which could be refined in future iterations. In
contrast, spatial interactions were comparable in accuracy to those performed
with a dedicated VR controller, suggesting that the SpatialMouse is well-suited for
3D input but still requires optimization for 2D tasks.

RQ4.2: Task Load. Our findings show consistently higher scores for the Spatial-
Mouse in the NASA TLX, with significant improvements in effort, frustration, and
overall score. While we observed no significant improvements in mental effort,
we anticipate that more complex tasks, such as immersive analytics, will benefit
substantially more from eliminating device switching. However, the NASA TLX
questionnaire captures only a retrospective and subjective assessment of task load.
To better understand users’ mental demands during interaction, we recommend
that future work incorporate real-time measures, such as built-in eye tracking
available in off-the-shelf HWDs [220]. Participants reported feeling more focused
on the task rather than being distracted by switching input devices. These findings
suggest that the SpatialMouse effectively reduces cognitive and physical friction,
thereby promoting flow.

RQ4.3: Usability and User Experience. The SpatialMouse significantly improves
usability and user experience in the context of our abstract task. Given the frustra-
tion of switching between devices [40, 87, 315], we anticipate similar benefits in
real-world scenarios (e.g., immersive analytics). However, leveraging this potential
depends on ensuring long-term comfort and usability for mouse operation and
spatial usage. Participants suggested improvements to the prototype’s ergonomics,
which we see as directions for future refinement. In addition, such seamless
transitions must be equally supported by the interaction design and accompanying
interaction techniques: without this alignment, users may experience friction or
frustration, as was occasionally observed under the artificial constraints of this
study setup.
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7.5 Insights and Implications

Based on our prototype and study, we extract design insights (D 4.1–D4.3) for fur-
ther developments of the SpatialMouse, as well as research implications (I 4.1–I 4.3)
for topics needing further investigation.

7.5.1 Physical Prototype

Our initial prototype was built with commodity components to explore the feasi-
bility of our concepts and allow others to replicate and improve upon the device.
We therefore see several opportunities for improvements.

Input Controls. Building the prototype with commodity components limited the
overall performance of the device in terms of sensor accuracy, weight, and button
tactility. While this performance gap can be partially addressed through industrial
molding and proprietary sensors, such hybrid devices may also face inherent
trade-offs: For example, mouse operation relies on discrete actuators, whereas
VR controllers often employ analog triggers. Similarly, our design emulated the
mouse wheel with a joystick, but many users may be reluctant to give up the
familiar feel of traditional scrolling. While compromises are possible, specialized
devices may still offer the best experience within their respective domains.

Form Factor. The SpatialMouse adopts a slanted form factor to provide a good
grip that facilitates the transition between mouse mode and spatial mode. Despite
the ergonomic benefits of a slanted design [251], some participants felt unfamiliar
with this design, which may have impacted their performance. Likewise, we added
a baseplate to support the hand in mouse mode, but this limited wrist articulation
during spatial mode. Although we found the horizontal mouse shape unsuitable for
spatial interaction, future iterations could balance the ergonomics of a horizontal
mouse with the secure grip required for spatial mode (D4.1). Note that the optimal
form factor is likely dependent on individual factors such as hand size: “For me, I
have a very large hand […] and usually mice kind of don’t really fit that well. But
[the SpatialMouse] fits really nicely” – P04.

Grip Change. Prior research [43, 44] and commercial products (e.g., Logitech
MX Air4) require users to change their grip when transitioning between 2D and
3D operation. While this may offer ergonomic benefits, our findings suggest that
such grip changes introduce friction and thus hinder a seamless transition between
interaction modes: “I actually found the design easy, because you could just put it
down in a nice position without having to turn your hand in any strange way” – P08.
By removing the need for users to consciously switch modes – whether through
grip adjustments, buttons, or other mechanisms – the SpatialMouse enables a
seamless transition (D4.2). Future research should further explore the role of
grip changes and weigh their ergonomic benefits against their potential to disrupt
fluid interaction (I 4.1).
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7.5.2 Seamless Transition

Despite shortcomings in the initial physical prototype, enabling a seamless transi-
tion between 2D surfaces and 3D spaces significantly improved user experience
and reduced perceived task load. We discuss how our concept improves upon
switching between devices and is therefore promoting fluidity.

Switching Between Devices. Prior work has primarily investigated switches be-
tween 2D surfaces and 3D spaces through combinations of mouse and free-hand
interaction [40, 87, 315]. Consistent with this work, we found that switching
between a mouse and a VR controller introduces significant overhead and frus-
tration: “The most critical [difference] is the fact that I constantly have to let go
and pick up another object [during baseline]. And that’s really annoying. Because it
basically immediately stops me doing the task and makes me focus on picking up the
other device” – P04.

Prior research concludes that “hand gestures are the prevailing input modality for
transitions with 3D objects” [327]. We argue that this prevalence is in part due to
the lack of a suitable unified input device. Our SpatialMouse represents a possible
device to challenge this status quo: By eliminating a switch between devices en-
tirely, the SpatialMouse addresses this limitation and provides seamless interaction
between 2D surfaces and 3D spaces. However, further comparative analyses are
necessary to unveil potential trade-offs between the SpatialMouse and established
methods, such as switching between mouse and free-hand input (I 4.2).

Promoting Fluidity. By removing the need for a physical switch between de-
vices, the SpatialMouse significantly reduces the perceived task load and improves
usability. Unsurprisingly, not having to manage device transitions consciously en-
abled participants to maintain greater focus: “You don’t interrupt your workflow by
reaching over. You can concentrate more on the task at hand. I noticed, for example,
that I could remember more things during the second trial [with the SpatialMouse]”
– P02. Overall, our findings indicate that the SpatialMouse aligns closely with the
principles of fluid interaction [111], which emphasizes promoting flow, enabling
direct manipulation, and minimizing gulfs of actions (D4.3).

Notably, by reducing friction – both mental and physical – the SpatialMouse
encouraged participants to shift between interaction spaces naturally. For ex-
ample, one participant attempted to interact with the 2D surface using a VR
controller but experienced no such impulses with the SpatialMouse due to its
effortless switching. In addition, several participants expressed frustration over
intentional study restrictions that prevented fluid cross-dimensional interactions
(e.g., cross-dimension drag and drop). Although these constraints were necessary
to avoid confounding factors, participants’ feedback highlights the potential of
fluid interaction as supported by the SpatialMouse.
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7.5.3 Application Scenarios

With the increasing viability of MR HWDs, we envision future workspaces re-
placing physical desktop monitors with virtual surfaces [152, 310]. For example,
game development workflows could benefit from fluid transitions between precise
2D operations (e.g., accurately editing objects in isometric views) and spatial
manipulations (e.g., positioning objects within a virtual scene). Such scenarios
could reveal additional opportunities and challenges to guide the design of the
SpatialMouse (I 4.3).

The SpatialMouse can also be employed in general MR use cases that do
not rely on frequent transitions. For example, MR environments enable the
placement of monitors beyond physical restrictions [394]. Yet, mouse usage in
such environments can be challenging, as users may need to switch between distant
2D surfaces or navigate large spaces. Here, our hybrid interaction techniques (see
Section 7.6) could be beneficial and enable the integration of other modalities,
such as gaze, to traverse and interact within such spaces.

Design Recommendations

D4.1 Optimize form factor depending on primary usage space.

D4.2 Minimize user’s burden of transition, for example by avoiding
grip changes.

D4.3 Support fluid interaction by promoting a seamless switch between
2D surfaces and 3D spaces.

Research Implications

I 4.1 Investigate trade-offs on grip change on ergonomics and workload
when switching between modes.

I 4.2 Compare SpatialMouse against prevailing input methods for tran-
sitions (e.g., combinations of mouse and free-hand interaction).

I 4.3 Study usage of SpatialMouse in holistic usage scenarios.

7.6 Hybrid Interaction Techniques

Based on the insights from our user study and our experience in developing
the SpatialMouse, we describe four interaction techniques that use the available
capabilities of transitional workspaces (see Figure 7.8). As our work extends well-
established interaction techniques such as clutching, they need careful evaluation
of their efficacy in real-world applications, which we consider outside the scope
of this work. Additionally, we consider our described interaction techniques an
initial foundation for further exploration and refinement of interaction techniques
enabled by the SpatialMouse.
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Figure 7.8: The SpatialMouse opens up opportunities for novel interaction tech-
niques, such as (a) hybrid input, (b) cross-dimension drag and drop,
(c) gaze-based clutching, or (d) stamping.

Hybrid Input. Prior work shows that 6DoF devices outperform mouse input for
basic manipulation tasks in 3D [428]. Still, mouse input can be more accurate
for placing objects in 3D [31], especially as our biomechanical constraints may
cause translations to be accompanied by unintentional rotation during spatial
operations [169]. Using the SpatialMouse, we can fluidly switch between fine-
grained mouse interaction or efficient 6DoF input, depending on the required
level of precision. For example, 3D manipulations during 3D modeling may be
achieved by first coarsely positioning an object using the 6DoF in spatial mode,
followed by fine-grained adjustments in mouse mode (see Figure 7.8 a).

This approach also extends to interactions on large or spatially distributed
2D surfaces. For example, moving an object between 2D surfaces may require
multiple clutching operations to reach the target. In such a scenario, the user may
briefly engage the spatial mode to position an item coarsely via mid-air pointing,
then return to mouse mode for fine adjustment.

Cross-Dimension Drag and Drop. Immersive workspaces require frequent tran-
sitions between 2D and 3D, such as dragging an item from a 2D surface to its
surrounding 3D environment [86, 327, 407]. For example, this study task required
users to drag and drop a cube from a 2D surface into 3D using first the mouse
mode, then picking up the cube again in 3D using spatial mode for positioning.
While we deliberately split this into two distinct actions for comparability, the
SpatialMouse enables a seamless transition between 2D and 3D spaces, and vice
versa: Users can start dragging in mouse mode, then lift the device to enter spatial
mode while holding the button to perform a cross-dimension drag-and-drop opera-
tion (see Figure 7.8 b). Users can also grab an object in spatial mode, then put the
SpatialMouse down to enter mouse mode, thereby transforming the 3D object back
to its 2D representation on a 2D surface. Unlike our study task, this procedure
no longer requires items to be dragged outside of the bounds of the 2D surface
first; instead, the SpatialMouse can be lifted as soon as the 2D item is dragged,
regardless of its position to transform it to 3D and vice versa, thereby avoiding
potential errors due to proximity with other 2D surfaces.
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Gaze-Based Clutching. Because the SpatialMouse provides relative input during
mouse mode, users must perform clutching operations by slightly lifting the device,
resetting it to a neutral position, and then putting it down again. This works
for conventional mice, as the sensor does not report any movement while in the
air. Unlike conventional mice, however, the SpatialMouse is also tracked in space,
allowing the detection and usage of clutching as an implicit form of input. With
eye-tracking prevalent in new HWD models, the SpatialMouse could therefore
combine this with clutching to position the cursor: Once the clutching ends or
mouse mode is initiated (i.e., the SpatialMouse is put down), the cursor jumps to
the user’s current gaze location (cf. [227]). While this can help to position the
cursor on a single 2D surface, we also see the potential in switching between
multiple 2D surfaces (e.g., multiple visualization dashboards [394]), which may
be arbitrarily arranged in the MR environment (see Figure 7.8 c).

Stamping. Similarly to clutching, the process of lifting the SpatialMouse in mouse
mode can serve as an explicit input. Unlike clutching, this technique refers to a
rapid vertical motion, akin to stamping a document: lifting the device briefly and
returning it to the table without horizontal movement (see Figure 7.8 d). This
can be mapped to deliberate commands such as “undo”, providing a quick yet
intentional interaction method.

Due to the higher physical effort involved compared to conventional inputs such
as button clicks, stamping may be particularly suited for deliberate actions where
accidental input should be avoided. However, implementation of this technique
requires careful considerations of detection thresholds (e.g., time and movement)
to avoid ambiguities with clutching detection. In addition, lifting or putting down
the SpatialMouse may cause movement of the 2D cursor (cf. Heisenberg effect of
spatial interaction), which could limit its practical application.

7.7 Limitations and Future Work

As our work represents an initial exploration of the SpatialMouse concept, it has
several limitations that provide opportunities for future research.

While our user study demonstrated that our hybrid pointing device outper-
forms the combination of each device (i.e., mouse and VR controller) in terms
of task load and user experience, we did not investigate how the SpatialMouse
compares to each device individually. As we cannot claim that our design matches
the decades of industry research into mouse ergonomics, the current prototype
compromises onmouse operation (e.g., ergonomics) and spatial usage (e.g., weight,
maneuverability). However, future studies could employ standardized tasks (e.g.,
Fitts’s law evaluations for 2D [127, 262] and 3D [6, 24, 385]) to provide precise
benchmarks and identify concrete design improvements for both mouse and spatial
usage. Potential directions include shape-changing tangibles [426] that dynami-
cally adapt their form to the current interaction mode or modular attachments. In
addition, given the potential ergonomic challenges associated with extended spa-
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tial interactions [168, 307], future research should assess the long-term comfort
and usability of the SpatialMouse in real-world scenarios.

Another limitation is that this study only involved the usage of the primary and
secondary buttons, leaving other controls, such as the joystick, unused. Since the
specific controls of commercial VR controllers vary between vendors, it may be
necessary to tailor the type and layout of these controls based on the expected use
case scenarios. In addition, our prototype lacks haptic feedback (i.e., vibrations),
which is common in VR controllers. Integrating vibration motors to provide haptic
feedback increases the weight of the SpatialMouse, but could prove useful for both
spatial mode and mouse mode [303].

Lastly, our user study intentionally used an abstract task that emphasized
switching between 2D surfaces and 3D spaces. While this allowed controlled
comparisons, it may not fully reflect holistic, real-world usage contexts. However,
ecologically valid usage also includes many confounding factors, such as pointer
speed and hand sizes, which provide options for in-depth investigations in future
work. In this context, our investigation only involved right-hand interactions.
Similarly, we did not consider how off-hand usage factors into device transitions:
For example, mouse usage on a desktop is often combined with a keyboard for
text input; likewise, manipulations in 3D spaces may use bi-manual interaction
using two controllers.

7.8 Chapter Conclusion

The “SpatialMouse” exemplar demonstrates a hybrid pointing device that combines
the capabilities of a desktop mouse with a virtual reality controller, allowing for a
seamless transition between 2D surfaces and 3D spaces in asynchronous hybrid
user interfaces. The SpatialMouse is thus suitable for both indirect 2D pointing
of a desktop mouse with 3D input with six degrees of freedom, allowing users
to fluidly switch between both by simply lifting or putting down the device. By
removing both the physical and cognitive barriers associated with device switching,
the SpatialMouse directly addresses RO1: Transitioning Between Devices. In
addition, removing the barriers for switching between indirect 2D pointing and
direct 3Dmanipulations opens a range of novel interaction techniques, contributing
to RO3: Interaction Techniques.

While this exemplar deviates from the others by focusing on a hybrid input
device rather than a hybrid user interface, it highlights important directions for
future research. First, STREAM (see Chapter 4) demonstrates that hybrid user
interfaces can also treat 2D interaction components as spatial inputs, combining
touch-based 2D interaction and 3D manipulation. Here, the insights gained from
the SpatialMouse can inform the broader design of hybrid user interfaces. Second,
as we approach Sutherland’s ultimate display [377], the need to combine output
devices may vanish. Yet even with the ultimate display, both 2D surfaces and 3D
spaces will continue to play essential roles, requiring appropriate input devices,
such as the SpatialMouse.
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8.1 Chapter Context

The exemplars presented throughout Part II reveal design insights and research
implications that are rooted in their specific context. This chapter aims to synthe-
size those context-dependent findings into generalized insights that can inform
future work across the wider field of hybrid user interfaces. Towards this goal,
this chapter will first revisit the overarching research objectives addressed by each
exemplar, complementing the findings with insights from the literature survey
(see Part I). Then, it extracts common design insights and research implications
from the presented exemplars. Since hybrid user interfaces often focus on spe-
cific technological combinations, this chapter also explores several considerations
regarding their implementation.

8.2 Research Objectives

The work in this thesis was motivated by the following overarching research goal:

Research Goal
How can hybrid user interfaces support fluid interaction in immersive
analytics workflows?

This goal was further split into three research objectives to address the core
challenges and opportunities of hybrid user interfaces. As each exemplar con-
tributed towards these objectives within its specific context, this section reflects on
the research objectives from a more generalized perspective, synthesizing findings
across all case studies and incorporating results from our literature survey (see
Chapter 3). Given the vast design space, note that these results are largely limited
to the design dimensions covered by the previously presented exemplars (see
Figure 8.1).

8.2.1 RO1: Transitioning Between Devices

How can we design transitions between tightly coupled devices to support
fluid interaction in hybrid user interfaces?

Hybrid user interfaces draw their strength from the combination of comple-
mentary interaction components, leveraging the distinct benefits of heterogeneous
devices. While this can have many benefits, it also implies a transition between
different devices. To support fluid interaction, we thus need to consider the
overall spatial layout, manage visual attention, and offer techniques for seamlessly
transitioning between devices.
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Figure 8.1: Overview of hybrid user interface characteristics explored throughout
all exemplars. Uncovered characteristics are faded out.

Spatial layout. In multi-display environments, the spatial layout and relationships
between displays significantly influence visual attention and system usability [325].
While traditional setups are bound by physical constraints, hybrid user interfaces
offer greater flexibility (e.g., VESAD configurations), which also introduce new
challenges. For example, prior work has shown that large distances between a
smartphone and its corresponding AR content can introduce mental overhead [19].
In other cases, such as situated analytics, spatial placement may be dictated by
proximity to physical referents to preserve contextual relevance. Thus, the design
of hybrid user interfaces must carefully consider the appropriate spatial layout
between 2D interaction component and MR environments.

An important factor that could inform the required spatial layout – and thus
hybrid user interface configuration – is the degree of complementarity between the
2D interaction component and the MR content. Prior work [19] as well as the
exemplars suggest that there may be a correlation between the spatial distance
of content and the cognitive effort required for switching. Therefore, the switch
must offer sufficient value to justify this cost.

In cases of high complementarity, greater spatial separation may be acceptable:
The spatial separation in the “STREAM” and “ReLive” exemplar is high, but exhibits
high complementarity by fully utilizing the benefits of their respective environment
(e.g., precise interaction on a 2D interaction component, spatial capabilities of
MR environment). Conversely, when the complementarity is low, the content
should likely remain in close proximity to minimize cognitive disruption. For
example, the “ARound the Smartphone” exemplar demonstrated the switching
costs for small virtual display extensions can outweigh their benefits, even in a
VESAD configuration.
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Visual attention. Introducing multiple visual output components divides the
user’s attention among each component, increasing mental load [326]. Prior
work on multi-display environments proposes several metrics to potentially reduce
strain [325, 326] which are equally applicable to hybrid user interfaces. In addition
to these metrics, current hardware limitations have to be considered for hybrid
user interfaces, as several works [106, 150, 292, 407] opt for VST AR HWDs to
avoid differences in focal planes, which can further increase mental load [106].

In this context, the “STREAM” exemplar demonstrates several promising strate-
gies to reduce the amount of visual attention shifts. First, it leverages the user’s
proprioception by introducing an eyes-free interaction concept that maps different
corners of the tablet to specific actions. This allows users to interact with MR
content via the tablet without needing to look at it. Second, for actions that do
require visual attention on the tablet (e.g., touch-based input for filtering data),
“STREAM” ensures that users are already looking at the tablet, thereby minimizing
unnecessary transitions. Thus, the design of hybrid user interfaces must carefully
consider the user’s visual attention during their workflow.

Seamless transition. Since switching between devices is an inherent aspect of
hybrid user interfaces, minimizing this disruption is an essential part of achieving
fluid interaction. While the design of such transitions depends on the configuration
and context of each hybrid user interface, the previous exemplars provide potential
directions. “STREAM” demonstrates a seamless transition through the tablet lens
interaction, which visually merges the tablet and MR scatterplot, allowing users to
fluidly transition between 2D and 3D environments. In contrast, “ReLive” facilitates
the transition by offering a preview of the MR scene on the desktop.

However, the disruption caused by physically switching between devices (e.g.,
with exclusive temporal usage as in “ReLive”) remains a significant barrier. Here,
the “SpatialMouse” represents a promising step towards achieving fluid interaction
in migratory configurations: By enabling a seamless transition between 2D and 3D
interaction within a single device, it unlocks novel interaction techniques, supports
flow, and is thus conducive to fluid interaction.

8.2.2 RO2: Task Allocation

How can an immersive analytics workflow be effectively distributed across
heterogeneous devices in a hybrid user interface?

Prior research on hybrid user interfaces often suggests allocating system control
to the 2D component and leveraging the MR component for spatial interaction
tasks [43]. While this is true in general, hybrid user interfaces must account for
more nuanced trade-offs when distributing tasks across devices. Designers need to
consider the cost of switching, leverage complementary views, account for hardware
capabilities, facilitate transferring tasks and content between interaction components,
and support the perceptual synchronization of content.
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Cost of switching. The cost of switching between devices can influence how tasks
and capabilities should be allocated. In exclusive temporal usage such as “ReLive”
or “ARTHUR”, high switching costs may necessitate that both components offer
similar capabilities to minimize disruptive transitions. In contrast, when switching
is seamless (e.g., in parallel or serial temporal usage such as “STREAM” or “ARound
the Smartphone”), interaction design can intentionally guide users toward using
the most appropriate device for a given task, thus leveraging the strengths of each
without incurring excessive cognitive load.

Complementary views. Effective task allocation also depends on the degree
of complementarity between components. The idea of complementary views
is well-known in visualization research and is equally applicable to allocating
tasks in hybrid user interfaces. For example, in immersive analytics, the 2D
interaction component can serve as the workspace for quantitative analysis or
scripting, while the MR interaction component provides spatial understanding.
Likewise, in situated analytics, analysis benefits from the spatial placement and
context of data within the user’s environment, while the 2D interaction component
can offer familiar interaction with mobile devices.

Hardware capabilities. Since hybrid user interfaces are a technology-driven
concept, the specific capabilities and limitations of hardware are critical in guiding
task allocation. For example, while stereoscopic views can enhance depth percep-
tion, they may also introduce perspective distortion. In such cases, monoscopic
views offer simplified perception and interaction, as demonstrated by “STREAM”.

Current trends in commercial MR hardware suggest two divergent trajectories:
Optical see-through AR glasses, such as the XReal Air1 are lightweight and well-
suited for mobile use. Yet, they remain limited in terms of visual fidelity, brightness,
and virtual field of view. In contrast, video see-through headsets, such as the
Apple Vision Pro2 offer a richer immersive experience and greater display fidelity,
but this comes at the expense of portability and prolonged comfort.

Given these diverging capabilities, it can be beneficial to designate a primary
device within the hybrid user interface. For instance, “ARound the Smartphone”
and “Push2AR” anticipate the limitations of current mobile AR glasses and thus
treat the smartphone as the primary device, with mobile AR glasses acting as
a supplementary display space. In contrast, “ReLive” uses a workstation-based
scenario with more capable HWDs and thus treats both the desktop and immersive
components as equal.

Transferring tasks and content between interaction components. When dis-
tributing tasks and content across devices in a hybrid user interface, it is essential
to consider how they can be transferred across devices. While the distribution
is often static (e.g., determined by the designer of the system), several systems
have demonstrated the utility of transferring content from a 2D interaction com-

1https://www.xreal.com/air2, last accessed 2025-05-12.
2apple.com/newsroom/2023/06/introducing-apple-vision-pro/, last accessed 2025-05-12.

https://www.xreal.com/air2
https://www.apple.com/newsroom/2023/06/introducing-apple-vision-pro/
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ponent to the MR environment [4, 355, 400, 413]. Here, our “Push2AR” concept
demonstrates the use of visual anchors to link MR content back to its original
smartphone position.

In the context of immersive analytics, recent research investigated visualization
transformations between 2D and 3D [234, 236]. Several transitionmetaphors have
been explored in prior work (e.g., “pulling” sticky notes from a smartphone [413]),
but further investigations are necessary to standardize and evaluate these tech-
niques [355], especially as the boundaries between devices continue to blur.

Perceptual synchronization. Another challenge is found within the mapping
and synchronization of content and interaction across components. While prior
research has shown that an asymmetry of interaction (e.g., decoupling spatial
interaction [357]) or information (e.g., showing simplified 2D views of 3D con-
tent [172, 191]) can be beneficial, this may come at an increased cost of user
perception: For example, how does a 2D interaction affect its 3D equivalent, and
how can we communicate this asymmetry?

Aside from these conceptual challenges in establishing a consistent mental
model, we also have to consider technological challenges. In this context, prior
work found that cross-device interaction techniques can be highly sensitive to
network latency [248]. This sensitivity may be even more pronounced in hybrid
user interfaces, especially if they appear as one conceptual device (e.g., the virtual
screen in a VESAD configuration may lag behind the real screen). For example, in
the “ARound the Smartphone” exemplar, network latency was minimized to ensure
that the virtual extension remained synchronized with the smartphone display,
resulting in a virtually imperceptible delay between devices – thus contributing
to the illusion of a virtual screen extension. Still, more research is necessary
to investigate how inevitable technological factors (e.g., latency) can confound
findings.

8.2.3 RO3: Interaction Techniques

What novel interaction techniques emerge from the use of complementary
devices in hybrid user interfaces?

One of the main advantages of hybrid user interfaces is their ability to leverage
established interaction paradigms from heterogeneous devices (e.g., touch ges-
tures). As the exemplars in this thesis demonstrate, hybrid user interfaces can also
serve as a foundation for entirely new interaction techniques. These techniques
typically emerge by eliminating the barriers between 2D and 3D interaction spaces,
leveraging eyes-free interaction, or unchaining device capabilities.

Eliminating Barriers. The “STREAM” and “SpatialMouse” exemplars illustrate
how novel interaction techniques emerge when transitions between 2D and 3D in-
teractions are seamless. By embedding 2D input into a 3D context (as in “STREAM”
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and the “SpatialMouse”) or employing 3D input within a 2D workspace (as in
the “SpatialMouse”), hybrid user interfaces open new possibilities for supporting
fluid interaction. However, the investigated interaction techniques merely scratch
the surface of what is possible. For example, “STREAM” could be extended to
support seamless transitions between touch input and mid-air gestures (e.g., seam-
lessly moving from a touch gesture to a mid-air gesture or vice versa), potentially
unlocking new interaction techniques for fluid interaction.

Eyes-free interaction. One of the challenges in hybrid user interfaces is managing
divided visual attention between multiple output components. Often, users can
only pay attention to one device at a time, leaving the other device unused.
The “STREAM” exemplar addressed this by introducing an eyes-free interaction
technique, leveraging the user’s proprioception and tablet form factor. By mapping
different actions to each corner of the tablet, users can benefit from the touch
interaction (i.e., haptic feedback) without shifting their visual attention, thus
preserving flow and reducing the cognitive load of switching between devices.

Unchaining device capabilities. The past decade has seen a surge in both device
variety (e.g., smartwatches, smartrings) and device capabilities (e.g., inside-out
spatial tracking), which can also be seen in the increase in interaction component
combinations. Yet, 2D interaction components such as smartphones are restricted
by their form factor, favoring device ergonomics and portability but limiting their
potential output capabilities. By combining them with MR interaction components
(e.g., AR HWDs), we can “unchain” their capabilities, enabling entirely new inter-
action possibilities (e.g., offloading menu items as demonstrated in “Push2AR” or
using their spatial awareness as input as in “STREAM”), thereby inching closer to
a form of “universal interaction” [218] and ultimately, Weiser’s vision of ubiqui-
tous computing [405]. While this can further expand the design space, we also
recognize the need to establish guidelines to better understand the trade-offs and
potential of each device (cf. [398]).

8.3 Design Insights

Reflecting on the design and evaluation of the exemplars presented in Part II, this
section describes generalized design insights applicable to the broader field of
hybrid user interfaces.

8.3.1 Complementarity First

When creating a hybrid user interface, the underlying motivation should address
specific limitations in the interaction or output capabilities. The value of hybrid
user interfaces comes from their ability to combine heterogeneous devices in a way
that offsets each device’s individual weaknesses, drawing upon their individual
strengths. However, if the devices are not already part of the user’s existing device
ecology, a dedicated solution (e.g., bespoke tangibles) may be more appropriate.



8.3 Design Insights | 179

The general principle of complementary interfaces highlights that devices in a
multi-device ecology should not only simply coexist, but meaningfully complement
each other. This is reflected throughout all exemplars: Each device or environment
was assigned a complementary role within the user’s ecology, fulfilling a role that
was not suitably covered before. Thus, the goal of a hybrid user interface should
not be in a random assortment of technologies that communicate with each other
(cf. cross-device interaction), but in a principled integration of heterogeneous
devices to form a unified system that is greater than the sum of its parts.

8.3.2 Seamless Transitions

A recurring theme across all exemplars was the seamless transitions between
devices by using a conscientious interaction design that guides the user’s visual at-
tention, minimizes disruptions, and thus encourages flow. The qualitative feedback
across the studies reveals some initial insights into the importance of minimizing
friction during transitions. This aligns with recent research advocating for ani-
mated and smooth transitions between 2D and 3D views [244, 355]. In particular,
the “SpatialMouse” shows that removing barriers in transitions can lead to novel
interaction techniques and support the fluid interaction in the user’s workflow.

However, achieving this fluidity requires not only appropriate interaction
design, but also technical considerations. For example, an exclusive temporal
usage due to device limitations (e.g., as demonstrated by “ReLive”) prevents a truly
seamless transition due to hardware limitations (i.e., putting HWD on). In addition,
technical factors such as latency and synchronization must be addressed. Here,
prior work has shown that latency in cross-device scenarios can quickly degrade
user experience, which is likely equally applicable to hybrid user interfaces.

8.3.3 Linking Content

Given that hybrid user interfaces act as a singular application, they can be seen as
different lenses on a shared interactive space (e.g., multiple coordinated views).
It is therefore essential to establish clear links between content distributed across
different interaction components, allowing users to maintain context when switch-
ing between potentially different 2D and 3D representations, which is common
in immersive analytics. For example, the “STREAM” exemplar implemented this
by using colors on the tablet interface that match the selected AR scatterplot,
reinforcing their connection through a shared color.

8.3.4 Ever-Shifting Window of Opportunity

With their technological focus, the design of a hybrid user interface is dependent on
an evolving technological landscape with an ever-shifting window of opportunity.
As such, their effectiveness is determined by the affordances of available hardware:
Earlier exemplars, such as “STREAM”, emphasized interaction with 2D interaction
components due to the technical limitations of mid-air interaction at that time.
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Yet, as MR hardware continues to mature, the inclusion of more capable spatial
inputs becomes viable and provides new opportunities.

However, this means that the design of a hybrid user interface must remain
adaptable and anticipate upcoming hardware capabilities. For example, foldable
smartphones could replace the need for virtual screen extensions, offering a large
screen space without the overhead associated with switching between a virtual
and physical display. In contrast, the growing prevalence of smartwatches might
shift the utility of VESAD configurations towards combinations of lightweight
wearables and AR glasses.

8.4 Research Implications

Drawing from the findings of the presented exemplars and the insights gained from
our literature analysis, this section outlines several broader research implications
for the design and evaluation of hybrid user interfaces.

8.4.1 (When) Are Hybrid User Interfaces Beneficial?

The “STREAM” and “ReLive” exemplars highlight the potential of hybrid user
interfaces in immersive analytics scenarios. For their evaluation, we intentionally
chose qualitative assessment methods to explore their usability and practical
applicability. Still, a notable limitation is the absence of direct comparisons against
established baselines.

Evaluating hybrid user interfaces against state-of-the-art alternatives presents
significant challenges, as real-world scenarios often involve a myriad of confound-
ing variables that make it difficult to isolate the specific benefits of hybrid user
interfaces. Decomposing these systems into their individual components (e.g.,
such as comparing input modalities in isolation) oversimplifies the evaluation
and ignores the symbiosis of interfaces that emerge from the combination of
heterogeneous devices. As a result, it remains difficult to determine when and
where hybrid user interfaces offer a quantitatively measureable benefit.

8.4.2 Exploring Holistic Real Life Applicability

The versatility of hybrid user interfaces allows for their application across a wide
range of domains. While this thesis focuses specifically on immersive analytics, the
increase in artifacts and evaluations within the survey corpus indicates that the
nascent space of hybrid user interfaces is slowly maturing. Research prototypes
and their interaction techniques have so far been investigated in isolation, yet
“it is clear that [these] facets should not be discussed in isolation; instead, they are
highly interconnected and affect each other” [226]. Given the wide applicability of
existing and future systems (e.g., robotics [254], medical domain [226, 331, 366],
explainable artificial intelligence [273]), we need to consider their role within
the holistic context of their work environments and unveil their unique challenges



8.4 Research Implications | 181

and opportunities. Furthermore, consolidating common interaction techniques
into a library of design patterns can help researchers and practitioners alike in
the design and implementation of holistic hybrid user interfaces.

8.4.3 Collaboration

The exemplars in this thesis as well as the majority of the papers in the survey
corpus focus on single-user systems. Yet, some papers indicated a collaborative
setting, either with a shared interaction component (e.g., a shared output) or
using individual interaction components.

Regarding co-located collaboration, the choice whether there is a shared
interaction component or individual interaction components can directly influence
the type of collaboration: For example, Butscher et al. [66] used a large interactive
tabletop display as a shared input device, combined with an AR HWD for each user.
Limited by the touch input of the shared device, only one user is able to manipulate
the content, thus enforcing a closely coupled collaboration [157, 384]. In contrast,
providing users with individual interaction components enables loosely coupled,
parallel activities [354]. Similarly, asymmetric device setups might benefit from
individual device affordances [131] but also lead to an asymmetry of roles [421].

Lastly, no paper in our corpus features remote collaboration. In such cases,
techniques known from MR remote collaboration could be applied: Virtual avatars
can represent the remote person to create awareness [148, 149] while methods
to align workspaces can allow for deictic referencing [125]. The use of diverse
interaction components might require user representations per interaction com-
ponent, and highly dynamic environments might benefit from transitional user
representations [421].

8.4.4 Evaluation, Assessments, and Toolkits

Brudy et al. [56] described that research on cross-device interaction can be con-
sidered as a “constructive problem” [299]. This is reflected in our corpus: The
majority of papers focus on creating new artifacts. These papers “re-envision and
push the boundaries of interaction possibilities” [56] – a common theme for research
in HCI that is often “much better at proposing new technologies than at validating
them” [175], especially when novelty is expected as a key contribution3. This
further fragments research on hybrid user interfaces, as artifact and empirical
contributions tend to drift apart [56]. While some research addressed the call
of Brudy et al. [56] for a frame of reference to compare cross-device interaction
techniques [422], this is still missing for research on hybrid user interfaces. One
possibility to create such frames of reference and further systematically study
(and later compare) research within this space is to consider experiments as design-
informing activities [298]. Here, different design alternatives (e.g., meaningful
combinations of input and output components) can serve as independent variables

3sigbed.org/2022/08/22/the-toxic-culture-of-rejection/, last accessed 2025-05-12.

https://sigbed.org/2022/08/22/the-toxic-culture-of-rejection-in-computer-science/
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for different use cases. This allows us to study their effect on general (e.g., time
and error) and use case-specific dependent variables, such as utilization of de-
vices [353] – focusing on the effect, influence, and utility of each combination,
beyond a technical perspective [56].

Hybrid user interfaces differ from single-device user interfaces by involving
multiple interaction components, making assessments more complex. For example,
cognitive workload (a typical metric in HCI user studies [220]) can be measured
post-hoc using subjective questionnaires like NASA TLX [163, 164], but real-time,
objective methods such as eye tracking are preferable [220]. As hybrid user
interfaces often include an HWD, continuous assessment of eye movements via
built-in sensors is achievable. However, switching between interaction components
complicates data collection, as some components might not support eye tracking or
may have varying data quality, requiring data fusion or repeated calibration. This
issue becomes more complex with multiple users frequently switching between
interaction components. Although subjective questionnaires simplify user studies,
they reduce data accuracy, as participants might forget specific details. Objective,
real-time assessments are critical for understanding hybrid user interfaces, but
careful study designs are necessary to manage complexity in conducting and
analyzing them.

To address this complexity, research has suggested a variety of toolkits that
can support this process for MR user studies [60, 186, 289, 332]. For example,
the “ReLive” exemplar describes one solution to facilitate such data logging for
MR user studies. Yet, these toolkits also hold the potential to support the design,
conduct, and analysis procedures of user studies involving hybrid user interfaces.

8.5 Implementation Considerations

As hybrid user interfaces are a technology-driven realization of complementary
interfaces, their design and development demand careful attention in various
implementation aspects. This section outlines key technical considerations and
challenges for creating hybrid user interfaces.

8.5.1 Authoring Mixed Reality Hybrid User Interfaces

Creating hybrid user interfaces can be challenging: On the one hand, designers
require evidence-based guidelines that focus on the integration of multiple de-
vices [94], such as determining the optimal ergonomic content distribution [117,
425]. On the other hand, developers need to deal with implementations on
different platforms. Although web technologies (e.g., WebXR) can standardize
development, their support on commercial HWDs is uncertain [63]. In addition,
toolkits (e.g., for integration of multiple devices [142], interaction component
configuration [343], and synchronization [184]) can help focus on the implemen-
tation at hand, rather than worrying about implementation details.
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8.5.2 Visualization Synchronization

Another challenge in applying hybrid user interfaces to immersive analytics is in
the creation and synchronization of visualizations. While the creation of effective
visualizations can already be challenging in itself, hybrid user interfaces potentially
double the required effort: visualizations must often be implemented separately
for both 2D and 3D environments, which may differ significantly in representation
and interaction capabilities.

Here, a common grammar (cf. VEGA [348, 349]) can be useful, allowing
content to responsively adapt to each device automatically. For example, the
open-source4 RagRug toolkit [128] introduced a workflow for responsive, reactive
visualizations and has already been used to replicate the “STREAM” exemplar.
Still, more research is necessary to build a toolkit that facilitates the authoring of
such hybrid visualizations and their transitions (cf. [234, 236]).

8.5.3 Networking

Reliable and low-latency networking is a critical requirement for hybrid user
interfaces, as they need to interconnect multiple devices in real time to enable
a seamless transition. But despite the proliferation of toolkits in different areas
such as visualization [88, 128, 335, 361] or logging [186, 289], networking
has been mostly neglected and delegated to commercial solutions. In contrast to
commercial applications, research prototypes have distinct requirements regarding
the empirical reproducibility, data availability, latency, and privacy – ruling out
externally hosted server software while simplifying development by neglecting
edge cases (e.g., anti-cheat precautions) or artificial restrictions (e.g., reducing
update rate to save on bandwidth).

To address the distinct needs of hybrid user interfaces, we created Colibri
(communication library), an open source5 networking toolkit for data exchange,
model synchronization, and voice transmission. Colibri is a Unity- and web-focused
networking toolkit for researchers to quickly prototype hybrid user interfaces,
prioritizing low latency to suit the specific needs of hybrid user interfaces. Colibri
was iteratively developed and refined over the course of all exemplars presented in
this thesis and thus represents the technical foundation of all presented exemplars.

8.5.4 Future Challenges

The development of hybrid user interfaces spans many more areas that require
further support. Since sophisticated toolkits can drastically reduce the technologi-
cal barriers, the following section describes three areas that are not yet adequately
supported by existing toolkits.

Alignment of Coordinate Systems. A common task when combining multiple
interaction components is the alignment of coordinate systems. Nowadays, many

4https://github.com/philfleck/ragrug, last accessed 2025-05-12.
5https://github.com/hcigroupkonstanz/Colibri, last accessed 2025-05-12.

https://github.com/philfleck/ragrug
https://github.com/hcigroupkonstanz/Colibri
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devices have powerful integrated tracking capabilities, making external tracking
solutions (e.g., Optitrack) superfluous. However, this also results in each device
establishing their own coordinate system, which then needs to be aligned with all
others. These solutions are usually specific to the hardware configurations of each
project and involve a combination of image markers, external tracking systems, or
specific workarounds (e.g., starting the application in the same room position). A
unified solution that automatically provides coordinate system alignment could
greatly reduce the obstacles of combining multiple devices.

Asymmetric Device Capabilities. Hybrid user interfaces span across multiple
heterogeneous devices, such as desktop computers, handheld devices (e.g., smart-
phones or tablets for AR), or head-worn MR devices. Each device in this ecology
has different capabilities or limitations and, at times, a distinct role to fulfill. Here,
automatically detecting, communicating, and assigning roles based on capabilities
could be beneficial. For example, in asymmetric collaborative environments for
immersive analytics, a desktop device can be useful for displaying visualizations
in 2D, while other MR devices could be better suited for 3D visualizations. Here,
we could specify data transformations (e.g., [234, 236]) to automatically convert
the data, based on the specific capabilities or roles of the display device.

Merge Policies. In many collaborative scenarios, multiple collaborators may ma-
nipulate an object simultaneously, such as two users moving or rotating an object
at the same time (see Figure 8.2). In such cases, a merge policy (e.g., averaging
or summing up inputs) is necessary to properly incorporate the manipulations of
both users (cf. [408]). However, this could be further complicated in hybrid user
interfaces, as the object representations between the 2D and 3D environment may
not be the same and thus require further transformations and merging strategies.

20°

20°

45°

45°

25°

65°

a)

b)

Figure 8.2: A composition merge policy allows two users to simultaneously ma-
nipulate an object, for example by summing up users’ rotation in-
puts [408].
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8.6 Chapter Conclusion

This chapter provides broader reflections on the context-specific exemplars intro-
duced in Part II. First, it revisits the overarching research objectives and discusses
them within a wider context beyond the scope of individual prototypes, integrating
the findings from the literature survey presented in Part I. Then, by synthesizing
the findings from the exemplars with the theoretical foundations and literature
survey, the chapter derives general design principles, outlines research implica-
tions, and presents implementation opportunities. Together, these insights aim to
inform the future design, development, and evaluation of hybrid user interfaces.
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9.1 Summary

Mixed reality hardware is gradually pervading everyday life, bringing us closer to
Weiser’s vision of ubiquitous computing [405] and Sutherland’s concept of the
ultimate display [377]. Although recent advances have improved visual fidelity
and comfort of MR HWDs, spatial interaction remains an inherently limiting factor.
Yet, spatial interaction is used as a form of “universal interaction” despite failing
to accommodate the wide range of user needs in immersive environments. One
proposition, which is the focus of this thesis, is to complement MR HWDs with
conventional devices, such as tablets and desktop computers, and thus create a
hybrid user interface.

Hybrid user interfaces are particularly well-suited for immersive analytics,
where the benefits of immersive 3D visualization must be balanced with the
precision and familiarity of 2D interaction. In this context, the concept of fluid
interaction, which emphasizes user flow, direct manipulation, and minimizing
gulfs of action, provides a suitable lens for evaluating hybrid user interfaces. Thus,
this thesis is driven by the overarching research goal of: How can hybrid user
interfaces support fluid interaction in immersive analytics workflows? To address
this question, the thesis investigates three core research objectives:

RO1: Designing seamless transitions between devices.

RO2: Investigating meaningful task allocations.

RO3: Exploring novel interaction techniques.

The thesis begins by establishing foundational knowledge in Part I: Theory.
Chapter 2 positions hybrid user interfaces within its related fields, thereby

introducing the foundation required for a deeper exploration of hybrid user in-
terfaces. This chapter first outlines the key concepts for multi-device interaction
of distributed user interfaces and cross-device interaction, which encompass both
homogeneous and heterogeneous device setups. The chapter then discusses cross
reality environments and highlights the relevance of transitional interfaces. While
these areas describe how devices and realities can be combined, it is unclear
why such cross-device and cross reality approaches should be used. Therefore,
this chapter introduces complementary interfaces as a conceptual lens to describe
meaningful combinations. The chapter concludes by framing immersive analytics
and fluid interaction as core use cases.

Next, Chapter 3 explores the concept of hybrid user interfaces in depth. We first
examine the history of hybrid user interfaces, based onwhich we establish a general
definition and present general characteristics. We then conduct an extensive
literature survey, selecting a corpus of 83 papers that match our criteria of a hybrid
user interface. Based on this, we establish a taxonomy with eight dimensions to
describe existing hybrid user interfaces and inform future systems. This taxonomy
is used as an overarching framework for contextualizing the exemplars in Part II,
providing a common foundation through which the exemplars can be connected.
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Building on the theoretical foundation, Part II: Exemplars presents four imple-
mented hybrid user interfaces, each addressing different aspects of the research
objectives through empirical evaluation.

Chapter 4 introduces “STREAM”, a hybrid user interface combining spatially-
aware tablets with AR HWDs to enables fluid interaction with 3D parallel co-
ordinates visualizations. This exemplar focuses on multimodal interaction by
leveraging available input methods to interact with the visualization’s compo-
nents, such as the tablet’s display for direct touch input, spatial awareness of the
tablet for spatial input, and the HWD for head-gaze, voice input, and proxemics.
STREAM demonstrates a novel eyes-free interaction technique that allows users
to perform actions using their proprioception, which minimizes visual attention
switches between devices. STREAM bridges the 2D and 3D representation of the
visualization and contributes to all three research objectives (RO1, RO2, RO3).

In Chapter 5, the “ARound the Smartphone” exemplar explores the extension
of a smartphone’s screen with a virtual display through an AR HWD. This work
focuses specifically on device transitions (RO1) by evaluating how varying sizes of
virtual screen extensions impact spatial memory, workload, and user experience.

Chapter 6 presents “ReLive”, an asynchronous hybrid user interface that com-
bines a non-immersive desktop system with an immersive VR environment to
analyze data from MR studies. This system investigates task allocation (RO2) by
distributing immersive, in-situ exploration to the VR environment and aggregated,
ex-situ analysis to the desktop. ReLive supports transitions between environ-
ments (RO1) by synchronizing both environments in real-time and offering a
preview of the VR environment on the desktop and vice versa.

In Chapter 7, we present the “SpatialMouse”, a hybrid pointing device that
combines a desktop mouse with a VR controller. The SpatialMouse thus supports
both 2D indirect input and 6DoF spatial input, allowing users to switch by simply
lifting or resting the device. While not a hybrid user interface per se, the Spatial-
Mouse serves as an enabling technology device transitions (RO1) in hybrid user
interfaces, eliminating physical and cognitive friction associated with switching
input devices. We outline a set of novel interaction techniques (RO3) enabled by
this hybrid input device. Overall, our work addresses interaction barriers between
2D and 3D spaces, contributing a promising design concept toward achieving fluid
transitions in mixed reality environments.

While each exemplar explores a specific use case in depth, Part III: Synthesis
steps back to generalize these findings for the broader design space.

Chapter 8 synthesizes the insights from all four exemplars and incorporates
the findings from the literature survey. This chapter first revisits each research
objective and provides a general discussion of transitioning between devices (RO1),
task allocation (RO2), and potential interaction techniques (RO3). It then distills
broader design principles, research implications, and practical implementation
considerations, based on findings from the exemplars and drawing from the
theoretical foundations discussed in Part I.
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Finally, Chapter 9 (i.e., this chapter) concludes the thesis by reflecting on
the role of fluid interaction in hybrid user interfaces, questioning whether hybrid
interfaces are a compromise or an opportunity, and contemplating on the future
of hybrid user interfaces.

9.2 Overview of Contributions

This thesis follows the contribution types proposed by Wobbrock and Kientz [410],
differentiating between survey contributions, theoretical contributions, artifact
contributions, and empirical research contributions.

9.2.1 Theoretical Contribution: Complementary Interfaces

Our definition of complementary interfaces (Chapter 2) represents a theoretical con-
tribution, derived from reflecting on our own prior work in cross-device interaction
and cross reality environments. This concept underpins the work of this thesis
by providing a conceptual lens through which to frame meaningful multi-device
ecologies. While hybrid user interfaces are a possible technical realization of
this concept and the primary focus of this thesis, the scope of complementary
interfaces extends far beyond hybrid user interfaces. It offers a generalizable
framework for understanding how different devices and environments can be
meaningfully combined, and its theoretical nature allows the concept to extend
beyond the potential lifetime of hybrid user interfaces (see Section 9.5).

9.2.2 Survey Contribution: Contextualizing Hybrid User Interfaces

Although the term hybrid user interfaces was coined in 1991 [122], the sur-
rounding technological landscape has evolved considerably since then, while the
definition itself has remained largely stagnant. Our survey contribution (Chapter 3)
thus revisits hybrid user interfaces within the context of the current research
landscape. We conducted a literature review of 579 records, selecting 83 papers
that align with the characteristics of hybrid user interfaces. This survey highlights
how hybrid user interfaces differ from adjacent research areas, identifies core
characteristics, and introduces a taxonomy to establish a shared understanding of
their key dimensions, design potential, and common challenges.

9.2.3 Artifact and Empirical Research Contributions: Exemplars

To explore hybrid user interfaces in depth, this thesis presents four hybrid user
interface exemplars. Each exemplar (Chapters 4 to 7) provides a unique perspec-
tive on different facets of hybrid user interfaces. Each exemplar consists of two
contribution types:

First, we provide an artifact contribution by describing the design and im-
plementation of different hybrid user interfaces (or hybrid input devices). Each
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artifact explores different design ideas, hybrid user interface configurations, tem-
poral usages, device dependencies, or interaction dynamics, thereby contribut-
ing towards the overarching research goal. All artifacts are available as open-
source projects1, allowing for replication and extension of our work. In addition,
“STREAM” and the “SpatialMouse” contribute novel interaction techniques for hy-
brid user interfaces and hybrid input devices, respectively. Furthermore, “ReLive”
contributes a technical data logging framework used in subsequent prototypes
(i.e., “ARound the Smartphone”, “SpatialMouse”).

Second, each artifact is evaluated through an empirical evaluation, resulting
in empirical research contributions. We employed different evaluation approaches
depending on the context:

“STREAM” was evaluated in an exploratory user study with 8 participants
to examine how users interact with an immersive analytics visualization
using a hybrid user interface. The study highlights the value of familiar
touch-based interactions in 3D contexts and indicates the overall potential
for fluid interaction in hybrid user interfaces.

“ARound the Smartphone” employed a controlled laboratory experiment with
24 participants in a within-subject design to compare a baseline condition
(smartphone with no virtual screen extension) with three commonly found
display sizes (virtual screen extension of tablet size, desktop monitor size,
and television size). The findings contribute to a better understanding of
visual attention switches in hybrid user interfaces, providing foundational
insights for designing a fluid transition between devices.

“ReLive” used a two-step process. First, a guided design walkthrough allowed
us to analytically investigate ReLive in a formative evaluation, contributing
to the overall design of ReLive. Second, a user study with 5 experts provides
deeper insights in an empirical evaluation. Our findings support the value
of allocating in-situ and ex-situ tasks to different devices in a hybrid user
interface, enabling a fluid workflow.

We evaluated the “SpatialMouse” in a controlled laboratory experiment with
12 participants in a within-subject design to compare the SpatialMouse
against a baseline of a mouse and VR controller. Our results indicate that
our initial prototype significantly improves perceived workload and usability
in tasks that require frequent switching between 2D and 3D input. The
results emphasize that seamless transitions between devices are critical for
achieving fluid interaction in hybrid user interfaces.

The results of each empirical evaluation were distilled into design insights and
research implications, informing the overarching research goal. These insights
are further generalized in Chapter 8 and inform the concluding discussions and
future directions outlined in Chapter 9.

1See https://github.com/hcigroupkonstanz/ for an overview, last accessed 2025-05-12.

https://github.com/hcigroupkonstanz/
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9.3 Fluid Interaction and Hybrid User Interfaces

The overarching goal of this thesis is to explore how hybrid user interfaces can
enable fluid interaction within immersive analytics workflows. Although fluid
interaction is an “elusive and intangible concept” [111] and therefore difficult to
evaluate directly, the presented hybrid user interface exemplars reveal several
design characteristics that align with the principles of fluid interaction [111].

Promoting flow. Immersive analytics can improve flow through increased
immersion. Yet, their sole reliance on spatial interaction can fall short for
tasks that require, for example, precise selections or efficient text input.
Hybrid user interfaces promote flow by allowing users to shift between im-
mersive and conventional environments, using the device that best suits the
user’s current task. For example, spatial capabilities support in-situ explo-
ration for environmental context, while 2D interaction components enable
system control and analysis. This interplay between 2D and 3D “[ensures]
that interaction never ‘ends’” [111] or slows down due to inappropriate input
and output modalities, thereby keeping users engaged.

Supporting direct manipulation. While direct manipulation is central
to fluid interaction and immersive analytics, its utility can be limited by
spatial interaction in terms of ergonomics and accuracy. Hybrid user inter-
faces overcome this by supporting direct manipulation through appropriate
modalities (e.g., combining touch for 2D tasks with mid-air gestures for 3D
manipulation). This gives users the freedom to employ different kinds of
direct manipulation depending on their specific needs.

Minimizing the gulfs of action. Hybrid user interfaces can minimize
the gulf of execution by offering familiar and appropriate input methods.
However, hybrid user interfaces can also increase the gulf of evaluation:
Feedback must not only be immediately clear on the current device, but
also synchronized across all connected devices. Ensuring that changes are
reflected instantly on all interaction components is thus critical.

While hybrid user interfaces can be helpful for enabling fluid interaction within
immersive analytics, the principles of fluid interaction are equally essential for the
design of hybrid user interfaces. Relevant guidelines for fluid interaction [111]
can thus be reinterpreted through the lens of hybrid user interfaces:

Minimize indirection in the interface(s). As hybrid user interfaces often
distribute content across multiple devices, it is essential to clearly indicate the
relationships between content across devices. This can be achieved through
explicit visual links and real-time synchronization to reduce cognitive load
when switching attention between devices.

Integrate user interface components in the visual representation. Given
the necessity of 2D interface components, these user interface components
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should be easily available across the hybrid user interface. Depending on
the gulf between devices (e.g., parallel or exclusive temporal usage), a hybrid
user interface must either support this through seamless transitions (for
parallel use) or ensure redundant access to features across devices (for
exclusive use).

Reinforce a clear conceptual model. Hybrid user interfaces often combine
immersive environments with conventional 2D devices. This presents an
opportunity to build on users’ existing mental models of 2D devices to avoid
legacy bias and leverage reality-based idioms [65]. For example, spatial
input lends itself naturally for 3D manipulations, while tasks such as precise
selections or text input can be reserved for 2D interaction components. A
clear, consistent division of tasks and roles between devices (e.g., in-situ and
ex-situ analysis, 3D manipulations and 2D system control) helps reinforce
user understanding.

Avoid explicit mode (or device) change. Switching between modes – or in
this case, devices – introduces friction and disrupts user flow. Hybrid user
interfaces should support seamless, voluntary transitions, where interac-
tion continues naturally regardless of which device is in use. Hybrid user
interfaces should thus avoid enforcing explicit device transitions and instead
leverage novel interaction techniques, preview mechanisms, and eyes-free
interaction.

Overall, fluid interaction for immersive analytics and hybrid user interfaces
are closely intertwined: Fluid interaction emerged from overcoming limitations
of early touch hardware through clever combinations of technologies. Likewise,
hybrid user interfaces were created to overcome the limitations of early MR HWDs
through the complementary use of device technologies. These similarities suggest
that one cannot be fully realized without the other for the case of immersive
analytics.

9.4 Hybrid User Interfaces – A Compromise?

Hybrid user interfaces are an intentional combination of off-the-shelf devices that
would otherwise be used on their own. This can be seen as one of their core
strengths: Rather than requiring bespoke hardware tailored to a narrow range of
tasks (e.g., tangibles), hybrid user interfaces leverage everyday devices, with each
device being capable of solving the task independently – even if, at times, poorly.

However, this can also be seen as a compromise: Since off-the-shelf devices
are designed for general-purpose use, they inevitably involve trade-offs and thus
may not perfectly align with the user’s requirements. For example, the screen
of a smartphone may remain mostly unused when combined with an MR HWD,
as users focus most of their visual attention on the immersive content and eyes-
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free interaction is employed. Would users not be better served by specialized
technologies instead of a patchwork of incoherent device technologies?

Indeed, specialized devices can offer better performance for their intended use
case. However, this comes at the cost of their versatility and are thus less likely
to be used outside their designed environment. Looking at the “SpatialMouse”,
for example, specialized inputs (e.g., mouse and VR controller) are optimized for
their respective environment and likely outperform the SpatialMouse in terms of
ergonomics and individual performance, but fall flat when used outside of their
specific context (e.g., using a VR controller for precise 2D input). In contrast,
hybrid user interfaces take advantage of concepts and devices that are already
within the user’s ecology, offering flexibility across a wide range of tasks. Even
outside of the context of hybrid user interfaces, these devices remain valuable, as
smartphones and MR HWDs, for example, can still be used on their own for their
originally intended use case.

Rather than seeing hybrid user interfaces as a compromise, I instead argue
that they represent a pragmatic design solution that leverages the heterogeneity
of currently available device technologies. They allow designers to utilize the
complementary strengths of existing device ecologies and create a symbiosis of
interfaces that is greater than the sum of its parts. As long as hardware constraints
persist, hybrid user interfaces will remain a practical solution to overcome these
technological limitations.

9.5 The Future of Hybrid User Interfaces

At the beginning of this thesis, hybrid user interfaces were defined as “an area of
cross-device computing that leverages distinct benefits of heterogeneous interaction
components”. As discussed in Chapter 3, this definition was intentionally broad,
informed by prior usage of the term “hybrid user interface”. Over the course of this
thesis, the prior research landscape of hybrid user interfaces was surveyed (Part I)
and a set of current exemplars was explored (Part II). Based on this, we can now
discuss the meaning of the term and explore the future of hybrid user interfaces.

What is a hybrid user interface? The term “hybrid” in hybrid user interface
introduces ambiguity, as it could describe any combination of multiple interfaces
and concepts. This ambiguity and divergent facilitation of the term is further
demonstrated by contrasting the original definition of hybrid user interfaces – refer-
ring to “heterogeneous display and interaction” [122] or “different interface” [119]
technologies – with its most prevalent use today that was also used throughout this
thesis (i.e., combining 2D and MR components). This led to the decision to not
sharply define hybrid user interfaces because of the (1) historical developments
and usages of the term, its (2) relations and overlaps to adjacent research areas,
(3) the abundance of possibilities for combinations as shown in our taxonomy, and
(4) potential edge cases. However, we opted to modernize Feiner and Shamash’s
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definition of hybrid user interfaces [122] while specifically focusing on the initial
device combinations of 2D and MR interaction components.

Overall, the term hybrid user interface is more akin to a fuzzy concept: “a
collection of objects [that do] not have sharp, clear-cut boundaries” [29]. Thereby, hy-
brid user interfaces can be characterized with attributes as described in Chapter 3,
defining “the membership [as] a matter of degree” [29] compared to an arbitrary
fixed inclusion or exclusion based on currently available device technologies. In
the end, actual manifestations may vary – depending on an ever-shifting win-
dow of opportunities – where hybrid user interface boundaries remain adaptable
to emerging interaction paradigms, technological affordances, and contextual
demands. However, if the term is adaptable in such a way, we must ask:

Will there be hybrid user interfaces in the future? On the bright side, hybrid
user interfaces combine complementary device technologies, taking advantage of
the strengths of each technology, creating user interfaces where “the real power
[…] comes not from any one of these devices; it emerges from the interaction of all of
them” [405]. This combination can create flexible and modular systems in which
the user can freely decide when to employ which type of feature.

However, from a rather critical perspective, hybrid user interfaces could be
considered as a compensation mechanism for the deficiencies of individual in-
teraction components, such as the limited precision of gesture recognition in AR
environments. By including additional technologies to address the shortcomings of
any one input method, these systems can become too complex to design, evaluate,
and eventually use. With advances in technology, the need for hybrid user inter-
faces composed of multiple interaction components may diminish, as an ultimate
interface might not require the combination of multiple interaction components to
compensate for individual weaknesses. Instead, at some point in the future, there
will be self-contained “devices” that streamline interaction into a single cohesive
system. This leads to the question:

Is there an expiration date for hybrid user interfaces? The reality is more
nuanced than a straight yes or no. Looking back at over 30 years of research
on hybrid user interfaces and related research streams has shown a maturing of
concepts and usage of technology. While some of the pioneering works are often
technology-driven, proving the feasibility of hardware-heavy combinations, newer
works are more mindful of the usage of technology. This can be attributed to
advances in technology (e.g., advanced built-in tracking capabilities) – minimizing
the need for additional technical augmentation of hybrid user interface environ-
ments. However, our literature survey (see Chapter 3) has shown an increase in
various evaluation strategies for hybrid user interfaces over time. With this, the
focus shifted from purely technical work towards studying the individual benefits
of various design alternatives (e.g., different variants of hybrid user interfaces)
to emphasize the value and the utility of individual components and the user
experience of hybrid user interfaces. Similarly, current off-the-shelf devices (e.g.,
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Apple Vision Pro2) and applications (e.g., Immersed3) already allow to use hybrid
user interfaces: Enabling a larger display space by migrating the visual output
from a 2D display to AR. With the maturation of concepts, an increase in empir-
ical contributions, the advent of consumer-oriented hybrid user interfaces, and
the development of other areas such as artificial intelligence or brain-computer
interfaces, we can now take a step back and look at the bigger picture:

What does the future of hybrid user interfaces look like? With our attributes,
we identified a classification of past and current hybrid user interfaces. The
interplay of interaction components is fundamental for hybrid user interfaces:
A typical hybrid user interface consists of multiple interaction components in
heterogeneous roles, complementing each other, and forming a single application.
Past and present hybrid user interfaces often consider “interaction component”
as a synonym for “device” – creating a cross-device interaction. However, by re-
considering what constitutes an interaction component, we can draw inspiration
from concepts such as complementary interfaces [424] and related ideas [109]:
These concepts are device-agnostic, opening up the research space for combi-
nations of interaction components beyond devices and avoiding being trapped
in technological restrictions. Here, new meaningful combinations of interaction
components that include different input and output modalities, combinations of
implicit and explicit interaction, and various interaction techniques provide an
avenue of research opportunities.

9.6 Closing Remarks

It seems inevitable that MR environments will continue to gain relevance. Yet,
when we look at the evolution of similar technologies, such as smartphones, it
also becomes clear that this technology is still in its infancy, as a true integration
into our everyday lives and technological maturity can take decades. Given the
current pace of hardware iterations, it remains uncertain when we will approach
the “ultimate display” [377] – if we can reach it at all.

While technological evolutions remain uncertain, the field of human–computer
interaction often looks past such hardware restrictions of today to envision the user
interface of the future. This design is often driven by futuristic visions popularized
in science fiction [212]. 20 years ago, such visions consisted of floating displays
with gestural interactions in mid-air. In contrast, contemporary visions instead
depict a rich ecology of futuristic devices (see Figure 9.1): In “The Expanse”4, for
example, designers envision the seamless integration of futuristic smartphones
and desktop computers within immersive AR environments, leveraging devices
as tools that complement each other, rather than being superseded by a singular

2https://www.apple.com/apple-vision-pro/, last accessed on 2025-05-12
3https://immersed.com, last accessed on 2025-05-12
4https://www.hudsandguis.com/home/2021/theexpanse, last accessed 2025-05-12.

https://www.apple.com/apple-vision-pro/
https://immersed.com
https://www.hudsandguis.com/home/2021/theexpanse
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Figure 9.1: User interface design in “The Expanse”4 depicts futuristic cross-device
interaction with heterogeneous devices, such as transparent tablets
and immersive AR environments.

ultimate display – a vision that shares many similarities with the hybrid user
interfaces of today.

Ultimately, whether hybrid user interfaces will persist in the long term is diffi-
cult to predict and will depend on how MR technology evolves in the unforeseeable
future. With the hardware of the foreseeable future, however, hybrid user inter-
faces will remain a pragmatic design strategy within the constraints of today’s
hardware.
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