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Abstract

In the evolving landscape of Human-Computer Interaction (HCI), this thesis con-
fronts a pivotal question: Is it possible to design a spatial interaction system for
distant displays that is accessible and usable by everyone, without the need for
dedicated hardware? This inquiry propels the research into exploring the potential
of smartphones, repurposing them as efficient controllers and trackers for spatial
interaction. The thesis begins with a thorough analysis of existing spatial inter-
action systems, identifying design challenges and opportunities, and setting the
stage for innovative solutions.

Embarking on a methodical journey, the thesis is structured into distinct objectives.
The first objective analyzes current spatial interaction systems, uncovering their
limitations and potentials. Building on these insights, the second objective is the
development and implementation of a new smartphone-based tracking solution,
tailored for enhancing spatial interactions with distant displays. This venture com-
prises designing multimodal interaction techniques, establishing a robust and
comprehensive interaction system, and empirically evaluating the developed so-
lutions. Multiple studies delve into how smartphones, equipped with advanced
sensors and cameras, can facilitate multimodal interactions ranging from touch
and hand gestures to head and eye movements. The third objective generalizes
the findings, transforming them into practical guidelines and applications for de-
signers and developers. This encompasses in the discussion and conclusion of
the research, and offers a roadmap for future developments in spatial interaction
using personal devices.

Conclusively, this thesis not only demonstrates the feasibility of leveraging everyday
smartphones for sophisticated spatial interaction but also paves the way for more
inclusive and universally accessible interaction systems. It signifies a paradigm
shift in HCI, where the ubiquity and versatility of personal devices are harnessed
to transcend the boundaries of traditional spatial interaction methods.
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Kurzfassung

In der sich entwickelnden Landschaft der Mensch-Computer-Interaktion konfron-
tiert diese Dissertation eine zentrale Frage: Ist es méglich, ein raumliches Inter-
aktionssystem flr entfernte Displays zu entwickeln, das fir jeden zuganglich und
nutzbar ist, ohne spezielle zusatz Hardware zu benétigen? Diese Untersuchung
treibt die Forschung voran, um das Potenzial von Smartphones zu erkunden, die
als effiziente Controller und Tracker fir raumliche Interaktionen neu eingesetzt
werden. Die Arbeit beginnt mit einer griindlichen Analyse bestehender raumlicher
Interaktionssysteme, identifiziert Herausforderungen und Chancen und bereitet
den Weg flr innovative Ldsungen.

Auf einem methodischen Weg ist die Dissertation in spezifische Ziele gegliedert.
Das erste Ziel analysiert aktuelle rdumliche Interaktionssysteme und deckt ihre
Grenzen und Potenziale auf. Aufbauend auf diesen Erkenntnissen ist das zwei-
te Ziel die Entwicklung und Implementierung einer neuen smartphonebasierten
Tracking-L&sung, die fur die Verbesserung der rdumlichen Interaktion mit ent-
fernten Displays maf3geschneidert ist. Dieses Unterfangen umfasst das Design
multimodaler Interaktionstechniken, die Etablierung eines robusten und umfassen-
den Interaktionssystems und die empirische Bewertung der entwickelten Lésungen.
Mehrere Studien untersuchen, wie Smartphones mit fortschrittlichen Sensoren
und Kameras multimodale Interaktionen ermdglichen kénnen, von Touch- und
Handgesten bis hin zu Kopf- und Augenbewegungen. Das dritte Ziel verallgemei-
nert die Ergebnisse und wandelt sie in praktische Richtlinien und Anwendungen
fir Designer und Entwickler um. Dies umfasst die Diskussion und Schlussfolge-
rungen der Forschung und bietet einen Fahrplan fir zuklnftige Entwicklungen in
der rAumlichen Interaktion mit persénlichen Geraten.

Zusammenfassend zeigt diese Dissertation nicht nur die Machbarkeit, alltagliche
Smartphones fir anspruchsvolle raumliche Interaktionen zu nutzen, sondern ebnet
auch den Weg flr inklusivere und universell zugangliche Interaktionssysteme. Sie
kennzeichnet einen Paradigmenwechsel in der Mensch-Computer-Interaktion, bei
dem die Allgegenwart und Vielseitigkeit persodnlicher Gerate genutzt wird, um die
Grenzen traditioneller rAumlicher Interaktionsmethoden zu Uberschreiten.

Vi
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The most profound technologies are those that disappear. They weave
themselves into the fabric of everyday life until they are indistinguish-
able from it. ’ ’

Mark Weiser






Introduction

This thesis delves into interaction techniques designed to augment a user’s ability
to engage with computers in innovative and efficient manners. The primary focus
is on a smartphone-based multimodal interface, developed by integrating motion
tracking (including hand gestures, head pointing, and eye gaze) with inputs like
touch in diverse ways. This exploration aims to comprehend the interface’s design
and usability in common human-computer interaction contexts. We focus on spatial
interaction techniques applicable to both 2D and 3D user interfaces and content.
Specifically, we introduce a novel concept enabling ordinary smartphone users
to expand their typically restricted interactive capabilities with content shown on
a distant display. Imagine a user wanting to interact with a displayed 3D model.
Traditional spatial interaction relies on specialized tracking devices, which are often
expensive and not readily available. This presents a barrier for many users who
might not have access to such tools. With the system proposed in this thesis,
users can use their own smartphone to manipulate and delve into the 3D model,
breaking down the barriers of specialized equipment and democratizing access to
spatial interaction techniques. This thesis proposes solutions to overcome these
limitations.

In the remainder of this chapter, we firstly introduce the research context and
motivation of this thesis. Next, we establish the research scope and the research
objectives that this thesis follows to tackle the main research question. Finally, we
provide an overview of the methodical approach, point out the main contributions
of this thesis, and give a preview of the upcoming chapters.
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1. Introduction

1.1 Research Context

The research presented in this thesis is situated within the broader context of
Human-Computer Interaction (HCI), a multidisciplinary field that addresses the
design and use of computer technology, with a particular emphasis on interfaces
and interactions between humans and computers. HCI incorporates elements
from computer science, behavioral sciences, design, media studies and several
other academic disciplines. This thesis discusses topics within the broad domain
of Spatial Interaction, Interaction Techniques, and Interactive Devices, all of which
fall under the domain of HCI.

The focus of this thesis is further refined to the domain of spatial interaction, a
specialized subfield within HCI. Spatial interaction can be understood as the way
users engage with and navigate through virtual or augmented reality environ-
ments, 3D interfaces, and spatial computing applications. It concerns how input
like body motions, gestures, voice, or traditional input devices can be translated
into movement and control within a three-dimensional space, as well as how
feedback is provided to the user. The precise definition of spatial interaction may
vary depending on the specific area within HCI, for example, between areas such
as virtual reality, augmented reality, or 3D user interfaces. Additionally, spatial
interaction shares numerous similarities and overlaps with other related disci-
plines. One notable field with significant overlap is 3D user interfaces (3DUI). For
instance, the book "3D User Interfaces: Theory and Practice" by LaViola et al.
provides a comprehensive overview of 3D user interfaces, covering both theoretical
and practical aspects of spatial interaction within virtual environments. The book
provides insights into design principles, interaction techniques, and various appli-
cations of 3D interfaces [144]. Another field that intersects with spatial interaction
is the field of natural interfaces. In the book "Brave NUI" Wigdor et al. provide
insights into designing natural user interfaces (NUI), which often incorporate spa-
tial elements [284]. It offers a thorough examination of touch and gesture-based
interaction, discussing the challenges and considerations in designing interfaces
that respond to users’ movements in 2D and 3D space.

In particular, our research explores spatial interaction in the context of distant
displays. Distant displays are screens or projections that are not within arm’s reach
of the user, making traditional touch-based interaction not possible. Examples
include large public displays, home television screens positioned at a distance
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from the user, or even virtual displays in augmented or virtual reality environments.
Spatial interaction with distant displays involves techniques and strategies allowing
users to engage with out-of-reach displays, ensuring effective input and feedback
despite physical distances. These interactions typically require a combination of
input devices, gestures, and gaze tracking, enabling users to navigate, select, and
manipulate content on distant displays. Considering the diverse environments
where distant displays are utilized — such as homes, public areas, and workplaces
— the scope of our investigation is intentionally narrowed to concentrate on spatial
interactions with distant displays. In the paper "Distant freehand pointing and
clicking on very large, high-resolution displays" by Vogel et al., the authors explore
the challenges and solutions associated with the interaction, more specifically
freehand pointing and clicking, on distant displays [268]. They examine the feasi-
bility and accuracy of freehand interaction techniques, where users employ hand
gestures in the air (without any physical device or touch interaction) to control
and manipulate content on distant displays. Various interaction techniques are
proposed and assessed by the authors, incorporating visual feedback and control-
display gain adaptation to improve the accuracy and user experience associated
with distant freehand pointing and clicking. This paper is an exemplary study in
the field, illustrating the complexity and considerations involved in facilitating user
interaction with distant displays through spatial input techniques.

1.2 Motivation

This chapter is structured into two subsections to discuss the thesis’s motivation.
Subsection starts with a historical perspective and later introduces the
imperative concept of universal design in computing interfaces, emphasizing
the transition from exclusive to inclusive access to computer technologies. It
lays the groundwork by exploring the term universal design, a principle vital for
creating products accessible to every individual, regardless of age, ability, or culture.
Subsection [1.2.2]then narrows the focus to spatial interaction with distant displays,
providing insights into the specific challenges and opportunities in this domain.
It aims to deepen the understanding of making spatial interaction technologies
universally accessible and usable, setting the stage for subsequent discussions in
the thesis.
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1.2.1 Designing for Everyone

Over the past fifty years, the innovation of computing devices has significantly
influenced the progress of humanity. Collectively, connected computers of various
forms in the hands of so many people changed the way we live, work, socialize,
and entertain ourselves. There are hardly any tools left that would not rely on some
sort of computational device with a user-facing interface used for its operation.
Even if a tool does not directly incorporate a computing device, it is highly likely
that computers played a role in its development process, from ideation and design
to construction and production. A popular observation describing these advance-
ments in digital electronics is Moore’s Law, which states that already since the
1960s, we can expect the speed and capability of our computers to increase every
couple of years, and that we will pay less for them. These rapid advancements in
digital electronics have propelled technological and social change, boosting pro-
ductivity and economic growth. However, while Moore’s Law outlines the technical
advancements in computational hardware, it does not address the continuous user
demand for these devices, which in turn fuels the cycle described by Moore’s Law.
Ben Shneiderman, one of the pioneers in the field of human-computer interaction,
emphasized in his CHI 2017 opening keynote that the relentless pursuit of inclu-
sivity and diversity in user experience has been a driving force behind the market
demand that sustains Moore’s Law [235]:

‘ ‘ We created the market pull for Moore’s Law, since we believe in the
diversity of users, and we wanted to include everyone. ’ ’

Ben Shneiderman

The quote refers to the early days of computers when only a few highly educated
individuals had access to computers and had the know-how to operate them. This
exposes that there are some key aspects on which we need to work as human-
computer interaction scientists so that new computer technology can be adapted
by the masses and that its potential can be used on a large scale.

To describe the concept of designing products to be used to the greatest extent
possible by everyone, regardless of their age, ability, or culture, we can refer
to the term and idea of universal design. Initially, this term comes from archi-
tecture [253], where it presented the motivation behind solutions as barrier-free
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design. Subsequently, the concept was embraced in the field of human-computer
interaction, supporting early efforts and solutions designed to make computer
systems accessible also for users with physical disabilities [251, [252].

In recent years, we can note that the field of human-computer interaction focuses
more than ever on universal design or one of its subfields as, for example, inclusive
design. The expansion of these subfields has led to the identification of various
specific user groups for whom designers can tailor their systems. Systems are
now being developed with consideration for users with disabilities (encompassing
auditory, cognitive, physical, and visual impairments), different language groups,
various age demographics (from the elderly to children), individuals with cultural
or ethnological differences, users of differing physical sizes, individuals who wear
glasses or use assistive devices, and those who differ in digital divide — a term
used to explain the gap between demographics and regions that have access
to modern information and communications technology, and those that do not or
have only restricted access. However, the proliferation of these subfields has led
to the emergence and varied interpretation of terms like universal design, inclusive
design, accessibility, and user diversity. There are, however, recent approaches
that attempt to structure this field, with one notable example being the definition of
universal design provided by Bruno Perez, grounded in the Fuji Xerox Guideline
for Universal Design [195]. There, the authors define universal design as "The
way we design products or environments to make them accessible and usable in
the widest possible range of situations without the need for specific adaptation.".
Furthermore, an even more interesting aspect of this guideline is the outlined
three-step process to realize universal design, as depicted in Figure

Another recent definition comes from the Nielsen Norman Group, which separated
the terms in the following manner. Accessibility is focused on ensuring that inter-
faces and technology can be used by people with disabilities [81]. They point out
that their definition of accessibility has a narrower scope than inclusive design in
that it is focused on specific accommodations. They further note that this definition
allows for a somewhat straightforward assessment of accessibility compared to
inclusive and universal design. On the other hand, according to their viewpoint, the
term inclusive design describes methodologies to create products that understand
and enable users of all backgrounds and abilities. Various subfields within inclu-
sive design address issues related to accessibility, age, culture, economic status,
education, gender, geographic location, language, and race, with the objective
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Universal Design
Making it easier to use for
more people

5l

. . People with 4 .
Making it easier no disabilities -
to use (Usability) A
4 l‘
People with special < ] k/fl\}

oo needs (heights,
- nationalities, etc.) ! % %
Elderly people
Making it
available for use Disabled people
(Accessibility)

(legs/arms
visual/aural, etc.)

X Expanding the range

of users (User diversity) —)

Unavailable for use

Figure 1.1: A definition of universal design including the sequential steps required
to attain it. The progression towards universal design begins with achieving ac-
cessibility, then advancing to usability, and finally, embracing user diversity, based
on [195].

being to meet as many user needs as possible, rather than merely accommodating
as many users as possible. To zoom out even further, they define universal design
as an aim to create one experience that can be accessed and used by the widest
possible audience.

In the context of this thesis, it is important to define certain terms that will aid in
establishing the objectives outlined in subsequent sections while also creating a
foundation of shared terminology. Below are definitions of crucial aims to consider
in pursuit of "design for everyone" when developing new interaction systems:

« Universal Design aims to make new technology to be used by as many
users as possible. The general approach of making products used by as
many users as possible, without designing for a specific group in mind. The
objective is to tackle and overcome limitations that create limited access
and make new technology unavailable for many users. To pursue universal
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design, we need to provide minimum ways to allow users to use a product,
thereby making an experience open to everyone.

« Usability aims to make new technology systems easier to use for all its
users by focusing on creating interaction principles that are more effective
(improving the accuracy and completeness with which users achieve goals),
efficient (minimizing the resources, like time, required to achieve goals) and
increased user satisfaction (improving the comfort and acceptability of the
system during use).

+ Application Flexibility aims to integrate new technological solutions into
a broad array of usage contexts or application scenarios. To achieve this,
it is important that the interaction techniques incorporated within the new
system, along with any potential usage limitations, do not hinder the technol-
ogy’s functionality in diverse scenarios. For example, usage while sitting or
standing, under various lighting conditions or in applications that are either
2D or 3D.

When reflecting on the earlier examples regarding personal computers and the
relation to Moore’s Law, it is evident that the development of personal computers
closely aligned with the three outlined aims above. Initially, computing devices
were exclusive, accessible only within certain corporate or research environments
due to their prohibitive costs, size, power consumption, and other means. With the
adoption of principles today described with universal design, significant changes
occurred in computers’ performance, cost, and form factor, slowly democratizing
access to these devices. This democratization allowed for widespread home own-
ership of computers, and today, similar computational devices such as laptops and
smartphones accompany us everywhere. In parallel, alongside these changes,
there was also a remarkable improvement in usability; while early computers
demanded expertise with text-based commands, modern devices offer simple
graphical interfaces navigable by users of all levels of expertise, even without spe-
cialized training. Finally, in terms of application flexibility, the role of computers has
expanded from specialized task completion to serving a wide array of functions,
supporting diverse applications in areas like productivity, communication, enter-
tainment, gaming, and social networking, accompanied by ever-more standardized
interaction techniques.
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1.2.2 Spatial Interaction for Everyone

While personal computers such as laptops or smartphones are already heavily
intertwined in the daily activity of billions of users, there are still newer technologies
with new beneficial capabilities that are still inaccessible and unknown to many
users. Here, the domain of human-computer interaction still needs to do its work
on making such new devices to be used by as many users as possible. The area of
spatial interaction with distant displays, the central topic of this thesis, is an area of
such immaturity. In contrast to devices such as smartphones or laptops, only more
technology affine users have access to devices allowing spatial human-computer
interaction, while their applications are often only limited to specific domains,
presenting interfaces and interaction methods that many find challenging.

To leverage the capabilities and benefits of spatial interaction today, users first
need a device equipped with spatial user-motion tracking features. This requires
additional dedicated hardware like computer vision sensors or cameras capable
of capturing and tracking movements of different user’s body parts. These user
motions can then be translated into meaningful spatial interactions with the given
application. However, the essential hardware for enabling these interactions is
not available at no cost; users must purchase, maintain, and often install these
devices in their space or even wear the device on their body.

Consider a scenario where a car exterior designer wishes to showcase a 3D
rendering of a new car design to a team of ten colleagues. What immediate and
cost-free alternatives are available for this presentation? Today still, the most
common method is that the designer would employ a large 2D screen to display
the 3D rendering application, manipulating the 3D model’s viewpoint during the
presentation using conventional input devices like a mouse and keyboard. Any
alternative would likely necessitate financial investment, such as acquiring a
motion-tracking system like the Microsoft Kinect sensor. This would allow the
designer to manipulate the 3D model through hand-free gestures, tracked by the
sensor while standing in front of the screen. More costly solutions might involve
equipping the designer and perhaps all attendees with devices like Apple Vision
Pro glasses, enabling shared viewing and discussion of the 3D model. From this
example, we can see that there are not that many options that could be easily
enabled and accessed, ideally cost-free and without specific technical setup or
knowledge.
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The overview provided in Figure showcases a series of pivotal projects over a
50-year timeline. These projects, initially significant within the research community,
later became examples of end-user devices for spatial interaction adopted by
the consumer electronics industry. It is noteworthy that, despite the passage of
decades, spatial interaction, whether with distant displays or within virtual/aug-
mented reality environments, still fundamentally depends on devices specifically
designed to enable spatial interactions. Engaging in spatial interactions appears
neither feasible nor practical without these additional, purpose-built devices.

VIVE, VR HEADSET, TRACKERS AND CONTROLLERS

el Lo o

2020: MAGIC LEAP, AR/VR HEADSET AND CONTROLLER 2023: APPLE VISION PRO, AR]Ivﬁ.HEADSET

Figure 1.2: A timeline of the past 50 years, showing various devices to facilitate
spatial computing, encompassing desktops, distant displays, and augmented and
virtual reality. A commonality among these devices is the necessity to purchase and
set up dedicated tracking devices before initiating any spatial interaction experience.
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If we delve a bit deeper to understand why we have this case, we see there are
multiple limitations that are hard to overcome in spatial interactive systems. Spatial
interactive systems rely on some sort of spatial user motion tracking, by which the
user can create the desired inputs or interactions. Present-day solutions, in terms
of usability, suffer from a multitude of limitations that users must be aware of while
using these spatial input devices. For instance, users are required to remain within
the field of view of tracking cameras, thereby restricting their freedom of movement.
Additionally, users are often compelled to execute hand or body gestures of a
defined scale that is detectable by the tracking system, potentially leading to
discomfort or physical muscle fatigue. There are also restrictions on users’ mobility,
as they cannot seamlessly transition between standing and sitting positions; often,
they must adhere to and maintain a predetermined pose. Finally, when considering
application flexibility, it is clear that the field of spatial interaction is fragmented
by the types of hardware devices employed; the devices facilitating 2D desktop
spatial applications differ from those used for distant display interactions, which
in turn are again distinct from devices designed for virtual/augmented reality.
Consequently, there is not a single device available that can be repurposed across
various application areas, whether they involve 2D or 3D, distant display, or real
or augmented/virtual reality environments. Furthermore, there is a conspicuous
lack of significant initiatives aimed at developing a spatial interactive system that is
more universal and standardized.

Design Challenge 1: Tracking Device Options

The challenge is determining whether the acquisition of dedicated devices
is the sole viable option for users to effectively engage in and utilize spatial
interactions with distant displays.

Despite their evident limitations, we believe that the devices currently available for
enabling spatial interaction each individually demonstrate promising and beneficial
approaches. However, what these approaches and devices critically lack are
innovative strategies to significantly enhance their universal design, usability, and
application flexibility, simultaneously, all at once. Together, these three aims could
enable a broader user base to explore the potential of spatial interaction. It would
be inaccurate to say that existing devices are unused, commercially unsuccessful,
or that their applications are not beneficial. Nevertheless, we believe that a serious
push still needs to be made to find ways that users could instantly gain the
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possibility to interact spatially in their daily lives without the need to buy additional
hardware devices. Ideally, this could be achieved through a software-only approach,
utilizing personal devices that users already possess, like smartphones. The
envisioned scenario is one where users can access rich spatial interactions simply
by downloading an app on their smartphones, eliminating the need to purchase, set
up, and wear new devices. This approach would entirely eliminate the necessity for
dedicated devices, potentially providing access to spatial interaction to millions of
users. It is also worth noting that researchers and developers have made significant
advancements in optimizing tracking capabilities, enhancing application usability,
and beginning to establish interaction technique standards. However, we see a
high risk that by eliminating the currently established technological foundation,
by avoiding the use of dedicated hardware, we could compromise heavily on the
previously mentioned achievements, optimizations, and established standards that
we already made so far. For instance, interaction techniques that have recently
begun to establish as standards for spatial interaction, such as gaze-pointing or
hand-based ray-casting originating from virtual/augmented reality scenarios, might
not be feasible in simpler systems without dedicated hardware. While such an
approach would eliminate the need for dedicated hardware, it would represent a
step back in terms of interaction techniques.

Design Challenge 2: Impact of Hardware Removal

The challenge is determining whether the elimination of dedicated hardware
devices from spatial interaction systems unintentionally leads to a reduction
in the effectiveness of established interaction techniques or impairs the
overall user interaction experience.

We notice this in multiple attempts where researchers have designed systems with
simplified hardware setups, often utilizing only smartphones. While they introduced
valuable applications and effective solutions, they still needed to make significant
compromises. Opting for simplified hardware approaches resulted in compromises
regarding interaction techniques or the user interface. This means, the reduction
in the capability or the plain number of motion sensors limits the range of feasible
interaction techniques. In practice, many designers and researchers encounter this
paradigm, for example, if they use a simple smartphone instead of an 8-camera
OptiTrack lighthouse tracker, this directly limited the systems interaction possibil-
ities since not that many body parts could be tracked. The common approach
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in the research community is to accept these limitations and design around the
technical limitations of new interaction techniques based on the compromised
tracking capabilities. In such situations, designers and researchers frequently
find themselves unable to employ the most efficient or standardized interaction
techniques. For example, consider eye-gaze tracking, a simple pointing method;
if technical constraints prevent developers from implementing this feature, they
are compelled to explore alternative approaches like hand-motion or touch-based
pointing methods. Such decisions are driven by technical constraints rather than
considerations of interaction design or usability. This often resulted in interactive
systems that come with simple hardware but require a unique user interface or
interaction technique. For instance, a device might incorporate a unique set of
touch or hand-motion gestures, necessitating users to learn this specific language
solely for operating that particular device. This illustrates how the complexity of
spatial interactive systems can easily get transferred from one aspect to another.
This situation prompts an exploration into the possibility of proving the contrary. Is it
indeed accurate to say that more sophisticated hardware enables a broader range
of interaction techniques for designers to use, while simpler hardware limits these
interactions? Following this, a more compelling question emerges concerning the
precise limitations: To what degree can one reduce dedicated hardware without
substantially compromising interaction capabilities? This question projected on the
context of spatial interaction with distant displays still remains unanswered.

Design Challenge 3: Personal Device Feasibility

The challenge is assessing the feasibility of using a personal device to en-
able spatial interactions and determining the extent of its spatial interactive
capabilities.

In conclusion, the guiding motivational thought behind this thesis is to effortlessly
enable as many users as possible for spatial interaction with distant displays via
an already-owned personal smartphone while keeping the tracking capabilities
already known from comparable solutions using dedicated hardware devices and
while guaranteeing key usability characteristics from performance to user’s motion
freedom.
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1.3 Research Objectives

Based on the correlating design challenges mentioned in the previous section, we
can raise the question of whether an interaction system can be designed with a
much better balance between device ease of accessibility, ease of use, and spatial
interaction capabilities. Based on that, we set the main research question of this
thesis:

Main Research Question of this Thesis

Can we build a spatial interaction system for distant displays that everyone
can access and use without requiring a dedicated hardware device?

Answering this question is the main objective of this thesis. To do so, we present
three research objectives. In the first, we investigate in detail the current solutions.
In the second, including its corresponding sub-objectives, we create, implement,
and test our newly proposed interactive system. Finally, in the third objective,
we consolidate our findings for designers and developers. In the following, we
formulate the Research Objectives of this thesis:

Objective 1: Identifying drawbacks and challenges as well as opportunities
of existing spatial interaction systems. Interactive systems enabling spatial
interactions are not novel device categories since they have been around for
almost 30 years. Hence, in order to improve the usability and usefulness of this
device category, the first objective is to analyze the status quo. This analysis will
inform the next steps of this work.

Objective 2: Investigating strategies to overcome the identified issues and
further improve existing advantages by developing a new smartphone-based
software solution for spatial interactions with distant displays. Based on
the identified issues and the opportunities identified in Objective 1, we plan to
investigate possible solutions. The investigation includes (1) the interaction design
of multimodal interaction techniques, (2) an implementation that comprehensively
addresses the problem, (3) a thorough evaluation of the delivered solution, and
(4) example applications that show the system’s usage in various application
scenarios. This objective aims to find new ways how to enable handheld-based
spatial interaction without compromising tracking capability or application usability.
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Objective 3: Generalizing the collected findings in ways so that they can
be helpful for designers and developers, who are creating applications and
systems for spatial interaction. The main goal of this objective is to find a way
to present and communicate the findings from the previous objectives, which are
not tightly connected to a specific use case or scenario. The idea is to find a way
to describe the impact of specific design decisions in a general way.

1.4 Methodical Approach

The methodological approach adopted in this research is designed to systemati-
cally explore the concept of spatial interaction for distant displays, identify chal-
lenges, develop solutions, and evaluate their effectiveness. In particular, the work
on the objectives involves the following two specific research methods centered
around the design and prototyping of human-computer interactions. In addition,
we employ a third research method of laboratory study to empirically evaluate
proposed interactions.

The first is a design space analysis, describing the possibilities within the design
of spatial interaction systems and respective interaction techniques. Particularly
with smartphone-based systems, new possibilities emerge that we systematically
analyze regarding interaction properties that are specific to the technique and
commonly used in the literature. We refer to Chapter[2|that summarizes the content
of the design space, including smartphone as non-smartphone enabled tracking
approaches, hardware devices used, and unimodal as well multimodal interaction
techniques.

The second research method is the exploration of the design space through
prototyping interaction techniques, user interfaces, and applications for the used
system in context. This method is closely coupled with the design space analysis,
but is more steered to the technical design of new kinds of interaction artefacts [67].
Artifacts can be basic interaction techniques or whole user interfaces, and this
work is also heavily based on application probes [105]. In essence, it is unclear
how a new artifact applies to the conventional user interface and how it integrates
within a given application context. Prototyping different examples allows us to
explore and assess new capabilities quickly, and with it, broaden and refine the
design space. Chapters and [5] mainly follow this research method.
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The third research method is the laboratory study [63], for testing an interaction
technique with users within a controlled environment, often in comparison to a
baseline technique. All chapters involve user studies but with different extents.
Chapters and [5 provide informal study and focus on qualitative and quantita-
tive user feedback of the developed prototypes and applications. Chapter[3|focuses
on a user study of 2D as well as 3D multimodal interaction techniques using hand
and touch input in a controlled environment for both qualitative and quantitative
performance measures. Chapter [4] focuses on a quantitative user study of user
ergonomics and technical tracking range analysis, especially focusing on how
users hold the smartphone. Finally, Chapter [4|focuses on a user study of 2D as
well as 3D interaction with various multimodal interaction techniques combined
out of hand, head, and eye movement with touch in a controlled environment for
both qualitative and quantitative performance measures.

1.5 Contributions

We present an inexpensive, accessible, and efficient 6DOF (Degrees Of Freedom)
input controller in the form of a smartphone application, which uses a simple and
efficient auto-calibration algorithm to adapt the users’ control space whenever they
change their body position, orientation, or posture. Three studies are conducted to
assess the application’s usability under various conditions. The findings indicate
that users can attain high tracking accuracy in both 2D and 3D interactions with
our smartphone-based approach. This level of accuracy is achieved without the
need for additional external hardware, such as tracking cameras. Moreover, the
application does not force users to execute large hand motions, a key issue with
hand-motion-based spatial interaction causing physical hand fatigue. In addition
to the studies, we highlight its versatility through demonstrations of controlling
various real-world applications.
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L

OUR APPROACH

Figure 1.3: Depiction of our innovative smartphone application designed to enable
spatial interaction with distant displays. Our solution eliminates the need for placing
external tracking devices in the user’s environment or the need for users to wear
the tracking devices on themselves.

A novel smartphone-based tracking method was introduced that does not require
any additional tracking hardware, as seen in Figure [1.3. Utilizing both the front and
back cameras of a smartphone simultaneously, this method enables world-scale
motion tracking of the user’s hand, head, body, and eye-gaze. A user study is pre-
sented to not only validate the tracking approach but also provide deeper insights
into various multimodal interaction techniques, including refinement techniques
for 2D and 3D interactions. Several demonstration applications are showcased to
illustrate the practical application of our approach. This tool is set to transform and
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improve the manner in which researchers develop, distribute (through platforms
like app stores), test, and ultimately, how users interact with smartphones and
distant displays in their daily lives. Moreover, the approach illustrates that state-of-
the-art smartphone technology can facilitate interactions extending well beyond
the commonly used touch or device-tilting interactions prevalent today.

Summarizing, the main contributions of this thesis are as follows:

+ Comprehensive Analysis: The research involved an in-depth analysis of
existing spatial interaction systems, identifying their limitations, advantages,
and potential areas for improvement. This analysis and the created taxonomy
served as the foundation for the subsequent research directions.

+ Design Challenges: Building on the insights gained from the analysis, three
fundamental design challenges were formulated, focusing on enhancing
universal design, usability, and flexibility in application for spatial interaction
systems, thereby enhancing spatial interaction overall.

« Concept and Implementation of Smartphone-Based Spatial Interac-
tion: Leveraging smartphones as versatile tools for spatial interaction, this
research repurposed them as trackers and controllers for distant displays.
The proposed interaction techniques demonstrated a more universal and
portable approach to spatial interaction.

« Evaluation and Validation: Rigorous evaluation through user studies helped
validate the effectiveness of the proposed interaction techniques. The studies
provided valuable quantitative and qualitative feedback, informing iterative
refinements across the projects.

» Multimodal Interaction: Exploring multimodal interaction techniques, the
research combined body motions such as hand and head gestures, touch,
as well as eye-gaze for interacting with distant displays. This investigation
opened up new possibilities for better usability and standardization of inter-
action techniques as their adaptation in various applications.

* Future Research Directions: The thesis identified several future research di-
rections, building upon the successes and lessons learned from the projects.
These directions include exploring other smartphone functionalities for spa-
tial interaction, investigating user interactions with different application sce-
narios, and developing new interaction techniques based on the research
insights.
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1.6 Thesis Outline

This thesis is structured in 7 chapters. Each chapter in the thesis, therefore, adds to
the exploration of both propositions in the development of a new technique, in the
context of a new scenario, or to demonstrate use cases. These are addressed in
the main body of this work within Chapters [3] [4, and[5] The insights are discussed
in Chapter[6]and concluded in Chapter[7] In the following, we present an overview
of the chapters of this thesis:

Chapter [2|[Related Work| provides an exhaustive review and critical analysis
of literature and studies relevant to the thesis’s main focus. It delves into the

related work of spatial interaction devices and interaction techniques for large
interactive distant displays, presenting an analytical taxonomy that outlines the
field’s current challenges and solutions. Based on the presented taxonomy, in
this chapter, three design challenges are synthesized, highlighting the distinctions
between the existing state-of-the-art and the contributions presented in this thesis.

Chapter [3|[Repurposing the Smartphone into a Spatial Tracker and Controller

describes a fully handheld spatial interaction system for distant displays, providing
details on a prototype implementation of a motion-tracking smartphone application,
its associated interaction techniques, and a user interface for distant displays. The
prototype system, named Pocket6, is evaluated in a laboratory study, with a focus
on both 2D and 3D interactions that incorporate multimodal inputs containing hand
motions and touch inputs. This work enhances understanding of user performance
and efficiency when engaging with distant displays through smartphone-based
hand motion interactions, all while preserving the user’s freedom of motion.

Chapter [4|Extending Smartphones’ Spatial Tracking Capabilities by Simul-

taneous Tracking investigates how the tracking capabilities of the handheld

smartphone-based system can be extended to include head and eye tracking. We
present the implementation of a prototypical smartphone device consisting of two
smartphones used simultaneously. This setup implements and simulates novel
tracking capabilities, in particular simultaneous tracking where both front and rear
cameras of the smartphones are used concurrently. Based on this prototype, we
evaluate the correlation or limitations between smartphone usage ergonomics and
the tracking requirements necessary, such as the camera’s field of view. The work
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in this chapter contributes to understanding how we can extend smartphones’
interactive capabilities by simultaneous tracking.

Chapter [5|[Designing and Evaluating Multimodal Interaction Techniques for|

[2D and 3D Distant Displays Interaction investigates the enablement of ad-

vanced spatial interaction techniques through the use of simultaneous tracking on
a single smartphone. We present the implementation of a real (non-prototypical)
smartphone application. Following the application’s implementation, the chapter
outlines the design and implementation of various multimodal interaction tech-
niques, incorporating hand, head, and eye movements, along with touch controls.
We evaluate these interaction techniques in 2D as well as 3D interactions. The
work extends the knowledge of user performance on spatial interaction techniques
placed within the context of everyday distant display interaction.

Chapter [6|[Discussion] presents a contemplative discussion of the executed
research, the implementation on smartphones, and the implications for user inter-
faces that utilize multimodal interaction techniques, while also situating the work
within the framework of previous research. The discussion is guided by a reflec-
tion on the initial design challenges and objectives as well as the main research
question posed in this thesis.

Chapter [7[Conclusion & Future Work finally presents the concluding remarks

of the thesis, limitations and points to future work of smartphone-enabled spatial
interaction for distant displays.
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Related Work

Distant displays have become an increasingly prominent feature in modern en-
vironments, finding their place in a wide array of settings. These displays are
versatile, used in homes for entertainment, in meeting rooms for collaboration, in
lecture halls for education, in workplaces for increased productivity, and in public
spaces for information dissemination and advertising, fundamentally changing the
way information is presented and received.

In this chapter, we firstly unify the fragmented research under the umbrella of
distant display and smartphone-based interaction. To present a unified overview
and inform future research, we analyzed over 70 papers from this domain, syn-
thesizing the state of the field. We provide an overview of the enabling tracking
hardware, input modalities, and interaction techniques of research and commercial
systems. We continue by discussing the design challenges of the domain and
outlining which interactions should be included in an essential "must-have" bundle
of interaction techniques for future distant display scenarios.

2.1 Overview of Approaches to Enable Spatial Interaction
with Distant Displays

The technology that supports distant displays has evolved, and with this advance-
ment comes a greater need for effective interaction methods. Engaging with distant
displays is not merely about convenience but is a crucial requirement spanning
across various applications and contexts. The development and understanding
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of interaction techniques have emerged as a distinct area of expertise, attracting
substantial attention and effort from both researchers and developers aiming to
create efficient ways to interact with these displays.

There are many ways to enable interaction with a distant display, and the choice of
method may depend on various factors such as the intended use, the audience, the
technology available, and the specific requirements of the task. These interaction
methods vary widely, from straightforward physical button-based remote controllers
to sophisticated body gesture recognition systems.

OUTSIDE-IN ENVIRONMENT-BASED TRACKING DEVICE

MICROSOFT KINECT

INSIDE-OUT USER-BASED TRACKING DEVICE
DEDICATED USER DEVICE E3 USER’'S PERSONAL DEVICE

NINTENDO MOTION SENSITIVE CONTROLLER 6-DOF SMARTPHONE CONTROLLER APP

Figure 2.1: Overview of approaches to enable interaction with a distant display.

Outside-In External Tracking Devices: Specialized devices in the environment
to track user movements. [ Inside-Out Dedicated User-Devices: Dedicated de-
vices, users buy to use the system; these devices themself provide self-contained
tracking. Inside-Out User’s Personal Devices: This approach utilizes embedded
technology in everyday devices, emphasizing accessibility and efficiency with a
wide range of interactive capabilities.
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In the realm of distant display interaction, three predominant tracking method-
ologies are acknowledged, each embodying distinct paradigms and philosophies
(see Figure [2.1). These methodologies, each possess their unique characteristics,
benefits, and limitations. They provide the foundational frameworks upon which
specific interaction methods can be developed, adapted, and optimized:

« Outside-In External Tracking Device approach where interactions are
facilitated by specialized tracking devices positioned within the user’s envi-
ronment. These devices might include optical sensors and cameras placed
in the room. The precision and adaptability of this approach make it suit-
able for applications demanding high-fidelity tracking and responsiveness.
Common examples are vision-based motion tracking systems, cf. Microsoft
Kinect [202,|268] and Figure@.

* Inside-Out Dedicated User-Device approach where the sensors or tracking
mechanisms are located on the device being tracked itself, rather than in
the environment around it, as is the case with outside-in external tracking
devices. These can include cameras or other sensors that are part of the
controller device, often allowing it to observe its surroundings and determine
its position and orientation within a space. For non-spatial interfaces, it could
simply be a button or a touch-based remote controller. In spatial interaction,
this method usually depends on devices like dedicated motion-sensitive
handheld controllers (see Figure ) or wearables [14, [152], rather
than personal devices like smartphones. The inside-out tracking method
provides self-contained tracking, making the device adaptable to various
environments without the need for external sensors or markers.

+ Inside-Out User’s Personal Device approach that relies solely on the em-
bedded technology within everyday personal devices, such as smartphones,
smartwatches, rings, or smart-glasses (see Figure E). Utilizing existing
sensors like accelerometers, gyroscopes, or touch interfaces, these inside-
out devices can recognize and interpret user interactions without the need for
external tracking equipment [171,200]. The personal devices approach em-
phasizes accessibility and efficiency, leveraging commonly owned devices
to achieve a wide range of interactive capabilities.

Next, we will dive deeper into the characteristics inherent to all three approaches.
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2.1.1 Spatial Interaction System Based on Dedicated Devices

Numerous researchers have examined the use of dedicated tracking devices
like Microsoft Kinect, OptiTrack motion tracking systems, or compact desktop
trackers like Leap Motion, assessing their compatibility and functionality with
distant displays. They investigated the application of movements from different
body parts for interaction, encompassing body position and orientation, hand
motion, and concurrent movements from multiple users.

A review of extensive related work on outside-in trackers, such as vision-based
lighthouse trackers, reveals that these predominantly prototypical in-lab systems
present numerous limitations. These include difficulty in setup and replication,
high costs, substantial space requirements, lack of mobility, calibration necessities,
additional computational unit requirements, power consumption, limited tracking
range and field-of-view, and the need for operation in controlled environments
with a predetermined number of users moving in specific ways to avoid camera
occlusion. On a technical level, there is a need in the field of spatial interaction
research for more pragmatic solutions that facilitate testing and refinement in
settings beyond the laboratory, thereby supporting broader use and deployments
in real-world, in-the-wild scenarios. While academics and industry professionals
have started addressing these infrastructure challenges, there has not been a
concentrated effort towards reducing hardware setup complexities to facilitate an
immediate, out-of-the-box experience [39].

A large amount of work in this domain has focused on hand gestures due to
the expressive potential they offer to users. The growing interest in mid-air hand
gestures stems from their "come as you are" principle to interact with distant dis-
plays. By translating physical movements in three-dimensional space, these hand
gestures allow users to control and manipulate digital content in a way that mirrors
real-world interactions with real objects. Advances in precise sensing technologies
and complex algorithms have facilitated the translation of these gestures into
distinct commands, effectively connecting physical actions with digital responses.
Various gestural interaction techniques, such as semaphoric, pointing, and direct
manipulation, have been the subject of extensive investigation by researchers [2].
The field of natural user interfaces faces numerous challenges associated with
the use of hand gesture input, presenting a complex set of problems to solve [27,
185|,[284]. Challenges include physical hand fatigue [98, |217], difficulty in reaching
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specific spatial areas [144], acceptance of the interaction method [104], the neces-
sity for users to memorize particular gesture sets [179], and the Midas problem,
where unintentional gestures may trigger undesired actions [144/,284]. Despite the
improvement in sensor capabilities, occlusion issues due to the physical distance
between the sensor and the user will remain, necessitating users to execute large
and clear hand or arm gestures clearly visible in front of their bodies [152]. Such
larger gestures are not only more physically exhausting but also socially awkward
and challenging to execute in confined spaces [98,111]. Researchers propose that
addressing these challenges requires a comprehensive approach to designing new
user interfaces, focusing on factors like user skill, learning ability, and investment
of time as core components. These elements are particularly vital in the context
of post-WIMP interfaces, where merely having an effective recognition system, a
memorable set of gestures, or accurate visualization individually is not sufficient
to guarantee a successful product. Instead, the whole “package” needs to be
thoughtfully designed [36, 284].

As previously mentioned, numerous approaches focus on creating interaction
techniques that do not necessitate the use of any dedicated devices, adhering to
a "come as you are" philosophy. In contrast, other researchers opt for the method
of employing specialized (non-personal) controllers to enable spatial interactions
with distant displays. Using specialized motion trackers or handheld controllers to
interact with distant displays has, however, considerable disadvantages which are
very similar to dedicated outside-in tracking systems (mentioned previously) [118].
The expense of these devices poses a significant obstacle, especially for smaller
entities or individual users for whom the cost may be prohibitive. The devices’
lack of mobility presents another hurdle, as their need for specific setups or cali-
brations often confines their use to particular environments. Such limitations can
limit the flexibility and spontaneity in interactions, possibly inhibiting creative or
collaborative endeavors. The devices’ power requirements add to the complexity
of using these devices. The need for regular charging can be inconvenient, and
the potential for power failure during crucial interactions is a risk that must be
managed. This additional layer of planning and consideration might discourage
some users from adopting this technology. Furthermore, the restricted tracking
range of some devices can adversely affect the user experience. If the devices are
unable to accurately track movements beyond a specific range, this can lead to
issues and user frustration. Such limitations might restrict the kinds of applications
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and experiences effectively delivered through these technologies. Despite these
challenges, dedicated handheld controllers and motion trackers have played a
crucial role in advancing spatial interaction with distant displays. Nonetheless, ad-
dressing these drawbacks is needed, or there must be an exploration of alternative
solutions to enhance the accessibility and versatility of this technology in diverse
contexts.

To avoid the need for instrumenting the environment with cameras, as seen with
external tracking devices, or the purchase of dedicated controllers, employing
personal devices like smartphones emerges as the third alternative for enabling
spatial interaction with distant displays. This approach is intriguing to researchers
due to the ubiquitous presence of smartphones, with billions consistently carrying
them around at all times [33, 234].

2.1.2 Spatial Interaction System Based on Personal Devices

As we navigate the journey of enabling spatial interaction for distant displays, one
ubiquitous device stands out with immense potential — the smartphone. Today,
the smartphone has become an extension of ourselves, a device we carry ev-
erywhere, and use for a myriad of purposes. Its widespread use, combined with
inherent technical features and capabilities, makes the smartphone a promising
candidate for enabling spatial interaction. The rationale and motivation behind
repurposing smartphones, originates from acknowledging the smartphone’s inher-
ent capabilities. With an array of sensors, high-resolution touch screens, and vast
computing power, smartphones can run complex applications recognizing and
interpreting complex user actions and gestures. Such features can be leveraged
to facilitate spatial interaction with distant displays, transforming the smartphone
into an effective spatial controller and tracker.

The following chapter will examine the concept of repurposing smartphones as
proposed by related researchers in more detail. The analysis will begin with the
creation of a taxonomy to comprehend the range of smartphone functionalities
relevant to spatial interaction.
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2.2 Analysis of Approaches Relying on Personal Devices
to Enable Spatial Interaction with Distant Displays

In pursuit of a novel approach to user-motion tracking that accommodates a
broad range of users, we asked the following question: Which input and output
devices are universally accessible for everyone? With this in mind, we focused our
research on enabling spatial inputs for a distant display by an off-the-shelf device
which is predominantly accessed and utilized by the majority of individuals — the
smartphone.

In the subsequent section, we introduce a taxonomy that outlines known related
smartphone-based approaches and highlights the smartphone functionalities
relevant to spatial interaction. The goal of our taxonomy is to contribute a com-
prehensive analysis of the design space where smartphones, with or without
additional tracking devices, are used to drive the interaction with a distant display.
For both new and experienced researchers, we provide an overview of tracking
technology, input modalities, and interaction techniques, spanning from 2D to 3D
distant display interactions. Additionally, we delve into the tradeoffs and implica-
tions of utilizing tracking hardware, exploring its influence on the creative process
of crafting interaction designs and the resulting interaction techniques.

We build upon other related taxonomies, all with their own specialized focus
covering:

» Cross-device interaction [39]

« Sensing techniques for mobile devices [100]

* Eye-gaze interaction [125]

» Augmented reality enabled mobile devices [223,[276]
* Proxemic relationships [161]

« Spatial input by handhelds [71}|99, 261]
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2.2.1 Designing the Taxonomy

To assemble the main corpus of relevant publications, a systematic search within
the field of HCI was conducted, encompassing an analysis of 405 papers span-
ning the last 50 years. The keywords we were primarily interested, were: phone,
smartphone, mobile, handheld, controller, spatial, vertical, spatially-aware, cross-
device, distant, public, situated, remote, large, pervasive, wall, display, interaction,
interfaces, as well as their respective acronyms. Papers selected for inclusion in
our corpus were required to address spatial interaction tasks or techniques and
tracking technology applicable to individuals and/or devices. By looking at refer-
ences within our corpus as well as using our own expertise, we identified additional
articles (which is a common strategy for survey and taxonomy papers [39]). Within
the initial corpus, 405 papers were tagged based on their utilization of a distant
display or a smartphone in interactive setups, resulting in three subsets:

« 73 papers using smartphones alongside distant displays, optionally with
additional tracking devices.

« 157 papers using distant displays with input devices other than smartphones
(e.g.- wands, smartwatches, lighthouse trackers).

» 175 papers exclusively using off-the-shelf smartphones (e.g. on-phone
graphical user interfaces) or using them in combination with devices such as
eye-trackers, pens, head-mounted displays, or other mobile gadgets.

Based on our specific focus, we included 73 papers using a smartphone and a
distant display (concurrently) into our taxonomy. Naturally, we also considered older
mobile devices (without touchscreens) and tablets which were used with a distant
display. In the next step, we tagged all these papers based on tracking hardware,
input modalities, and interaction techniques and created overview figures, which
construction we will explain next.
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“ DEVICE-TRACKING INPUTS BODY-TRACKING INPUTS

INSIDE-OUT HYBRID INSIDE-OUT HYBRID
SMARTPHONE ONLY SMARTPHONE + X SMARTPHONE ONLY SMARTPHONE + X

[ - SMARTPHONE TOUCH | FIGURE 2.3 | TRAVELING / WALKING [FISVLTERY

- SMARTPHONE TILTING | FIGURE 2.4 | HEAD MOTION | FIGURE 2.9 |
- SMARTPHONE TRANSLATION [FISVLTPIG EYEMOTION/GAZE ISR

- SMARTPHONE POSE | FIGURE 2.6 |

- SMARTPHONE USER INTERFACE [3[c]i]:{=¥/

Figure 2.2: The structure of the taxonomy overview figures. Input Tracking
showcases the primary sources of interaction, either through device manipulation
or body movements. E Hardware Setup Type details the configurations of tracking
devices, distinguishing between smartphone-only and hybrid setups. Input
Modalities breaks down the specific input modalities or motion axes used for

interaction. E Interaction Techniques elucidates the mapping of input modalities
to spatial interactions.

The taxonomy is presented and described in the following Section The
arrangement within and across this taxonomy and the created figures conforms to

a specific structure, explained in the following and accompanied by the Figure [2.2:

* Input Tracking (Figure ): This primary category of the taxonomy

structure explains what the hardware trackers primarily track. We present two
options: device-tracking inputs, where interactions arise from manipulating
the smartphone itself, either by moving it spatially or using its touchscreen,
and body-tracking inputs, where user body movements generate inputs,
such as when a user moves its head.

Hardware Setup Type (Figure E): This category in the taxonomy
structure details the devices utilized for tracking. Two configurations are
highlighted: inside-out, where smartphone-only is used, and hybrid, where
additional tracking devices accompany the smartphone.

Input Modalities (Figure ): This segment of the taxonomy outlines
the specific modality or, in the context of our spatial interaction, the pre-
cise smartphone motion axis or user body parts involved in the interaction.
The options for device-tracking inputs include: smartphone touch for inputs
created via the touchscreen, smartphone tilting for inputs based on smart-
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phone’s orientation changes, smartphone translation for input created from
position changes, smartphone pose for inputs created by both orientation
and position changes, and smaritphone user interface for inputs created
through the device’s graphical user interface. The options for body-tracking
inputs include: traveling or walking for inputs created by orientation and
position changes of the user’s body position, head motion for inputs created
through tracking the orientation and position of the users head, and eye
motion or gaze for inputs based on tracking the user’s gaze direction.

* Interaction Techniques (Figurem): This final category explains how
exactly the previously mentioned input modalities were mapped to the spatial
interaction techniques. For instance, a vertical x-axis finger swipe on the
touchscreen corresponds to the z-axis rotation of a 3D object on a distant
display [12].

2.2.2 Taxonomy

This section presents a concise overview of the taxonomy, laying the foundation for
an in-depth analysis and discussion of the key findings, which will be elaborated
upon in the remaining sections of this chapter. We start by presenting the category
of device-tracking inputs, followed by the body-tracking inputs category.

Device-Tracking Inputs

The device-tracking inputs category in the taxonomy focuses on interaction tech-
niques that utilize the tracking capabilities of the smartphone device itself for
spatial interaction. This includes methods demonstrating how utilizing the smart-
phone’s touchscreen or the motion of the device can be translated into interactive
commands.

Smartphone Touch This section and Figure outline interaction methods
that utilize the smartphone’s touchscreen. These include single and multi-touch
gestures such as tapping, swiping, pinching, and spreading. Each gesture is
associated with specific actions such as selecting, cursor placement, scrolling,
transferring content, and controlling 3D objects. The diversity in touch-based inter-
actions highlights the smartphone’s versatility in managing both 2D and 3D objects
in spatial interaction contexts. While foundational touch interactions as tapping,
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double-tapping, or swipe gestures are consistent across both inside-out and hybrid
systems, a direct comparison between these two categories does not reveal a
significant difference in their overall system capabilities, regardless of the use of
additional tracking hardware. The detailed listing of interaction techniques primarily
reveals the exact touch interactions selected by researchers and designers in each

setup.
Smartphone Touch
INSIDE-OUT
Touchsceen finger tracking to: — translating 2D objects [150]
— translating a 3D object on two-axes [80,120,242,25,59]
Interact by tapping with the finger for: — translating a 3D object using virtual proxies [153]
- — selecting (clicking) [234,263,60,12,e] — rotating 3D object using an arcball [30,153]
— absolute 2D cursor placement [234,201,172] — rotating 3D object on one-axis [12]
— sketching 2D strokes [263,34]
Touch [234] Interact by two-finger tapping with the finger for: — controlling a game character [64,25]

— switching between input states (clutching) [180]
Interact by two-finger dragging for:

Interact by pressing and holding the finger down for: — 2D translation of 2D objects [263]
— switching between input states [234,30,38,12,0] — translating a 3D object on one-axis [242,28]
— automatic 3D object translation along its normal [263] — translating a 3D object on two-axis [28,31]
— translating a 2D objects covered by other 2D obj. [150]
Interact by swiping wiht the finger for: — rotating 3D on one-axis [28]

— left-right item scrolling in a horizontal cover flow[192,193] — 2D rotation, scaling and translation of 3D objects [30]
— pushing a 2D object into a direction [150]

— controlling a target-agnostic 2D cursor [107] Interact by two-finger twisting for:
— transfering content to the distant display [189] — rotating 3D on one-axis [28,31]
Interact by one-finger dragging for: Interact by two-finger pinch/spread gestures for:
— zooming a remote view [64,12] — uniform scaling of 2D objects [263,60]
— panning remote 2D content [58] — uniform scaling of 3D object [80,263,153]
— absolute 2D cursor control [234,201,60,172,180] — translating a 3D object on one-axis [59,31]
— relative 2D cursor control [234,150,295,107,172,180,e]
— absolute depth-control of a 3D cursor [200] Interact by three-finger pinch/spread gestures for:
— relative depth-control of a 3D cursor [200] — scaling 2D objects [158]
Interact by tapping with the finger for: Interact by one-finger dragging for:
— selecting (clicking) — zooming [142,143,182]
[142,143,90,180,28,29,182,250,226,248] — relative 2D cursor control [250,248]
~ — rotating 3D object using an arcball [304]
Interact by double-tapping with the finger for: — performing strokes gestures [182,226,304]
Touch [143] ~ switching between input states (clutching) [250]
— selecting (clicking) [142,143] Interact by two-finger dragging for:
Lighthouse [250] —, deselecting (reverse clicking) [142,143] — rotating 2D objects [250,259,226]

— translating 2D objects (panning) [259,304]
Interact by pressing and holding with the finger for:

— switching between input states (clutching) Interact by two-finger pinch/spread gestures for:
[142,143,180,28,182,250,38,59] — uniform scaling of 2D objects [250,226,304]
— grabbing 2D objects [142,143] — uniform scaling of 3D objects [304]

— grabbing 3D objects [304]
Interact by swiping with the finger for:
— triggering pre-defined application commands [142,143]

Figure 2.3: Figure showing the range of smartfphone touch interaction techniques
for inside-out smartphone only and hybrid setups that use additional hardware.
Indicated with e are tracking abilities enabled by the system proposed in this thesis.

Smartphone Tilting (Orientation) In inside-out systems, tilting-based inter-
actions are enabled by the smartphone’s inertial measurement unit (IMU), as
shown in Figure The overview details how tilting the phone along different
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axes (yaw, pitch, roll) enables a range of actions like cursor pointing, zooming,
panning, rotating objects, or steering vehicles in games. The tilt-based interactions
showcase how to engage with digital content, merging physical movements with
virtual responses. The addition of external devices, such as a lighthouse camera
system or IR marker tracking, enriches device orientation-based tilting interaction,
enabling more precise control and detection of the phone’s roll, pitch, and yaw
changes.

Smartphone Tilting (Orientation)

INSIDE-OUT

O IMU tracking to:

Interact by changing the yaw of the phone for:
0 0 — steering a in game vehicle [15]

Interact by changing the pitch of the phone for:

— controlling a absolute target-agnostic 2D cursor [107]
— rotating a 3D object around two-axes [242,59]

— controlling a 2D marking-menu [234]

— controlling video and graphical effects [222]

Interact by changing the yaw, picht and roll of the phone:

Device — zooming [58] — rotating 3D objects [80,30,263,244,15,120,64,118,68,153]

Tilt [80,201]  — a single-axis rotaiton of 3D objects [201] — rotating a 3D scene camera [80,60,64]
Interact by changing the roll of the phone for: Interact by a throwing gesture with the phone:
— horizontal panning in 2D [58] — to transfer content to the distant display [189,58]
— item left/right scrolling in a horizontal cover flow [58]
— rotating 3D object on one-axis [58] Optical flow tracking to:
— rotating a 2D object [15]
Interact by changing the roll of the phone for:
Interact by changing the yaw and pitch of the phone for: — rotating a 2D object [114]
— relative 2D cursor control [93,200,60,25,35,107] — steering a in game vehicle [18]
— absolute 2D cursor control [107]

IMU tracking to:

Interact by changing the roll of the phone for:
— rotating a 2D object [250,226]

Lighthous camera and IR marker tracking to:

Interact by changing the yaw, picht and roll of the phone:
— for rotating a 3D objects [28,241]

IR markers [142]

Figure 2.4: Figure showing the range of smartphone tilting interaction techniques
for inside-out smartphone only and hybrid setups that use additional hardware.

Smartphone Translation (Position) In inside-out systems, the smartphone’s
ability to track its position in world space is utilized by using technologies such
as SLAM (Simultaneous Localization and Mapping), as seen in Figure[2.5] This
tracking capability allows for precise control of cursors and objects in both 2D and
3D environments. Enhancements by phone-attached laser tracking or the Kinect
tracking system allowed in hybrid systems, even before the utilization of SLAM
to smartphones, translation tracking of the phone in the XYZ world space. This
enabled advancements in spatial interaction such as zooming, scrolling, and 3D
object manipulation, and more detailed interaction possibilities in both 2D and 3D

user interfaces.
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Smartphone Translation (Position)

INSIDE-OUT

A SLAM tracking to: Optical flow tracking to:

Q Interact by changing the phone’s XY world-position for: Interact by changing the phone’s Z world-position for:
L A _, absolute 2D cursor control [12,0] — uniform scaling of 3D objects [302]
— text-selection [12]
Device
Translate [114] Interact by changing the phone’s XYZ world-position for:
— absolute 3D cursor control [12,e]
— translating 3D objects [12,30,264]
— pointing with a screen-centered crosshair [4]

HYBRID
i] Phone attatched laser tracking to: Lighthouse camera tracking to (e.g. Kinect):
™ [/)\ Interact by changing the phone’s Z world-position for: Interact by changing the phone’s XYZ world-position for:
— zooming [304] — for translating 3D objects [244]
— scrolling [304]
Kinect [244]

Lighthouse camera and IR marker tracking to:

Interact by changing the phone’s XYZ world-position for:
— for translating 3D objects [241]

Figure 2.5: Figure showing the range of smartphone translation interaction tech-
niques for inside-out smartphone only and hybrid setups with additional hardware.
Indicated with e are tracking abilities enabled by the system proposed in this thesis.

Smartphone Pose (Position + Orientation) Pose tracking combines the smart-
phone’s position and orientation tracking capabilities. Consequently, the smart-
phone pose is being enabled by the same tracking technology as the smartphone
tilting and smartphone translation tracking. In inside-out systems, pose tracking is
primarily enabled with SLAM technology, and in hybrid systems with lighthouse,
laser, or IR marker tracking, as shown in Figure The overview shows how
moving the phone in world-space can be used for controlling 2D and 3D cursors
or facilitating interactions that mimic natural hand gestures and movements.

Smartphone User Interface This final interaction method in the device-tracking
inputs category emphasizes inputs created through the phone’s graphical user
interface, such as using buttons, sliders, and lists to control remote interfaces,
games, or manipulate 3D objects, as depicted in It also introduces concepts
such as peephole [55] and distributed user interfaces [69], underscoring the
smartphone’s role as a bridge between the user and the digital world. In hybrid
setups, the interactions through the phone’s user interface remain consistent
with the smartphone-only category, underscoring the general applicability of the
smartphone’s native graphical user interface capabilities.
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Smartphone Pose (Postion + Orientation)

INSIDE-OUT
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Device
Pose [12]

HYBRID

SLAM tracking to:

Interact by moving the phone in world-space for:
— absolute 2D cursor control [e]

— absolute 3D cursor control (virtual-hand) [30,12,e]
— absolute 3D cursor control (depth ray-casting) []

\

7

Laser [226]

Lighthouse camera and phone attached laser tracking to:

Interact by moving the phone in world-space for:
— absolute 2D cursor control (ray-casting) [304]
— absolute 2D cursor control (ray-casting) [226,177,194]

Lighthouse camera and IR marker tracking to:

Interact by moving the phone in world-space for:
— absolute 2D cursor control (ray-casting)
[142,143,90,130,292,182,226]

— absolute 3D cursor control (virtual-hand) [28,29]
— translating and rotating 3D objects [28]

Lighthouse camera tracking to (e.g. Kinect):

Interact by moving the phone in world-space for:
— absolute 2D cursor control (ray-casting) [38]

Figure 2.6: Figure showing the range of smartphone pose interaction techniques
for inside-out smartphone only and hybrid setups that use additional hardware.
Indicated with e are tracking abilities enabled by the system proposed in this thesis.

Smartphone User Interface

INSIDE-OUT

=

Ul [15,33]

Phone’s graphical user interface to:

Interact by Ul elements (e.g. buttons, sliders, list):

— for controlling a remote user interface[193,26,15,295]
— for controling a game character [193,262]

— for controling translating 3D objects [29]

Interact by a peephole user interface to:
— project phone-touch to the distant display [33,18]

Interact by a distributed user interface to:
— intput data [84,4,122]
— exchange content [13]

Peephole [205]

Phone’s graphical user interface to:

Interact by Ul elements (e.g. buttons, sliders, list):
— for controlling a remote user interface [141,130,241]

Interact by a peephole user interface:
— for controlling a remote user interface [141,130,205]
— to project phone-touch to the disntat display [90]

Interact by a distributed user interface to:
— intput data [130,241]

Figure 2.7: Figure showing the range of smartphone user interface interaction tech-
niques for inside-out smartphone only and hybrid setups with additional hardware.

Body-Tracking Inputs

The body-tracking inputs category in our taxonomy concentrates on interaction
techniques that leverage the user’s body movements for spatial interactions. This

encompasses methods where gestures of individual body parts and or the full
body posture, tracked via smartphone sensors or additional hardware, translate
into inputs for spatial interaction with distant displays.
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Traveling / Walking User travel tracking describes spatial interaction through
whole-body movement. For tracking inside-out systems leverage the smartphone’s
simultaneous face- and world-tracking, while hybrid systems incorporate additional
lighthouse camera and IR marker tracking hardware. Both approaches focus on
the user’s body position and orientation, enabling interactive experiences based
on real-world movement or stance of the user in front of a distant display, as shown
in Figure [2.8. Furthermore, several examples demonstrate how body tracking not
only enables input methods but also enhances output, such as interactions that
adjust a 3D camera’s viewpoint using the user’s body position and leaning [59].

Traveling / Walking

INSIDE-OUT
Simoutaneous face- and world-tracking to:
Interact by walking in world-space for:
— body position tracking demo [e]
— body y-axis orientation tracking demo [e]
Body pose [e]
HYBRID

Lighthouse camera and IR marker tracking to:
Interact by walking in world-space for:
— body position tracking monitoring [169,151]

Interact by leaning the body for:
Body IR markers — manipulating a 3D camera viewport (traveling) [59]
[169,151]

Figure 2.8: Figure showing the range of traveling / walking interaction techniques for
inside-out smartphone only and hybrid setups with additional hardware. Indicated
with e are tracking abilities enabled by the system proposed in this thesis.

Head Motion In the inside-out systems, head pose tracking can be utilized by
using simultaneous face- and world-tracking. This enables absolute 2D and 3D
cursor control through head-pointing techniques, where users can interact by
moving their head, as depicted in Figure [2.9] Meanwhile, the hybrid setups again
often incorporate lighthouse camera and IR marker tracking, offering similar head-
pointing capabilities for absolute 2D cursor control. These methods showcase the
use of head movements for precise cursor manipulation in both 2D and 3D user
interfaces presented in distant displays.
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Head Motion
INSIDE-OUT
Simoutaneous face- and world-tracking to:
Interact by moving your head in world-space for:
— absolute 2D cursor control (head-pointing) [e]
— absolute 3D cursor control (depth head-pointing) [e]
Head pose [e]
HYBRID

Lighthouse camera and IR marker tracking to:

Interact by moving your head for:

Q — absolute 2D cursor control (head-pointing) [180,250]

Head IR markers [180]

Figure 2.9: Figure showing the range of head motion interaction techniques for
inside-out smartphone only and hybrid setups with additional hardware. Indicated
with e are tracking abilities enabled by the system proposed in this thesis.

Eye Motion / Gaze Similar to head-motion tracking in inside-out systems, simul-
taneous face- and world-tracking technologies can be used to facilitate eye-gaze
tracking. This enables interaction by moving the eyes in world-space, offering a
direct gaze-pointing cursor control in both 2D and 3D distant displays user inter-
faces. In the hybrid systems, additional hardware like eye-tracking glasses and
specialized devices (e.g., Tobii lighthouse eye-tracking) are incorporated to enable
gaze-based interaction. These systems also focus on absolute 2D cursor control
via gaze-pointing.

Eye Motion / Gaze

INSIDE-OUT
‘ Simoutaneous face- and world-tracking to:
Interact by moving your eyes in world-space for:
— absolute 2D cursor control (gaze-pointing) in 2D [e]
— absolute 3D cursor control (gaze-pointing) in 3D [e]
Eye-Gaze [e]

Eye-tracking glasses to:

Interact by moving your eyes in world-space for:
— absolute 2D cursor control (gaze-pointing) [250,259]

Lighthouse eye-tracking to (e.g. Tobii):

Eye-tracking glasses Interact by moving your eyes in world-space for:
[259,250] — absolute 2D cursor control (gaze-pointing) [248,116]

Figure 2.10: Figure showing the range of eye motion / gaze interaction techniques
for inside-out smartphone only and hybrid setups with additional hardware. Indi-
cated with e are tracking abilities enabled by the system proposed in this thesis.
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In the following sections, we will delve deeper into each category, discussing their
characteristics, comparing them with one another, and highlighting their relevance
for this thesis and spatial interaction with distant displays.

2.2.3 Types of Tracking Systems

By analyzing related papers, we agree with Brudy et al. [39], that the tracking
systems for enabling interactions with distant displays can be broadly categorized
into into two types: inside-out and outside-in, regardless the specific device used
for tracking. Upon a more detailed review of relevant related work, we identified that
these categories could be further refined to more accurately categorize interaction
enabled by smartphone devices with distant displays. This resulted in the definition
of the following two primary tracking types for smartphone-based distant display
tracking systems:

* Inside-out Smartphone Only interactions, enabled solely by using the tech-
nology, embedded in off-the-shelf smartphones. This category investigated
approaches using only the smartphone alone to enable touch-based [181}
250], device tilting [201} |234] or swinging [58, |188] based 2D [35, 264] as
well as 3D [95, 201] interactions with distant displays.

« Hybrid interactions, enabled by using inside-out tracking capabilities of
smartphones, which get further enhanced by additional tracking devices
(i.e. tracking devices attached to the smartphone, worn by the user, or
placed in the room). The second group, used the smartphone together with
additional external motion trackers, mainly to enable tracking of the user’s
head [170, |260] or body [113,[269]. These works aimed for more advanced
input methods, showing how smartphone touch or device-tilting 2D and
3D interactions can be further enriched by head-pointing, body-motion or
egocentric inputs enabled by the additional device.

Although the hybrid approaches diminished the major advantage of smartphone-
only approaches, as its large user base and effortless use which does not require
any additional hardware, they demonstrate various use cases for distant displays
where recognizing the user’s body position or gaze direction significantly enhances
the interaction. Hereby, we believe that a smartphone-only solution where users
could just download an app and get access to touch, hand, head, and body
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motion-based input capabilities, which would work out-of-the-box without additional
hardware and setup, would be highly beneficial.

Distant display + X

Vision-based ligt tracking for i i based on: Handheld devices:
bare-handed [166, 109, 158, 160, 154, 47, 160, 268, 184, 269, 52] wands [146, 113, 23, 171, 115, 286]
finger-gestures [66] handheld remote controllers [17, 236]
body pose [113, 269, 11, 3, 109, 166, 136] laser pointers [132, 270, 177, 186]
body outline [230, 229, 278] pens [72, 129]
body skeleton [169] joysticks [236]
eye-gaze [47, 301, 158, 127, 254, 199, 238]
head-based [184, 196, 257] On-Display inputs:
tangible objects [52, 30, 99, 123, 24, 297] Large touchscreens [283, 108, 150, 294]
phones in physical contact with the distant display [148, 237]
Drone-based tracking [128] speech [32]
Wearable devices: 3D user interfaces:
wearable eye-tracking glasses for gaze interaction [140, 231, 298, 220] 3D user interfaces [249, 296]
smartwatches [234, 101, 233, 117, 102] fish-tank user interfaces [146, 224, 281, 209, 282]
shoulder-worn system [88] caves [57]

bands[152, 86, 293]
textiles [191, 221]
shoes [14]

rings [291]

Smartphone only | Smartphone + X

Interactions: User interfaces:

touch [145, 5, 82, 53, 255] handheld augmented-reality [272, 55, 275, 276, 96, 94, 175, 274, 168]
gaze [197, 267, 126, 300, 134, 159, 213] spatally-aware [70, 212, 280, 1, 216, 139, 256]

head [147, 266, 168, 51] peephole [73, 42, 41, 91, 246, 190, 49, 215, 290]

phone’s casing [228, 227, 78] magic lens [173, 21, 22, 245, 97]

foot [155] phone-projector [121, 287, 285]

hardware buttons [289]

barehanded gestures [13, 8, 92, 139]

finger in mid-air [258]

head-mounted displays [303, 50, 255, 174, 40]
cross-device interactions [207, 206, 162]
smartwatch [48]

pen [272, 75, 273, 198, 211]

' Phone Keys and Joysticks (legacy) :

Phone hardware keys and joysticks to:

E Interact by pressing a key for:

: — selecting (“click”) [80, 120]
i Keys [87]

Interact by pressing and holding a key for:
— switching the input state (clutching) [87, 68]

Interact by tilting the joystick for:
— relative 2D cursor control [177, 120]

Figure 2.11: A list of domains that are out of the scope of this work could, however,
directly benefit from our approach to initially enable or enhance their existing spatial
interactions. The overview is structured based on three categories: First, Distant
Display + X present approaches where spatial interaction with a distant display
was enabled without incorporating a smartphone into the setup, by using another
device X. Second, Smartphone Only and Smartphone + X presents approaches
where a smartphone was used to enable spatial interaction with other devices X,
outside of a distant display context. Finally, third, Smartphone Keys and Joysticks
(legacy) presents approaches where the smartphone’s hardware keys or joysticks
enable spatial interaction. We label this as a legacy approach, given the rarity of
current smartphones featuring hardware keys or joysticks.
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General Bias Associated with Different Tracking System Types

Upon reviewing relevant research, we noticed that researchers commonly conclude
that outside-in tracking provides high-fidelity data, while inside-out tracking technol-
ogy, despite being more lightweight, delivers information of lower fidelity. Therefore,
the primary challenge for new inside-out smartphone-based approaches lies in
reliably tracking the smartphone in 3D world-space and precisely incorporating
the user’s motion into the sensing mechanism, as noted by Brudy et al. [39].
Nevertheless, it is noteworthy that only very few related projects on inside-out
systems have addressed this particular issue to date. Consequently, we believe
that this sentiment, suggesting that simpler inside-out systems cannot achieve the
performance of complex outside-in systems, will hold unless an inside-out system
will not be able to achieve the same tracking precision and recognize as many
input modalities as its outside-in counterparts.

Inform Related Domains

While our research focuses on Inside-out Smartphone Only and Hybrid categories,
we also acknowledge the relevance of other categories beyond the scope of this
thesis. These categories, though not directly addressed in our work, could poten-
tially benefit from our taxonomy and the presented tracking approach. Figure [2.11]
shows in which other scenarios beyond the distant display context, the smartphone-
based user-motion tracking could be used to initially enable or enhance existing
spatial interactions. We outline systems where a non-smartphone device facili-
tated interaction with a distant display and systems where a smartphone enabled
interaction with another, not distant display, device.

- Distant Display + X: Present approaches where spatial interaction with a
distant display was enabled by a non-smartphone device X, such as enabling
a spatial interaction with the utility of a wearable ring [299], or drone-based
tracking [128].

« Smartphone Only and Smartphone + X: Presents approach where a
smartphone was used to enable spatial interaction with another device or
context X, outside of a distant display context. This includes approaches that
enable spatial interactions with the smartphone itself (Smartphone Only)
or scenarios where the smartphone was paired with another device for
spatial interactions between devices, such as between a smartphone and a
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smartwatch [204].

+ Smartphone Keys and Joysticks (legacy): Presents approach where
smartphone’s hardware keys or joysticks enabled spatial interaction. We
label this as a legacy approach, given the rarity of current smartphones
featuring hardware keys or joysticks. Nonetheless, it offers valuable insights
for a historical review of such techniques.

2.2.4 Motivation Behind Tracking Systems

The compelling concept of "bring-your-own-device" (BYOD) [19], which facilitates
immediate interactions, ensures that the focus on inside-out smartphone tracking
continues to be a significant area of interest for many researchers exploring distant
displays [234]. Researchers are pushing the boundaries of embedded smartphone
technology to develop innovative 2D [172] and 3D [80, [201] interaction techniques,
thoughtfully navigating between the limitations of existing tracking hardware only
to eliminate the need for instrumenting the environment with cameras and buying
or wearing dedicated devices. Within the hybrid tracking category, researchers
have not primarily focused on the accessibility of tracking technology, often em-
ploying hardware setups that are not easily accessible to the mainstream audience.
Nonetheless, these studies offer valuable insights into the performance and user
experience of various uni-modal and novel multimodal interaction techniques for
distant displays, providing important findings [180, |250].

2.2.5 Tracking Various Input Modalities

Using a smartphone solely to facilitate interaction with a distant display enables
users to employ their fingers for touch inputs and movement of their device-holding
hand for device motion inputs. The input modalities enabled by an inside-out
smartphone are:

Touch input, enabled by the device’s touchscreen for touch inputs [172]

Device tilting input, enabled by device’s orientation tracking [58, 200]
 Device translation input, enabled by device’s translation tracking |18} 35]

+ Device pose input, as simultaneous translation and orientation tracking [12]
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While touch input and device tilting have been predominant in both past and recent
research, there is an emerging trend towards utilizing smartphone cameras with
simultaneous localization and mapping algorithms (SLAM) [65], which are natively
implemented in modern smartphones via platforms like Google’s ARCore [76] and
Apple’s ARKit [6]. These works illustrate how SLAM can be employed to precisely
track the absolute world-space pose of the smartphone, particularly the motion
of the user’s device-holding hand, in distant display scenarios [12]. Nonetheless,
approaches that expand the currently known device-tracking inputs to include
body-tracking, head pose, and eye-gaze of the user remain mainly unexplored.

Hybrid setups have been explored in numerous studies, utilizing smartphone pose
tracking [28}, /142] by room-based cameras [292] or smartphone-attached mark-
ers or tracking devices [177, [226]. Additionally, they have facilitated many body-
tracking-based input modalities, such as head pose [180} [250], body pose [113,
169 and eye-gaze [127,[259], by using glasses- [259] or room-based trackers [151].
With calibration, these input modalities were also tracked in absolute world-space
to the distant display. In such hybrid settings, researchers often strategically dis-
tribute input data between various devices, optimizing for quality; for instance,
while smartphone translation tracking via an outside-in system (e.g. depth camera)
might be highly accurate, researchers note, that the smartphone’s gyroscope might
offer more accurate orientation tracking accuracy [59, [244]. While smartphones
SLAM can adequately track the world-pose of the smartphone, making external
tracking devices obsolete in that regard, outside-in systems continue to excel in
enabling tracking of multiple user body parts [39]. Consequently, we believe that
the exploration of hybrid setups, which leverage both smartphone pose tracking
and various body-tracking input modalities through a combination of internal and
external devices, underscores the potential and challenges in achieving precise
and multimodal user interaction with distant displays. While the simultaneous
tracking of all these modalities with a single smartphone presents a challenge, it
signals an opportunity for additional research and exploration into the capabilities
of smartphones.

2.2.6 Interaction Techniques

Selecting appropriate interaction techniques for inside-out systems poses a signifi-
cant challenge, even to experts in the domain. The substantial portion of inside-out
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approaches investigated and compared the following interaction techniques, for
applications ranging from 2D pointing [234], collaboration [80], to 3D object manip-
ulation [263]:

Touch [60, 263]
Ray-casting [200, [234]
Plane-casting [120} 201]

Translation-based virtual-hand [12]

Peephole interfaces [17,[33]

Due to the lesser input modalities that can be enabled by inside-out systems,
researchers frequently have to compromise the efficacy of their interaction tech-
niques, even though they acknowledge that alternative techniques might be more
efficient but would require external trackers. For instance, Siddhpuria et al., in their
study, could not find a feasible method to determine the absolute orientation of
the smartphone in relation to the distant display using inertial measurement unit
(IMU) [234]. Consequently, they needed to use "fixed origin" ray-casting [200], as
opposed to the more preferable real-world absolute method. Such compromises
create a captivating pull for an increasing hardware complexity and put researchers
into a difficult decision between rich interaction techniques versus setup simplicity.

Hybrid configurations have demonstrated a variety of distant display use cases,
wherein understanding the user’s body position or gaze direction can facilitate
highly efficient interaction techniques, such as ego-centric [207], head-pointing [180],
or gaze+touch interactions [250, [259]. Additionally, hybrid tracking allowed re-
searchers to investigate more complex user interfaces, such as 3D data visual-
izations, which require multiple input modalities that simultaneously enable many
degrees of control, for 3D object translation, rotation, scale, and also 3D cam-
era viewpoint controls [59, 153]. Moreover, a historical review of hybrid systems
underscores the significance of the smartphone’s touchscreen. Given the Midas
problem [250], which is inherent in input modalities with a singular input state (such
as hand, head, gaze, or body motions), the touchscreen has been essential in
reliably segmenting these into meaningful interaction techniques. This has made
smartphones an indispensable device, even in numerous systems incorporating
external tracking. Within our taxonomy, we have distinguished the input modalities
between the two tracking categories to show the difference in the role of touch in
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inside-out smartphone only and hybrid configurations. Primarily, inside-out sys-
tems are considerably more reliant on touch compared to hybrid systems, which
emphasize more on device motion in 3D space, body interactions, and head or
gaze inputs, utilizing touch predominantly for clicking and clutching.

Wigdor et al. argue that "There can be no denying the power of the basics of
the interaction language: get them right, and your system could seem simple,
even "natural” to use. Conversely, get them wrong, and your user experience has
no chance of success.” [284]. Frequently, user interfaces demand inputs across
numerous degrees-of-freedom, necessitating not only the tracking of various input
modalities but also their simultaneous tracking. These multimodal approaches
demonstrate how we can significantly reduce the consecutive input states required,
thereby simplifying the learning of interaction techniques. This is observable in
works utilizing touch inputs for 3D object manipulations, where users employ up to
three-finger gestures to gain full control over the 3D object and scene.

2.2.7 Hardware Approaches: Benefits and Limitations

Within inside-out systems, researchers challenged the boundaries of each new
smartphone-adapted technology. They enabled inputs by using hardware keys [87],
joysticks [35], inertial measurement unit (IMU) [58], touchscreens [172], cameras
utilizing optical flow [18] or SLAM algorithms [12] to interact with the distant display.
Researchers exploring hybrid setups have invested heavily in intricate in-lab
hardware configurations to investigate spatial interactions with distant displays.
For example, in a recent work, Hartmann et al. used six Kinect cameras (each
connected to a PC) and a ten-camera Vicon motion tracking system for real-time
tracking of the pose of the smartphone and the user’s head, while the user was
additionally wearing a hat with IR markers attached [90]. These are significantly
complex hardware setups for tracking the smartphone and head pose, however
very common among researchers in the domain.

Smartphone IMU Enabled Tracking

Many studies have shown that using the phone’s movements enabled by the IMU,
combined with touch, can outperform the use of many other alternatives, such as
touch-only devices, mouse devices, Wii remotes (6DOF wand), especially in 3D
object translation and rotation tasks [118,256]. However, this requires that users
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calibrate their smartphone’s IMU to determine its correct orientation each time
it is used [60, [226]. Moreover, to maintain input accuracy, repeated calibration,
whether user-initiated or semi-automated, might be required during interaction.
These studies demonstrate that while IMUs are generally sufficient for discrete
motion detection, but are inadequate for precise and continuous position tracking
necessary for 6DOF position and orientation tracking. Given that IMUs continually
integrate acceleration with respect to time to calculate velocity and position (dead
reckoning), any measurement errors, however small, accumulate over time [79,
232], leading to "drift" — an ever-increasing difference between perceived and
actual device location.

Smartphone Camera Enabled Tracking

Rekimoto et al. [210] proposed an approach for simultaneously determining a
smartphone’s position and orientation using printed 2D matrix markers (square-
shaped barcodes on paper) attached to objects in the environment. Utilizing
the appropriate phone application, such as ARToolKit [10, [175], the phone’s
camera could locate and identify external markers to estimate its relative position
and orientation. Based on this technology, researchers introduced "Sweep" and
"Point-and-Shoot" interaction techniques, aimed at relative cursor control and
target selection on distant displays [215|[264]. Additionally, they demonstrated
techniques for 3D object manipulation [96], 3D mesh editing in 6DOF [95], bi-
manual interaction [83| 275], and map interactions [215]. They also combined
phone movement with touch input [164, [176] to manipulate AR objects displayed
on the phone’s screen. Later, researchers investigated 2D interactions utilizing
optical-flow analysis [33, [35], making environment markers obsolete. Wang et
al. [280] introduced a compelling concept that enabled outdoor-use 2D gestures for
phone control. Currently, modern smartphones can employ advanced computer-
vision methods, such as dense SLAM [219] or similar technologies [68, [85], to
identify the exact surface geometry of an unfamiliar environment and subsequently
use it to estimate its own position and orientation. These solutions empower us to
progress beyond local 6DOF tracking.

Smartphones can also be a powerful alternative to dedicated controllers. Utilizing
the IMU, phone-orientation (3DOF) has been used to point at distant screens [38,
60] and in VR [61,/149] by using a ray-casting interaction technique. Moreover, the
IMU has been utilized for selecting and manipulating objects in 3D environments
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using 2D rotational planes [80, [263] , enabling throw or swing gestures to facilitate
media transfer between devices [58,|189], and recognizing uni-stroke letters [1] or
symbols [123,288] in combination with acceleration data.

2.3 Summary

We can see how the approaches underlying the classification of tracking tech-
nology into inside-out and hybrid setups significantly impact smartphone-based
distant-display interaction across various universal design attributes and usability
aspects. No existing works were able to bridge the gap between the two re-
search streams by offering an inside-out solution that satisfies both the number of
tracked input modalities as well as input precision. Consequently, utilizing a smart-
phone to facilitate distant display interactions predominantly remains confined to
device-tracking inputs, such as touch and device tilting, occasionally extending to
smartphone transition-based inputs, but generally excluding body-tracking inputs.

Based on our analysis, we believe that touch inputs, along with device (hand),
head, gaze, and body pose tracking, should constitute the fundamental suite of
input modalities for spatial interaction with distant displays. The capability to track
all these input modalities, solely with an off-the-shelf smartphone and without
additional external devices, would enable many powerful spatial interactions, dis-
covered over decades of in-lab research (e.g. head or gaze pointing, virtual-hand
or peephole interactions, body-centered inputs) for many other users, ideally for
everyone. Similarly, to how the integration of accelerometers and touchscreens into
smartphones expanded the domain of repurposed smartphones in many scenarios
(from distant display to mixed reality), the adoption of new world- and face-tracking
algorithms by modern smartphone has the potential to further notably amplify
these advancements. The first steps were already made by using smartphone-
based world-tracking in the domain of handheld AR [272,273] , head-mounted
displays [174] as well as using face-tracking in the domain of cross-device [267]
and on-phone interactions [266]. The use of simultaneous world- and face-tracking
on off-the-shelf smartphones has yet to be fully explored, as the initial instances
of this technology have only recently been showcased in handheld AR scenar-
ios [168]. In terms of interaction techniques, we can note that over the past, once
the hardware constraints of a previous technology were replaced with a newer
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one, the fundamental set of spatial interaction techniques remained consistent: a
handheld device for precise touch and motion tracking of the hand, head and body
movements, independently of which domain was addressed (i.e. head-mounted
VR/AR [50} [174], 3D interfaces on distant display [250], cross-device interac-
tion [207]).

Pursuing Usability and Universal Design-Oriented Approaches in Spatial
Interaction for Distant Displays

Given our "design for everyone" thesis philosophy, which emphasizes universal
design, usability, and application flexibility, and resulting from our analysis of
related work, we can intertwine the design philosophy with key limitations specific
to the domain of spatial interaction with distant displays, as revealed by various
related works. Consequently, we introduce two essential design directions that,
when addressed, possess the potential to significantly improve spatial interaction
with distant displays from a universal design standpoint:

* Interaction Techniques: Maximize the number of input modalities

When enabled, interaction designers can freely choose and construct spatial
interaction techniques, while fully prioritizing the technique’s usability for the
specific context. This allows even designers to transfer well-established and
standardized interactions from related contexts or opt for techniques whose
usability has been validated through research.

When not enabled, interaction designers are constrained to use only a limited
set of input modalities to construct necessary spatial interaction techniques.
This prevents the implementation of the most suitable or standardized in-
teraction technique for particular contexts. Frequently, it also imposes an
additional cognitive burden on users, as the newly created interaction tech-
nigues necessitate user learning.

« Hardware Solution: Minimize the need for outside-in tracking devices
When enabled, many users can effortlessly access new technology or utilize
spatial interaction with a distant display, eliminating the need to purchase,
set up, or maintain dedicated devices over time.

When not enabled, spatial interaction with distant displays becomes acces-
sible only to a specific user group, making it inaccessible to many other
potential users, disciplines, and usage contexts.
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Figure 2.12: Four emergent design directions arise from the interweaving of the
universal design philosophy and key limitations identified in related work on spatial
interaction devices for distant display interaction. The resulting quadrants show the
benefits and constraints among various approaches that may be considered when
approaching spatial interaction for distant displays, grounded in the foundational
hardware solution and the consequent interaction techniques and capabilities.

Four emergent design directions arise from the interweaving of the universal de-
sign philosophy and key limitations identified in related work on spatial interaction
devices for distant display interaction. The resulting quadrants show the bene-
fits and constraints among various approaches that may be considered when
approaching spatial interaction for distant displays, grounded in the foundational
hardware solution and the consequent interaction techniques and capabilities.
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These two design directions converge into four quadrants, as depicted in Fig-
ure From these quadrants, we can identify the trajectory of our work and
extract concrete steps to follow our usability and universal design-oriented ap-
proach for spatial interaction with distant displays, concerning:

+ Interaction techniques, we enable simultaneous, world-scale tracking of
the essential input modalities required to assemble rich spatial interaction
techniques. This includes the user’s touch, hand, head, body, and eye-gaze
inputs.

« Hardware solution, we propose an inside-out smartphone-based alternative
with sufficient and comparable input capabilities.

In the following chapters, we present several ideas, projects, and prototypes that
adhere to these design directions.
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Repurposing the Smartphone into a
Spatial Tracker and Controller

Handheld input controllers with external 6DOF tracking have become the bench-
mark for 3D interaction. Users typically find them very effortless to use, since
their translation and rotation-based movement tracking allows them to be used as
"virtual hands" to locate, grab, and manipulate virtual 3D objects — similarly as
in the real world. However, when external tracking is not possible (often due to
infrastructure or mobility constraints), interaction possibilities become drastically
reduced and highly dependent on other available devices and their features. Pre-
vious studies have investigated the potential of using the most convenient and
readily available device for end-users, their personal smartphone, to facilitate 2D
and 3D interactions. However, these approaches typically required additional ex-
ternal hardware alongside the smartphone (such as cameras, trackers, or printed
markers) to make the smartphone spatially-aware. The initial challenge of enabling
spatial awareness in smartphones led researchers to suggest interaction methods
limited to 3DOF, as it was simpler to implement than the full 6DOF input [201}, 234].
Therefore, our aim was to investigate the possibility of developing a smartphone
application capable of overcoming these limitations.
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Figure 3.1: An illustrative overview of the Pocket6 smartphone application. The fig-
ure showcases the application’s utilization of modern smartphones’ spatial tracking
capabilities for user interaction with distant displays. It highlights the simplicity of the
system, which requires no external trackers, markers, or wearables. The figure also
visually represents user interactions in various postures, such as standing, sitting,
and hands-down, from a subtle control space that automatically re-calibrates based
on the user’s orientation, position, and posture changes.

In this chapter, we present, implement, and evaluate Pocket6, a smartphone
application utilizing modern smartphones’ AR tracking capabilities to enable 6DOF
user input without external hardware. Our application stands out for its simplicity
and accessibility, needing just a standard smartphone and no external trackers,
markers, or wearables. Our novel inside-out tracking approach allows users to
comfortably perform subtle 3D inputs everywhere in world-scale, without any spatial
or postural limitations. Due to our algorithm for auto-calibration of the control space,
users can freely adjust their position, orientation, or posture during interacting,
as depicted in Figure Given the reduced spatial and postural constraints,
users can interact while standing, sitting, or while having their hands down by their
sides. We evaluate the performance of our approach and compare it against a
high-end VR controller. We demonstrate that Pocket6 enables users to perform
precise subtle gestures within a control space of only 16 x 9 x 16 cm. Additionally,
we evaluate how body postures standing, sitting, and hand-down, impact user
performance with the application. Finally, we showcase the use of Pocket6 in a
wide range of applications for 2D and 3D object manipulation, underscoring its
suitability for diverse real-world scenarios.
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3.1 The Pocket6 Concept

Pocket6’s foundational concept draws from Apple’s Augmented Reality toolkit,
ARKit [6]. ARKit utilizes an inside-out mobile tracking method, leveraging a tech-
nique termed SLAM (simultaneous localization and mapping [65]) sensor fusion.
It uses data from the smartphone’s existing camera and IMU sensors to calcu-
late where the device is in world-space and translates the physical location and
movement into a movement within a virtual space or environment. Typically, these
AR toolkits are being used to facilitate handheld AR experiences on smartphones,
anchoring and tracking virtual objects in the real world. A few examples can be

seen in Figure[3.2|

Figure 3.2: Two examples of augmented reality enabled by smartphone’s inside-out
tracking. On the left, an IKEA app allows users to position virtual furniture within
their actual living space. On the right, the Live Home 3D app lets users design
architectural and interior concepts for their homes.

Rather than fixing virtual objects to real-world coordinates, in Pocket we employ
ARKit to anchor a virtual 3D control space, within which we can track the phone’s
position and orientation as shown in Figure E This configuration allows 2D
and 3D inputs for external applications that can be run on a distant display, as
depicted in Figure . We developed Pocket6 on Apple’s iPhone ecosystem,
it's compatible with ARKit-supported devices from iPhone 6s, till the latest iPhone
15 [6]. Comparable toolkits, like Google’s ARCore [76], could also be used to
enable this implementation. As Pocket6 served solely as an input application, we
developed a Windows-based program to showcase output applications on a distant
display. The application communicated with Pocket6 via the local wireless network,
sending the smartphone’s motion updates at 60 Hz.

1Github - Pocket6 implementation: https://github.com/teobabic/pocket6
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CONTROL SPACE AUTO-CALIBRATION AND MAPPING
CONTROL SPACE ANCHORING AUTO-CALIBRATION MAPPING

A v
INPUT OUTPUT
SMARTPHONE USING ARKIT APPLICATION ON THE DISTANT DISPLAY

Figure 3.3: Proposed smartphone app-based approach for subtle, 6DOF, world-
scale inputs. A user interacts within a virtual 3D control space (visualized as a
bounding box). The coordinates of the real interaction space are mapped auto-
matically to the digital screen. The movement of the cursor corresponds with the
smartphone’s motions.

3.1.1 Three-step Control Space Calibration and Mapping Algorithm

One of the primary objectives of our implementation was to eliminate the necessity
for users to initiate calibration procedures. To achieve this, we implemented an
auto-calibration algorithm that re-calibrates the control space position and rotation
whenever users:

« Open the application for the first time, cf. Figure @ and =],
« Move their hand to a different position, or
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« Change their posture or walk around, cf. Figure @ and E

Hereby, in every scenario, the control space consistently follows the user’s motion,
consequently enclosing the user’s hand at all times. In detail, this algorithm involves
three distinct steps:

1. Control Space Anchoring: Firstly, using the 3D Cartesian coordinate sys-
tem in real-world metric units (cm) set by ARKIit cf. Figure , we
align the control space’s geometric center with the smartphone’s position
cf. FigureE, and align their (z—axis) rotations cf. Figure. The
boundaries of the control space were determined by the results of an em-
pirical study performed during its development, which suggested that the
control space should reflect the aspect ratio where 1 cm of the control space
represents 120 px of the distant display. In our setup, a distant display screen
resolution of 1920 x 1080 px is mapped to a control space measuring 16 x
9 cm (along the x— and y—axis). For 3D applications, we set a depth to the
same size as the application’s width provided by metric units of the game
engine; this translated to a 16 cm depth in the control space (on the z—axis),

as shown in Figure.

2. Re-Anchoring: If the phone’s position moves outside the control space
boundaries, as shown in Figure and code-snippet beIo we as-
sume that the user has changed their position, initiating the re-anchoring.
Giver our objective on user’s motion freedom, our approach also allows
users to interact with the controlling hand pointing in a relaxed downward
position [152], the axes of our control space must adapt accordingly, as illus-
trated in Figure @E This occurs automatically once the phone detects an
upside-down orientation (i.e. the phone’s x—axis rotation is between 130°
and 230°).

3. Mapping: Finally, we normalize the smartphone’s position within the control
space boundaries and forward its data as position, rotation, and touchscreen
events to an application, for example, to move a 3D cursor, as depicted in

Figure@.

2Github - Pocket6 algorithm implementation: |https://github.com/teobabic/Pocket6/blob/master;
Pocket6%20Smartphone%20App/Assets/Scripts/Pocket6Logic.cs
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Listing 3.1: Code snippet of the control space remapping procedure

float allowedOffset; // Allowed offset before remapping (in cm)
Vector3 deltaDistance; // Distance between phone and control space center

void Update()
{

if (

Mathf.Abs(deltaDistance.x) > (ControlSpaceSize.x / 2) + allowedOffset ||
Mathf.Abs(deltaDistance.y) > (ControlSpaceSize.y / 2) + allowedOffset ||
Mathf.Abs(deltaDistance.z) > (ControlSpaceSize.z / 2) + allowedOffset

)

{
RemapControlSpace(); // Remap
return;

}

// Do cursor mapping and other interaction functions

}
void RemapControlSpace{}
{
controlSpace.position = smartphone.position;
controlSpace.eulerAngles = new Vector3(0, smartphone.eulerAngles.y, 0);
}

To minimize both jitter and latency, we used the 1 EURO filter [44] 45].

3.2 Evaluation

We conducted a three-part empirical study to explore the benefits and limita-
tions of our proposed app-based tracking approach. We compared Pocket6 to a
high-end, state-of-the-art, VR controller. Furthermore, we investigated how well
participants can perform input from different body postures. All three experiments
were conducted with the same techniques, participants, and apparatus.
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3.2.1 Conditions

We tested four distinct conditions (refer to Figure to compare the performance,
accuracy as well as subjective user feedback of our proposed condition:

« In-Front: In this setup, participants stood and held the smartphone naturally
in-front of their torso (cf. E).

« Sitting: While sifting on a chair, participants rested their elbow on the
armrest and held the smartphone above their waist (cf. ).

+ Hands-Down: participants stood and held the smartphone in a hands-down
posture (cf. [3.4/[E1).

« Baseline: for the baseline, participants stood and used an externally-tracked
VR controller, holding it in front of their torso (cf. @).

3.2.2 Apparatus

The study was conducted in a quiet room, where the participants stood/sat two
meters away from the display, a 1920 x 1080 pixels (32”) Samsung TV, which
showed all the tasks. For the Baseline condition, we used an HP Microsoft Mixed
Reality headset along with its accompanying Windows Mixed Reality motion
controller, as shown in Figure. As the headset itself has built-in controller
tracking cameras, we mounted it on a tripod in front of the participant to effectively

capture their hand movements, approximately at a distance 0.5 to 0.7 m away.
We adjusted the headset’s height to align with each participant’s chest level.

The raw data received from the headset controller and Pocket6é were processed
through exactly the same signal filtering, control space remapping, and mapping
algorithms.
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’

Figure 3.4: lllustration of the experimental conditions and tasks. Conditions:
Baseline participants stood and used an externally-tracked VR controller, holding
it in front of their torso. E In-Front, participants stood and held the smartphone

naturally in front of their torso. Sitting, participants sat on a chair, resting their
elbow on the armrest and holding the smartphone above their waist. E Hands-
Down, participants stood with the smartphone in a hands-down posture. Tasks: E
2D Fitts’ law task, [{&] 3D placement task, and E 2D tracking task.

. &

3.2.3 Participants

A group of 12 paid volunteers (5 females, 7 males) from the local company, aged
between 20 and 42 years (M = 31.5, SD = 5.17), took part. Every participant
was right-handed, had no prior experience with 6DOF input controllers, and used
smartphones on a daily basis.

3.2.4 Study Design

We employed a repeated measures within-subject design. Participants’ perfor-
mance was investigated across three tasks, as depicted in Figure [3.4;

1. 2D tracking task,
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2. 2D Fitts’ law task, and

3. 3D placement task.

For each task, we carried out an experiment, with detailed explanations provided
in the subsequent dedicated chapters for each experiment. These three tasks
were built on each other with an increasing input complexity and were performed in
sequence. As a result, participants gradually practiced as tasks transitioned from
simpler to more complex ones. In the beginning, each participant was welcomed
and introduced to the experiment procedure. After they completed a background
questionnaire, participants were given 5 minutes time to familiarize themselves
with the conditions. We recorded performance data via computer logs and collected
subjective feedback through an exit questionnaire.

3.2.5 Study 1: Path Tracking in 2D

The purpose of the first experiment was to use a tracking task to determine if
different input conditions affected users’ precision in guiding their hand in mid-air.
In fact, we wanted to find out how accurately participants could continuously follow
a moving target with the cursor, even when the target did fast directional changes.

Our task was based on the ideas of [46, 240], where participants had to trace a
moving target on a pre-defined path, as shown in Figure [3.5] Following [46], we
selected a narrow 720 x 270 px eight-shaped path (co) with a target movement
speed of 21 seconds, ensuring a continuous hand motion setting the duration of
one trial (lap). We chose an eight-shaped path since it is more complex compared
to a circular or elliptical path and required a more fine-granular input from the
participants. Each trial began and ended when the moving target crossed the
bottom part of the left loop. From there the target was moving clockwise on the left
loop and counterclockwise on the right. Both the cursor controlled by participants
as well as the target had a 50 px radius.

Every participant completed seven trials under each of the four conditions. Partici-
pants began with two practice trials and then proceeded to five evaluated trials. In
total, each participant evaluated 20 trials. During the experiment, we logged the
Cartesian distance in pixels (px) between the path and cursor at a rate of 60 Hz.

63



64

3. Repurposing the Smartphone into a Spatial Tracker and Controller

Results

Error rate All traces for each condition from all participants are illustrated in
Figure The average errors recorded were as follows: Baseline condition at
68.60 px (SD = 15.65), In-Front at 73.10 px (SD = 20.40), Sitting at 73.97 px
(5D = 21.26), and finally Hands-Down at 90.10 px (SD = 29.91). Using a one-
way repeated measures ANOVA with a set at .05, we found significant differences
among the four conditions (F3,33 = 8.152, p < 0.001). As the collected data did
not violate the assumption of sphericity, no corrections were necessary. Using
Bonferroni corrections for post-hoc pairwise comparisons, we observed that the
Hands-Down condition had a notably higher inaccuracy (averaging between 16 to
21 px) than all other conditions (Baseline p = 0.001, In-Front p = 0.014, Sitting
p = 0.002). The differences between the Baseline, In-Front, and Sitting conditions
were not significant, averaging a discrepancy of less than 6 px.

BASELINE IN-FRONT
M = 68.60px (SD = 15.65) M = 73.10px (SD = 20.40)

SITTING HANDS-DOWN
M = 73.97px (SD = 21.26) M = 90.10px (SD = 29.91)

Figure 3.5: Visualization of cursor traces from all participants’ tracking tasks across
the four conditions. The target’s eight-shaped trajectory is highlighted in yellow.

The Pocket6 conditions, In-Front and Sitting, enabled participants to perform
continuous hand movements with the same granularity and precision as the
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externally tracked Baseline controller. Furthermore, we can see that in the Hands-
Down condition, participants performed less accurately than in all other conditions.

3.2.6 Study 2: Pointing in 2D

The goal of the second experiment was to evaluate the performance of 2D pointing
and clicking. This experiment was based on the ideas of [152} [268], we used a
2D Fitts’ law task [106, 218], which is accessible on [157]. In this experiment,
participants had to point and click a set of circular targets displayed on the distant
display. A trial was considered successful when the initial click-down and sub-
sequent click-up actions took place within the target’s boundaries. Participants
needed to successfully select each target to advance to the next trial. We evaluated
two amplitudes (400 and 800 px) and three target widths (50, 100, and 200 px),
resulting in an Index of Difficulty (ID) spanning from 1.6 to 4.1 bits. In each of the
four conditions, participants completed a practice block with 3 targets, succeeded
by a randomized block of 9 measured trials. Every block contained all possible
combinations of amplitudes and target widths. In total, each participant produced
216 data points, derived from 4 conditions x 2 amplitudes x 3 widths x 9 target
selections.

Results

We analyzed the main effects of our conditions, focusing on standard metrics
like throughput, error rate, and movement time. For our analysis, we employed
a repeated measures ANOVA (a = .05) and conducted pairwise tests, applying
Bonferroni corrections for post-hoc analysis.

Throughput For the conditions, Baseline recorded a throughput of 1.86 bps
(5D = 0.59), In-Front achieved 1.82 bps (SD = 0.55), Sitting 1.83 bps (SD =
0.52), and Hands-Down noted 1.36 bps (SD = 0.50). A one-way ANOVA showed
a significant difference among the four conditions (F3,15 = 8.00, p < 0.006). Due
to the violation of the sphericity assumption, we report the Greenhouse-Geisser
adjusted values. The post-hoc test showed that Hands-Down had a significantly
lower throughput by an average of 26% when compared to all other conditions:
Baseline (p = 0.027), In-Front (p = 0.01), and Sitting (p < 0.001). Other pairs
did not differ significantly; their throughput differed on average for less than 2%.
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Error rate The average error rate for Sitting was 8.3% (SD = 10.59%), In-Front
11.26% (SD = 13.54%), Baseline 12.19% (SD = 12.98%), and Hands-Down
18.05% (SD = 15.31%). A one-way ANOVA showed a significant difference
between the conditions (F3,33 = 9.720, p < 0.001). There was no violation of
the sphericity assumption. The post-hoc test showed that Hands-Down had a
significantly higher error rate compared to all other conditions: Baseline (p =
0.035), In-Front (p = 0.018), and Sitting (p = 0.001). Besides the Hands-Down,
there were no significant differences in error rate among the other conditions. An
overview of the results can be found in Figure
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Figure 3.6: Error rate distribution for each input device condition, broken down by
individual Index of Difficulty (ID) values.

Movement time In terms of movement time (MT), the Baseline condition had
an average MT of 1508 ms (SD = 447), In-Front 1735ms (SD = 658), Sit-
ting with 1712 ms (SD = 602), and Hands-Down with 2148 ms (SD = 933). A
one-way ANOVA revealed a significant difference in MT across the conditions
(F3,33=17.5931, p < 0.001). The post-hoc test found that Hands-Down had a
significantly higher MT compared to all other conditions: Baseline (p = 0.002),
In-Front (p = 0.001) and Sitting (p = 0.002). No significant differences were
observed among the other condition pairs. Figure [3.7| provides an overview of
these results.
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Figure 3.7: Movement time distribution for each input device condition, broken
down by individual Index of Difficulty (ID) values.
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Figure 3.8: Accuracy metrics of the Fitts’ law task across each input device condi-
tion. The measures include Movement Offset (MO), Error (ME), Variability (MV),
Orthogonal Direction Change (ODC), Movement Direction Change (MDC), Task
Axis Crossing (TAC), and Target Re-Entry (TRE).

Fitts’ law accuracy measures The accuracy measures of the Fitts’ law task
are depicted in Figure [156]. The results indicate a high similarity among
the Baseline, In-Front, and Sitting conditions. We also found that the primary
limitations of the Hands-Down condition were attributed to movement error (ME)
and movement variability (MV). This indicates that in the Hands-Down condition,
participants’ cursor movement towards the target was much further away from
the ideal straight path (ME) and that their movements were also less consistent
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between the trials (MV) compared to the other conditions. Finally, we can also
report a weak correlation (R2 < 0.3) between movement times and IDs across all
conditions.

We can see that our Pocket6 conditions, /n-Front and Sitting, enabled users to
achieve comparable 2D pointing and clicking performance in both speed and
accuracy to the externally tracked controller, Baseline. However, the Hands-Down
condition lagged behind, exhibiting slower speeds and inaccuracy compared to all
other conditions.

3.2.7 Study 3: Object Manipulation in 3D

In our third experiment, we evaluated 3D interaction using a 3D placement task,
focusing solely on translation, based on the experiment of Vuibert et al. [271].
The objective was to determine whether all four conditions provide the same
accuracy and speed when participants perform continuous stop-and-move 3D
hand movements in mid-air.

Participants were presented with two squares on the screen. They were tasked
with aligning these squares using a 3D drag-and-drop hand motion. In each trial,
participants maneuvered their cursor along the x— and y—axis to grab a white
movable square using a tap-and-hold gesture, as depicted in Figure , E
and . After grabbing the square, their objective was to match its position and
dimensions with a red reference square, cf. Figure E Participants could
re-size the dragged square by moving their smartphone on the z—axis of the
control space, cf. Figure E Moving the smartphone towards the positive
direction on the z—axis reduced the size of the draggable square, and the other
way around. For x— and y—axis cursor movement, we used the default control
rate of 120 px on-screen is 1 cm in control space; for square resizing, we opted
for a finer mapping for square resizing, where a 15 px increase or decrease of
the square’s width corresponded to a 1 cm movement on the z-axis of the control
space. When the two squares were correctly aligned, they both turned green, and
the user needed to confirm by lifting the finger from the touchscreen, cf. Figure[3.9
. For correction checking, we used a tolerance of 10 px for both the position and
scale. In the case of a negative match, participants had to re-grab and re-do the
alignment. Once the alignment was successful, both squares disappeared, and
participants needed to move their 3D cursor back to the middle of the interaction
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area (x-, y- and z-axis), with the hint of a small cursor widget. Afterwards, the next

w ' .l G
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Figure 3.9: The sequence of user’s actions in the 3D placing task. : Partici-
pants use the yellow cursor to grab the white movable square with a tap-and-hold
gesture. : The goal is to align the grabbed square with the red reference square.
: Adjusting the size of the dragged square by moving the smartphone along
the x—, y—, and z—axis of the control space. : Successful alignment is indicated
when both squares turn green, and the user lifts the finger from the touchscreen.

trial was shown.

The target square’s position, in terms of x and y coordinates, was determined by
an amplitude (either 250 or 400 px) that described a radius from the screen’s center,
combined with a random angle that varied from 0 to 360°. For defining the distance

on the z-axis, we employed four distinct target dimensions (50, 95, 155, 200 px).

At the beginning of each trial, the draggable square began with a size of 125
pX, which also marked the starting position on the z-axis. Participants completed
a practice block first, followed by a study block. Every block encompassed all
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possible combinations of amplitudes and target sizes. In total, each participant
completed 64 trials, determined by 4 conditions x 2 amplitudes x 4 target sizes x
2 repetitions.

Results

Placement time We removed 2.1% outliers caused by technological errors and
semantic errors, like participants trying to grab the target square instead of the
draggable square. On average, the Baseline condition had a placement time of
2201 ms (SD = 723), the In-Front condition took 2334 ms (SD = 913), the Sitting
condition 2212 ms (SD = 861), and the Hands-Down condition recorded 2543 ms
(SD = 935), as shown in Figure[3.10] Using a one-way ANOVA with a significance
level of a = .05, we found no significant difference in placement times across the
conditions (F3,33 =5.620, p < 0.063).

3000
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0

BASELINE IN-FRONT SITTING HANDS-DOWN

PLACEMENT TIME (MS)

Figure 3.10: Placement time distribution for each input device condition.

Error rate With less than 1%, the error rate and its analysis were negligible since
participants did not let go of the draggable square, which would count as an error
until they got the indication that the alignment was correct.

In summary, we have shown that all Pocket6 conditions In-Front, Sitting, and
Hands-Down performed comparably to the externally tracked Baseline condition.
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Figure 3.11: Participants’ subjective feedback ratings for each input device condi-
tion, covering aspects such as ease-of-use, fatigue, speed, precision, and overall
impression.

3.2.8 User Feedback

After participants had experienced all study tasks, we asked them to provide their
unconstrained subjective feedback based on the overall experience across all three
experiments, by rating each condition for ease of use, fatigue, speed, precision,
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and overall impression on a 7-point Likert scale, where a higher score indicated a
better rating. The questionnaire can be seen in Appendix[A.1] Finally, we asked
participants for additional comments, suggestions, or recommendations. The goal
was to learn from initial user reactions and comments with a special focus on
exposing differences between our conditions.

Results

Questionnaire analysis Based on the Friedman test, there were significant
variations in the ratings for ease of use (x2(3) = 20.00,p < 0.001), fatigue
(x2(3) = 18.00,p < 0.001), speed (x2(3) = 19.00,p < 0.001), precision
(x2(3) = 19.00,p < 0.001), and overall impression (x2(3) = 18.02,p <
0.001) based on the condition being evaluated, as illustrated in Figure [3.11.

An in-depth analysis using the Wilcoxon Signed Rank test revealed no significant
differences between the Baseline, In-Front, and Sitting conditions across all cate-
gories. However, a significant difference was observed between the Hands-Down
condition and all other conditions across all categories, with the exception of
fatigue when comparing In-Front and Hands-Down, as detailed in Table [3.1.

Hands-Down Hands-Down Hands-Down

vs. Baseline vs. In-Front vs. Sitting
Category Z P 7z p Z p
Ease-of-use -3.082 0.005 -3.082 0.002 -2.000 0.006
Fatigue -2.000 0.003 / / -2.000 0.006
Speed -2.000 0.003 -3.093 0.002 -2.000 0.010
Precision -3.016 0.003 -2.000 0.003 -2.000 0.004

General impression  -2.000 0.003 -3.088 0.002 -2.000 0.015

Table 3.1: Pairs with significant differences in the subjective feedback, as deter-
mined by the Wilcoxon Signed Rank test.

Participants general impression Finally, we delve into the feedback provided
by participants regarding their experience with Pocket6 across different conditions.
Feedback from participants indicated that Pocket6 surprisingly exceeded their
expectations in performance. The majority of participants favored the Baseline and
In-Front conditions due to their speed, accuracy, and user-friendliness. Participants
reported that the ergonomics of a controller seems to be very important. They
also pointed out that the iPhone X (174 g) felt somewhat heavier compared to
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the VR controller (171 g). Half of the participants agreed that the Sitting condition
was very comfortable, especially because it allowed them to rest their elbows on
the chair's armrest. However, they also noted that this is not always required and
that it could also be a serious limitation. A few participants felt that resting the
elbow made them lazy and that they did not want to raise their arm once rested,
for example to reach for items at the upper side of the screen, where lifting the
elbow might be required, this caused minor frustrations.

Specific comments regarding the hands-down posture From a subjective
standpoint, all participants agreed that the Hands-Down condition was the most
fatiguing and challenging to use. The primary reason for this was the need to
precisely adjust the hanging down extended arm "lever" (the kinematic chain
stretching from the neck to the fingertips). Moreover, many participants were

unaccustomed to interacting with their hands positioned down beside their body.

Participants believed that sustained interaction in a Hands-Down posture would
be challenging for a long duration. However, there was a consensus that the axes
chosen for cursor mapping in the Hands-Down condition were easy to get used
to. A participant, P3, mentioned that the Hands-Down condition lacked hand-eye
coordination as she couldn’t see her hand while interacting.

Specific comments regarding the sitting posture Some participants noted
that while Sitting and In-Front conditions performed equally good, each had its
own minor drawbacks. With the In-Front condition, participants found it easier to
overshoot targets, like in the Fitts’ law tasks, but on the other side, it allowed for
freer and unrestricted motions. Conversely, while the Sitting condition appeared
more comfortable, due to the resting elbow, some participants perceived it as
inconvenient. Some participants explicitly disliked the Sitting condition, explaining
that it was too limited due to the elbow rest. Participants generally favored having
complete freedom of motion to position the control space as they desired. They felt
that the In-Front condition offered adequate comfort and precision without needing
an armrest.
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3.3 Design Recommendations

Participants noted that the ergonomics of larger smartphones, like the iPhone
X, feel as if they were holding a heavier device. While this was perceived as a
minor concern, we suggest some simple add-on enhancements to mitigate this
issue. Enhancing the phone grip can be achieved by utilizing a readily available
smartphone cover equipped with extra handles, as illustrated in Figure [3.12.

ELASTIC GRIP RING GRIP MAGNETIC RING

PERSONAL 3D PRINTED FOLDABLE
ERGONOMIC CASE PHONE BACK

Figure 3.12: Proposed solutions for improving the ergonomics of a smartphone.

3.4 Applications

In this section we demonstrate how Pocket6 can immediately be used to control
a wide variety of real-world applications, including Google Earth, YouTube, a
text editor, PowerPoint, a furniture rearranging tool. The showcased applications
aim to combine subtle mid-air gestures with simultaneous touch events to create
interactions in convincing real-world scenarios. Pocket6 enables control of both 2D
and 3D cursors, through a combination of subtle mid-air gestures, such as spatial
translation and rotation, alongside touch inputs like taps and long-press events.
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Maps

The first application area is maps, as illustrated in Figure [3.13] To begin, users
manipulate the 2D cursor over the map by translating the smartphone through
the air. Zooming in or out on the map is achieved by swiping a finger upwards or
downwards on the touchscreen. Since these input actions (2D cursor movement
and continuous zoom) are performed simultaneously, and because the map zooms
into the location of the cursor, this allows for very efficient and precise user
interaction.

INTERACTION

d

Figure 3.13: This figure demonstrates Pocket6 for map navigation. Users can con-
trol the 2D cursor by moving their smartphone in mid-air. Simultaneously, zooming
functions are managed by swiping a finger up or down on the touchscreen. This
dual-input approach, combining air gestures for cursor control and touchscreen
gestures for zoom, results in a highly efficient and precise map navigation experi-
ence. [i55] represents a sequence of the video captured in a real-world application.
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Figure 3.14: This figure demonstrates Pocket6 for basic 3D applications. It illus-
trates the use of Pocket6 in a game where players build a pyramid from cups. The
process begins with the player tapping on the smartphone’s touchscreen to grab a
3D cup. Following this, the player can move the smartphone in mid-air to translate
the cup’s position in the virtual space. represents a sequence of the video
captured in the real-world application.

Cups Game

Another possibility of combining mid-air gestures with touch events is seen in the
game where players construct a pyramid from cups, as depicted in Figure
Players can grab 3D objects, such as a cup, by simply tapping on the smartphone’s
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touchscreen. Subsequently, by maneuvering the smartphone through the air, the
3D object can be translated in a corresponding manner.

Select, Drag, Drop

We also see a lot of potential in simplifying the copy & paste and drag-and-drop
task, which often causes problems with remote controllers, especially across
different documents, as the selection with the touch gestures alone tends to often
be challenging. In our approach, illustrated in Figure [3.15] this process merges
touch inputs for text selection with mid-air movements for highlighting text and
switching between documents. The paste function is activated simply by lifting a
finger off the phone.

Interior Designer

Lastly, we demonstrate a more advanced 3D application that facilitates the transla-
tion and rotation of 3D objects. In the implemented interior designer app, illustrated
in Figure[3.16] users can grab a 3D object, like a bed, by touching the smartphone’s
touchscreen. By moving the smartphone in mid-air, the 3D object can be translated
accordingly, while they can simultaneously rotate the object by sliding their finger
across the touchscreen from left to right. This integration of translation through
smartphone movement with rotation via touchscreen sliding creates a highly ef-
fective input method, enabling users to rearrange 3D objects both efficiently and
precisely.

After the formal experiments, participants had the opportunity to try out these
applications and were asked to provide qualitative feedback. Participants tested
all the applications using both the Pocket6 and VR controller setups. From their
responses, it became evident that the participants were unhappy with the small
size of the touchpads on the VR controllers, measuring just 1 inch in diameter.
They expressed that due to the small touchpad area, the controller could not
offer a fine degree of control, which made it difficult to perform swipe gestures.
For example, in the furniture rearranging app, this limitation meant that users
had to frequently release and re-position their thumbs to effectively rotate the 3D
objects with swipe gestures. In contrast, the larger touchscreen of a smartphone,
measuring 5.8 inches, was found to be significantly more useful in these situations.
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NTERACTION

SPREADSHEET TITLE

Figure 3.15: This figure demonstrates Pocket6’s capabilities for text and 2D object
manipulation. User controls the 2D cursor by physically moving their smartphone
through mid-air. Simultaneously, users can perform touch-down and -up gestures
to select a text or to drag-and-drop 2D objects, for example, for dragging and
dropping selected text or figures into target applications such as a presentation or
spreadsheet. represents a sequence of the video captured in the real-world
application.
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INTERACTION

2w

REAL-WORLD APPLICATION

Figure 3.16: This figure demonstrates Pocket6’s capabilities for 3D object manip-
ulation. The integration of mid-air gesture input for object translation and touch
input for rotation enables simple single-stroke 3D interactions. lllustrated here is
the ability to manipulate 3D objects, like a bed, in an interior design app. Users
grab objects with the smartphone’s touchscreen and move them in mid-air for
translation. Simultaneous rotation is achieved by sliding a finger across the touch-
screen. This method combines ease and precision, enabling efficient and accurate
rearrangement of 3D items. represents a sequence of the video captured in
the real-world application.
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3.5 Summary

Across all experiments, we found that neither the performance nor the subjective
opinions of the participants varied significantly between the Pocket6 In-Front and
Sitting conditions. The Hands-Down condition was the least favored by participants,
and they achieved notably lower accuracy with it than with other conditions. This
outcome was unexpected, given our initial belief that the relaxed nature of the
Hands-Down condition would make it the most comfortable for participants.

To summarize, our presented applications highlight Pocket6’s practicality in various
real-world scenarios and existing applications. We have shown how users can
perform 2D interactions such as panning, drag-and-drop, and point-and-zoom.
Additionally, we demonstrated the effectiveness of mid-air gestures for simple 2D
selection tasks for text and objects, which are frequently challenging with only
touch-based inputs. Moreover, we have demonstrated 3D interactions ranging from
basic translation-based object manipulation to more complex 3D object handling,
all achieved through subtle hand movements.

In the next chapter, we will continue with the exploration of our approach to utilizing
a smartphone for spatial interaction with distant displays. We will explore the
possibility of integrating additional input modalities, such as head and eye tracking,
to enable spatial interaction beyond hand motion and touch inputs.
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Extending Smartphones’ Spatial Tracking
Capabilities by Simultaneous Tracking

Building upon the exploration of touch and hand movement inputs using a single
device, as discussed in the previous chapter and related work [33, |172], many
researchers proposed multimodal input modalities by using multiple tracking de-
vices, such as combining smartphone touch with eye-gaze tracking glasses [250].
Implementing additional input modalities, such as tracking the head, eyes, and
body, has allowed researchers to develop more efficient multimodal interaction
techniques. However, on the negative side, these systems have also become
more complex. Implementing inputs that relied on touch and the motion of mul-
tiple body parts (such as the hand [158], body [131], head [250] or eyes [250])
required augmentation of the user or the environment with additional tracking
devices. While these multimodal interaction techniques have proven highly ef-
fective [259], minimizing the hardware complexity of these multi-device tracking
systems remains a challenge. Currently, there is still no universally accessible
single device that allows for straightforward spatial tracking of numerous body
parts in the distant display context [39]. In this chapter, our primary objective is
to implement a novel smartphone-based tracking approach that integrates touch
input with motion tracking of the user’s hand, head, body, and eye-gaze, all without
the necessity for additional tracking devices. The particular problem we aim to
solve for the distant display domain is the strong unavoidable bond between the
number of enabled spatial input modalities and the hardware complexity. This
dilemma has constrained distant display interaction design for years, hindering the
deployment of in-lab systems for real-world testing and preventing end-users from
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adopting and learning novel interactions which have been proven beneficial many
times in research setups (e.g. head- or gaze-pointing [250], 3D virtual hand [268]).

In this chapter, we present Simo, an innovative solution that transforms a regular
smartphone into a spatial tracking device for user motion. It enables touch inputs
and tracks the movements of the user’s hand, head, body, and eye-gaze in the
world-space, completely without the need for external tracking devices. The core
concept of Simo is the simultaneous use of the smartphone’s front and back
cameras to enable concurrent face and world tracking, as depicted in Figure [4.1]
Following this concept, we share the implementation and prototyping process
behind Simo, which involved two connected smartphones combined within a
specialized casing to enable the intended tracking capability. Lastly, we present
two technical analyses that define the available interaction spaces and the tracking
limitations.

FRONT CAMERA
FACE TRACKING

BACK CAMERA
WORLD TRACKING

Figure 4.1: The Simo tracking principle uses simultaneously the smartphone’s
front- and back-facing cameras to enable spatial tracking of the user’s hand, head,
body, and eye-gaze for a distant display context.

4.1 The Simo Concept

Similar to Pocket6, also Simo’s implementation concept draws from Apple’s Aug-
mented Reality toolkit, ARKit [6], that utilizes an inside-out mobile tracking method
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using the SLAM technology natively available in off-the-shelf smartphones. With
the addition of a second phone, Simo extends the tracking framework of Pocket6
that enables touch and hand-motion inputs by the first phone’s back camera for
head, body, and eye-gaze tracking enabled by the second phone’s front-facing
camera tracking, as shown in Figure [4.1]

4.1.1 Prototype Versions

In the evolution of Simo, our development process was marked by the creation
of various prototypes, each refined and updated in response to the latest itera-
tions of iOS and ARKit. These versions ranged from initial rudimentary models
and prototypes to more sophisticated designs, each leveraging advancements in
smartphone technology and mobile augmented reality frameworks. This iterative
process was crucial in adapting Simo’s functionality to the evolving capabilities
of mobile operating systems (e.g. iOS) and our understanding of the potential of
ARKit and similar technologies.

Two-Phone Implementation

The initial implementation of Simo was based on Apple’s iOS 13 and ARKit 2,
which were limited to using only one specific camera at any given time. This version
lacked the native support for simultaneous tracking using both cameras at the same
time. Consequently, we decided for the addition of the second phone into the setup,
enabling each device to utilize one of its cameras for tracking purposes. Inspired
by the Modular Phone concept [228] and Magic Lenses [165, 173], we designed a
smartphone device prototype. This prototype combined two smartphones within
a single 3D-printed case, creating the impression for users of holding just one
device. Figure shows the prototype assembly and the final look. The lower
phone (iPhone XS) was entirely covered by the top-mounted phone (iPhone XS
Max), with the exception of a small notch to accommodate the front camera. The
lower phone utilized its front-facing camera for face-tracking and transmitted this
data via a local wireless network to the upper phone, which then merged it with
the data from its own back camera performing world-tracking. With this prototype,
we could start developing the Simo tracking principle, described in the following,
without the native support of simultaneous tracking. In the subsequent sections,
we dive deeper into the specifics of the tracking implementation.
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Figure 4.2: Initial Simo ﬁ)totype featuring a dual-smartphone setup encased in

3D-printed housing, cf. 4. Component employs the first phone performing

world-tracking, while component [{&] utilizes the second phone for face-tracking and
subsequently transmits this data to the first phone for sensor data fusion.

Single-Phone Implementation

Throughout the development of this thesis and its associated project, we consis-
tently updated and revised the initial Simo prototype mentioned above. A significant
milestone in our update process occurred with the release of ARKit 3, which intro-
duced native simultaneous tracking support on a single device. This breakthrough
confirmed our initial development trajectory and thesis goals, as it theoretically
allowed the Simo spatial tracking method to become accessible to everyone over
the platform of regular smartphones. In the following chapters, we will dive deeper
into each development phase, detailing the specific, step-by-step modifications
implemented throughout the project’s evolution. Finally, we conclude the final
single device Simo implementatio in the Chapter|Conclusion & Future Work|of

1Github - Simo implementation: https://github.com/teobabic/simo
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the thesis.

It is crucial to acknowledge that our implementation was based on the iPhone
smartphone and the Apple iOS operating system. Consequently, we find it impor-
tant to highlight the potential and limitations for implementing Simo on Android-
operated smartphones, which hold over 70% of the global market share [247].
Currently, the Android operating system and its ARCore [76] framework for spatial
tracking do not yet support simultaneous tracking. Therefore, for researchers fo-
cusing on the Android operating system, the two-phone implementation remains
relevant as a workaround for in-lab exploratory and research purposes.

4.1.2 Tracking principle

In the following, we describe the Simo tracking principle, which consists out of
three key measurements. Each measurement plays a crucial role in establishing
a comprehensive tracking system for tracking multiple body parts and ensuring
accurate real-world spatial mapping with the distant display:

* Smartphone-to-Display measurement: This establishes an absolute real-
world spatial reference between the smartphone and the distant display.

+ Hand-to-Display, Head-to-Display, and Eye-to-Display measurements:
These track the user’s hand holding the device, head pose (both position
and orientation), and the pose of both eyes in absolute world-space relative
to the distant display.

« Body-to-Display measurement: This approximates the user’s body pose in
absolute world-space relative to the distant display.

Smartphone- and Hand-to-Display Measurement

The upper smartphone’s back camera performed world-tracking to determine the
world-scale localization of the phone. This process allowed us to get the world-
spatial pose of the smartphone, and, crucially, we could imply the pose of the user’s
hand holding the device. Additionally, we utilized ARKit’s image-detection features
ARKIitWorldTracking [7] (or the Android equivalent ARCoreWorldTracking [77]) for
localizing the distant display in world-space. For this, we displayed a small logo
image on the distant display, which immediately disappears after it is located by
the camera of the world-tracking phone, see Figure. Together, this is how
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we could get the pose of the smartphone and the real-world distant display in
the same coordinate system of ARKit and provide the Smartphone-to-Display
measurement. In terms of tracked body parts, this equals the Hand-to-Display
measurement, which describes the spatial tracking between the device-holding
hand in relation to the distant display. Following this, the smartphone was capable
of adding additional body parts, that it could track, into the calculation of their
spatial positions and orientations relative to both the smartphone and the distant
display.

WORLD TRACKING

Figure 4.3: lllustration of the Smartphone-to-Display measurement, marked as
ﬁ which establishes a real-world spatial reference between the smartphone and
the distant display. This is achieved by the smartphone’s back camera capturing a
temporarily displayed logo on the distant display, enabling the spatial tracking of
the hand holding the device in relation to the distant display.

Head- and Eye-to-Display Measurement

In the next step, we added the face-tracking capability of the second phone into
Simo’s tracking framework. With the face-tracking, we could track the pose of the
user’s head and both eyes. Consequently, the Head-to-Display measurement was
calculated by merging the Hand-to-Display and the Hand-to-Head measurement,
derived from the face-tracking camera of the smartphone, cf. Figureﬂ. This
process was similarly applied to each eye, to determine the Eye-to-Display mea-
surement, cf. Figure. All sensor data, including the information about the
position and orientation of the head and eyes, was compiled on the first world-
tracking phone. To achieve this, the second phone, dedicated to face-tracking,
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transmitted all relevant data to the first phone via the local wireless network.

FACE TRACKING

WORLD TRACKING .

Figure 4.4: lllustration of the Head-to-Display and Eye-to-Display measurement,
marked as E and respectively. This enabled the spatial tracking of both the
head and eyes relative to the distant display.

Body-To-Display Measurement

One of our key thesis objectives was to simultaneously track as many input modal-
ities as possible to provide future developers with a rich set of input possibilities.
In this process, we recognized that body tracking is a frequently requested feature,
which typically requires complex camera-based tracking systems [113,[127]. Con-
sequently, we developed a method that approximates the pose of the user’s torso
from the head and hand tracking. This method operates under the assumption that
the body’s position equals the head’s position minus an y-axis offset (in our case
82.5 cm, the half of the average human height of 165 cm [167]), as depicted in the
line marked with [3 in Figure The body’s orientation is also matched to the
y-axis orientation of the head, resulting in the final Body-to-Display measurement.
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FACE TRACKING

WORLD TRACKING .

Figure 4.5: lllustration of the Body-to-Display measurement, marked as E This
enabled the spatial tracking of the user’s body relative to the distant display.

Since the direct coupling of the body’s and head’s pose provides false-positive
results, for example, if the user only turns the head, would the body also rotate (i.e.
where head-only turns would incorrectly suggest body rotation), we implemented
a high-pass filter. This filer checks whether the change in Euclidean distance
between the hand and head poses exceeds a threshold k within a 20 ms window.
This time window can be adjusted as needed in case other types of behavior
are needed. When this condition is met, indicating simultaneous hand and head
movement, we infer that the user is either turning or walking and accordingly
update the body’s position and orientation. A lower k value, cf. k=0.1 cm, resulted
in more responsive but potentially less accurate body tracking, while a higher
k value (e.g., 1.0 cm) led to less responsive but more stable tracking. In our
exploration, we empirically set k to 1.05 cm. In the implementation, we have
exposed the k threshold variable, allowing developers to adjust it for their specific
use cases in which Simo is employed. The detailed algorithm for approximating
the user’s body pose is outlined in the subsequent code snippe:

2Github - Simo algorithm implementation: https:/github.com/teobabic/Simo/blob/master/Assets/
SimoTracking/SimoTracking.cs
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Listing 4.1: Code snippet defining the position and rotation of the user’s body,
based on the hand and head pose.

float k; // Threshold
Vector3 hand, head, body; // Position
Vector3 previousHand, previousHead; // Position
Quaternion headRotation, bodyRotation; // Rotation

Vector3 headToBodyOffset = new Vector3(0, 82.5, 0); // Head-to-body offset

void Update()
{

// Execute every 20ms
float deltaHand = Mathf.Abs(previousHand - hand);
float deltaHead = Mathf.Abs(previousHead - head);

deltaHand > k;
deltaHead > k;

bool isHandMoving
bool isHeadMoving

if (isHandMoving && isHeadMoving)

{
body = head - headToBodyOffset; // Body position
bodyRotation.y = headRotation.y; // Body rotation
}
previousHand = hand;
previousHead = head;
}

To summarize, Figure shows all input modalities tracked by Simo. In the
following chapter, we dive deeper into a detailed technical analysis of these
tracking capabilities, defining the specific interaction spaces for each modality and
highlighting their respective limitations.
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A ‘\7 L
SIMULTANEOUS WORLD AND FACE TRACKING § HAND MOTION TRACKING

BODY MOTION TRACKING

Figure 4.6: In summary, Simo implements simultaneous use of the front and back
camera of the smartphone for tracking of the absolute world-space pose of the
user’s device (hand), body, head, and eyes (gaze). Combined with touch inputs, this
potentially enables, after a simple app download, any smartphone user to perform
powerful multimodal spatial interactions for distant displays.

4.2 Analysis of Technical Capabilities and Limitations

To get a deeper understanding of Simo’s advantages and limitations and to define
its tracking range, we conducted three experiments. For the hand-tracking via
the back camera, we did not see any particular limitations also based on our
experience from the Pocket6 project, as long as we have enough light in the
room and we do not have any obstacles, such as fingers or other users, blocking
the camera’s view for prolonged periods of time. Our primary focus, however,
was on identifying the limitations related to head-tracking and understanding how
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smartphone movement affects it. We, therefore, conducted the following three
experiments to address these issues.

4.2.1 Participants

A total of 20 volunteers (5 females and 15 males) were randomly chosen from
a local organization to participate in our experiments, with an average age of
M =28.1 (SD = 7.8). All participants were regular computer and smartphone
users, including two who were left-handed. The entire study, encompassing all
three experiments, took approximately 15 minutes for each participant.

4.2.2 Analysis 1: Head Rotation Tracking

Head rotations typically range from —80/80° left/right and —60/50° down/up, as
per the standard human range of motion [239], and are expected to be tracked
within these limits. Consequently, our investigation focused on determining how far
users can rotate their head until the head-tracking system cannot reliably detect
the head rotation, leading to inaccuracies in the measured values.

Procedure and Task

In the experiment, participants were instructed to hold the smartphone approx-
imately 40 cm in front of their eyes. For the baseline, a Vive tracker [265] was
attached to the participant’s head with a headband to accurately measure the
head rotation. Throughout the experiment, head rotation data was simultaneously
recorded by both the smartphone and the Vive tracker. Participants were instructed
to rotate their heads once to the left, right, upward, and downward. They were
advised to rotate their heads in a controlled manner to avoid injury and to stop the
rotation at the point of discomfort, indicating their maximum range of motion. For
the analysis of the results, we defined that the head-rotation tracking by Simo was
deemed unreliable once the difference between the average head-rotation error,
compared to Vive’'s measurements, exceeded 5°.

Results

Figure [4.7] provides an overview of the smartphone’s head-rotation-tracking per-
formance. We found out that for the head rotation to the left and to the right, the
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smartphone’s head tracking was less accurate once the head rotation exceeds
60°, see Figure@ﬂ. Similarly, the tracking accuracy reduced at 67° for upward
rotations and at 35° for downward rotations, illustrated in Figure@.
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Figure 4.7: The figure displays all head rotation data collected through Simo
(indicated by blue dots) against data from Vive (shown in black). The orange
highlighted sections represent angles exceeding the reliable tracking limit, where
head rotation tracking becomes inaccurate, with an angular error greater than 5°.

4.2.3 Analysis 2: Smartphone’s Front Camera Field of View

The effectiveness of head tracking can also decrease when the user’s face moves
beyond the camera’s field of view. Therefore, the following experiment aimed
to precisely determine the front camera’s field of view where head tracking still
remains possible.

Procedure and Task

Similar to the previous setup, participants were asked to hold the smartphone posi-
tioned in front of them. Participants were asked to hold their head still while slowly
rotating the smartphone to the left, then to the right, upwards, and downwards.
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During this procedure, the rotation of the smartphone was measured, recording
the angle at which head tracking failed.

Results

On average, head-tracking failed to function when the smartphone was rotated
left for 15.5° (SD = 0.8°), right for 15.5° (SD = 0.8°, upwards for 23.5° (SD =
0.7°), and rotating the smartphone downwards for 18.4° (SD = 1.3°). These
results define an interactivity frustum for head-tracking. The frustum’s origin point

aligns with the front camera of the smartphone, featuring a horizontal angle of
31.0° (5D = 1.5°) and a vertical angle of 41.9° (SD = 1.7°), as depicted in

Figure.

Figure 4.8: The diagram illustrates the range of head rotations for upward/down-

ward [2¥ and leftward/rightward E movements, the horizontal [{&}] and vertical E
field of view (FOV) for front camera-based face tracking.

4.2.4 Analysis 3: Smartphone’s Holding Position

The last experiment focused on examining the changes in the smartphone’s
position and orientation when it is held in a typical manner, compared to its usage
with Simo for head-pointing at a distant display.
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Procedure and Task

In this experiment, participants were asked to look at the smartphone and play
with it while holding it as they would normally. During this time, we captured
the smartphone’s position and orientation relative to the user’'s head. Later, we
introduced a distant display (170 x 95.5 cm screen, 2 meters away from the user)
with an interactive head-pointing cursor feature, as illustrated in Figure [4.9]

Figure 4.9: The setup of the third experiment, where participants interacted with a
smartphone and a distant display. Participants were instructed to manipulate this
cursor by using Simo with an implemented head-pointing interaction technique for
two minutes.

Participants were instructed to interact with this display by moving a cursor remotely
for about two minutes, after which they were asked to align the cursor at the
center of the display. At this point, we captured the position and orientation of the
smartphone again.

Results

The findings of the experiment indicated that, on average, participants held the
smartphone at a —50.1° angle (SD = 2.0°) along the x-axis relative to their head,
as shown in Figure E During their interaction with Simo and the distant
display, this angle shifted to —55.0° (SD = 2.9°), as illustrated in Figure@.
This indicates that when users transitioned to using Simo, they slightly lowered
their hand by approximately 5°. In contrast, the angles on the z- and y-axes
remained relatively constant, with changes less than 1°.
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S

Figure 4.10: The diagram illustrates the typical angles of holding a smartphone
in regular use |=| and while Simo is used [igl. Furthermore, is illustrates Simo’s

resulting interaction space .

4.3 Resulting Interaction Space

To summarize, we draw from the results of all three experiments and outline the
resulting interaction space of Simo, as shown in Figuresections m and in
Figure. The vertical angle of —55°, representing the typical smartphone
holding angle during Simo interaction (refer to Figure), combined with
the vertical head-rotation tracking limits of 67° upward and —35° downward (as
shown in Figure), resulting in a vertical interaction span of 12° upward
and —90° downward, as depicted in Figure. It's important to note that,
within this range, the head-rotation tracking is highly reliable. Beyond the 12°
limit, the tracked head-rotation is still possible. However, it will gradually become
less accurate (resulting in "drift") until eventually becoming unreliable at angles
exceeding 22.1° above the eye-line. The resulting horizontal angle of the Simo
interaction space maintains a consistent angle of 60.0° on both sides, as illustrated

in FigureE.
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4.4 Summary

In this chapter, we presented Simo’s implementation process, from its initial two-
phone prototype to its final single-phone implementation, both focusing on enabling
simultaneous use of the smartphone’s front and back cameras. We detail Simo’s
implementation, highlighting its capability to track hand, head, body, and eye-gaze
movements in the world-space, without the need for external tracking devices.
Finally, we presented a technical analysis that outlines the available interaction
spaces and identifies the tracking limitations inherent to our smartphone-based
tracking approach.

To summarize, the analysis provided a clear understanding of Simo’s effective inter-
action space, considering both head-rotation and field-of-view tracking limitations.
The conducted analyses highlighted specific angular limits for accurate tracking
and exposed thresholds beyond which reduced precision occurs. Additionally, the
analysis investigated smartphone holding angles, noting minor alterations during
interaction with Simo.

In the next chapter, we delve further into the exploration of our approach for utilizing
smartphone-based spatial interactions with distant displays. We show how we
designed and evaluated an array of multimodal interaction techniques suitable for
inside-out systems such as Simo. Furthermore, the following chapter presents the
results of our usability evaluation. Here, the goal was to identify the most effective
multimodal interaction technique for interacting in contexts ranging from simple
2D pointing to complex 3D object manipulation on a distant display using only
smartphone-based tracking.
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Designing and Evaluating Multimodal
Interaction Techniques for 2D and 3D
Distant Displays Interaction

In this chapter, we discuss the exploration of interaction techniques suitable for
inside-out systems like Simo and address the challenge of selecting the most
effective technique for a range of applications, from simple 2D pointing to complex
3D object manipulation. This selection process often involves trade-offs due to
the limited input modalities enabled by inside-out systems [234]. Researchers
frequently confront the dilemma of choosing between richer interaction possibilities
that require external trackers and simpler setups that offer fewer modalities [200].
We conduct a detailed analysis of different interaction techniques, drawing inspira-
tion from existing related work on touch [60], ray-casting [180], plane-casting [120],
and virtual-hand interactions [12], where researchers highlight each techniques
efficacy and limitations.

Based on our Simo prototype, using simultaneously the front and back camera of
the smartphone, we present the design of multimodal interaction techniques that
combine touch inputs with realtime world-space tracking of the user’s hand, body,
head motion, and gaze. Furthermore, we show how our systems can enable very
precise spatial interactions through the integration of a dual-precision approach (i.e.
input refinement mode), where a primary input mode is used for fast and coarse
interactions while another secondary mode can be used for precise refinement.
The main part of this chapter is represented by the two studies, evaluating our
novel smartphone-based tracking approach and comparing the performance of
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our multimodal interaction techniques, inclusive of the refinement mode, within
both 2D and 3D distant display contexts. Our aim in these studies was to identify
the most effective methods for user interaction. With this exploration we evaluated
the capabilities of the current system but also showed general future directions
where the balance between interaction richness (i.e. amount of enabled modalities
and interaction techniques), and system complexity can be optimized for better
user experience and wider application [59].

Finally, we showcase how Simo can be used for a variety of 2D and 3D interaction
scenarios, ranging from simple games to advanced 3D user interfaces. Addition-
ally, we demonstrate the capability of our smartphone-based tracking system in
enabling not just the input but also the output of 3D user interfaces, leading to
enhanced rendering of 3D content on a 2D display.

5.1 Designing the Interaction Techniques

To evaluate the effectiveness of our novel smartphone-based tracking method, we
designed interaction techniques for which we conducted a user study to gather
quantitative performance data. While in our preliminary work with Simo, explained
in Chapter [4 we performed a technical analysis of our system’s tracking range,
in this evaluation, we focused on analyzing user input performance with a va-
riety of multimodal 2D and 3D interaction techniques. Based on prior research
on smartphone-enabled interaction with distant displays, we found studies that
compared various techniques: touch with head-pointing [234], touch with ray-
casting [180, 234], touch with a virtual-hand [28, [107], and touch with gaze [259].
Consequently, we decided to design touch, ray-casting, virtual-hand, and head-
pointing techniques for our comparative study. The primary goal was to find
interaction techniques that require little physical overhead and which provide high
accuracy, even while interacting with very small target objects. Due to the lacking
implementation of eye-gaze tracking in ARKit, at the time as we conducted our
study, we were unable to include eye-gaze techniques into this particular study. It
is noteworthy that eye-tracking was subsequently added to ARKit, which we then
included in our open-source Simo projec

1Github - Simo implementation: |https:/github.com/teobabic/simo
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Similarly, as in other works, we included a dual-precision approach [138, [180],
where one primary modality or input mode is used for coarse ("suggesting") and a
second for fine-grained inputs ("refinement"). This approach was proven to be very
useful for accurately selecting very small targets. Noting that most related studies
focus on these techniques in the context of 2D user interfaces, we additionally
incorporated a 3D user interface task to test their efficacy with a distant display.

In the following, we discuss the design of our four distinct interaction techniques,
illustrated in Figure 5.1}

* Touch The Touch technique maps the user’s finger movements on the
smartphone’s touchscreen into cursor movements on the distant display. The
entire surface of the distant display (170 cm x 95.5 cm) is correspondingly
mapped to the touchscreen area of the phone, encompassing its full width
(6.9 cm or 1242 px) and the proportional height (3.9 cm or 698 px). In the
primary mode, a 1:1 mapping ratio is employed, whereas the refinement
mode utilizes a 2:1 mapping ratio, following the suggestion from Kyt6 et
al. [138], in doubling the finger movement needed to move the cursor the
same distance as in the primary mode.

« Pointer The Pointer technique employs ray-casting, projecting a ray forward
from the top of the smartphone. In the primary mode, Pointer utilizes an
absolute pointing method, while the refinement mode adopts a relative
pointing approach with a 2:1 ratio. This means that starting with the current
cursor position when switching to the refinement mode, only a half-degree
per physically performed full-degree in smartphone rotation is applied to the
ray’s orientation update.

+ Hand We implement a virtual-hand metaphor to map hand motions, where
a 2D/3D virtual hand or cursor mimics the user’s hand and directly follows
its movement. The hand’s position is tracked within a virtual control space
measuring 50 x 20 x 20 cm, which aligns with the display space of 170 x
95.5 x 95.5 cm (1920 x 1080 x 1080 px) in the primary mode. Similar to
earlier techniques, we shift to a 2:1 relative mapping in the refinement mode
for more precise control.

+ Head We also included head-pointing, a fundamental technique in aug-
mented and virtual reality setups, yet often overlooked for distant display
interactions. The Head technique works similarly to the Pointer technique,
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with the difference that the head position is the origin of the ray, and the
ray’s direction is defined by the direction the head or nose faces. In refine-
ment mode, Head technique mirrors the Pointer technique’s functionality,
where the degree applied to the cursor gets halved when switching to the

refinement mode.

I :"
§

POINTER

Figure 5.1: Multimodal interaction techniques enabled by Simo. The Touch tech-
nique maps finger movements on the smartphone’s touchscreen to cursor move-
ments on a distant display, with a 1:1 mapping ratio in primary mode and a 2:1 ratio
in refinement mode for precise control. The Pointer technique uses ray-casting
from the smartphone, offering absolute pointing in primary mode and halved cur-
sor movement in refinement mode for enhanced accuracy. The Hand technique
employs a virtual-hand metaphor, where a virtual hand or cursor in 2D/3D space
mimics the user’s hand movements, offering direct control within a defined virtual
space. The Head technique incorporates head-pointing, where the head’s position
and orientation define the ray’s origin and direction, with refinement mode reducing
cursor movement degree for precise interactions.
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5.1.1 3D Interaction

While all four interaction techniques can be used for 2D user interfaces, only Hand
directly includes native 3D capabilities. The remaining three techniques can be
adapted for 3D by using their standard 2D methods for cursor positioning on the x-
and y-axes and employing the Hand technique’s "fishing reel" metaphor for z-axis
control [37]. In the Pointer technique, device tilting moves the cursor across the
x/y plane, while moving the hand forward or backward adjusts its cursor’s position
along the z-axis. Likewise, with the Head technique, users direct the cursor on
the x/y axes through head-pointing, and use hand movements back and forth to
control the depth of the cursor on the z-axis.

Finger Tap——> Selection

Finger Down——— Pointing —
Finger Up————> Primary <—Finger Up Finger Down
‘ —‘ jt Screen Top Area

Grab ¢«———Swipe to Screen Bottom Area—— Eontng
g : or Grab
Primary ——Swipe to Screen Top Area—> Refined

Figure 5.2: Overview of touch input states and transitions. It shows the logic behind
the touchscreen’s use for selecting 2D targets and manipulating 3D objects. It shows
how the touchscreen is divided into two horizontal areas for different interactions:
the bottom area for object interaction (selection and grab mechanics) and the
upper part for activating refinement mode. The diagram also details the input state
transitions, highlighting how a short tap (under 250 ms) triggers selection, while a
longer touch activates the grab mechanic.

5.1.2 Touchscreen Interaction

For selecting 2D targets or grabbing 3D objects, the smartphone’s touchscreen
was used. The selection action was implemented as a short finger tap, triggered
when the time difference between the touch down and up event was smaller
than 250 ms, as in [234]. Touch was chosen as the primary selection method

because of its deliberate interaction, along with its fast and reliable recognition.

In addition to the tap, a grab mechanic was implemented used for 3D object
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manipulation, activated when the duration of the touch down event exceeded
250 ms. Since tapping was also the method to transition between primary and
refinement techniques, the touchscreen was evenly split evenly into two horizontal
areas, similar to the approach in the work of Nancel et al. [182]. The touchscreen’s
bottom area was dedicated to object interaction, while the upper part enabled the
activation of the refinement mode. Figure [5.2illustrates all touch input states and
the transitions between them.

5.2 Evaluation

We conducted two studies aimed at comparing the precision and effectiveness of
our multimodal interaction techniques when used with a distant display, in order to
deepen our understanding of their practical application and performance. In the
first study, we focused on 2D pointing and selection tasks, whereas the second
study focused on 3D selection and manipulation tasks involving 6DOF docking
tasks, as depicted in Figure 5.3\ Across both studies, our objective was to identify
not only the most effective primary and refinement techniques but also the optimal
pairing of these techniques.

Figure 5.3: The figure depicts the apparatus used in our study, where the Simo
smartphone app communicates wirelessly with a distant display and the connected
computer.
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5.2.1 Apparatus

In the overall setup, the Simo smartphone app transmitted all the tracked and
processed user inputs to the distant display computer, which then rendered the
user interface on the distant display. We used a projector (Epson EH-TW5650)
with a projected image size of 170 x 95.5 cm (1920 x 1080 px) as a distant display.
In contrast to the Pocket6 apparatus described in Chapter[3} we have transitioned
from using a large display to a projector, solely because of the availability of
hardware in our office. As in similar studies, participants were instructed to stand
on a marked spot, centered and 2 m away from the projected image [180,234]. The
application for the study was developed in Unity using C# and was communicating
with the smartphone via the local wireless network.

Signal Filtering

When performing simultaneous face- and world-tracking from a single handheld
device, we need to be aware of an accumulated tracking noise error. This is
because tracking noise in world-to-device camera tracking cumulatively adds up
to the noise in device-to-user tracking. For instance, a jittery hand movement by
the user impacts not only the pose of the smartphone but also the positioning of
the head, body, and eyes. Therefore, we use the 1< filter to minimize the overall
tracking noise [44,|45]. The most effective filter parameters were identified as: for
hand-position (mincutoff= 0.1, 8 = 0.5), for hand-orientation (mincutoff= 0.1,
B = 80), for head-position (mincutoff= 0.001, 8 = 0.01), and for head-orientation
(mincutoff= 0.1, B = 25). The frequency setting for all these filters was set at 60
Hz, with a dcutoff value of 1. The body pose calculation was performed post the
signal filtering. Therefore, no additional filtering was necessary for body tracking.

5.2.2 Participants

A total of 18 paid volunteers (7 female, 11 male, average age M = 28.9, SD = 6.0)
from various departments of the local organization participated in the study. Among
them, 6 participants had prior intermediate experience with device ray-casting
techniques, from using the Nintendo Wii controllers. All participants performed
both studies consecutively within a total duration of one hour.
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5.2.3 Study 1: 2D Pointing

In the first experiment, we investigated the performance of Simo and its four
interaction techniques (Touch, Pointer, Head, Hand) in a 2D pointing task, while
using them in combination with a distant display. We cross-combined all techniques
with each other so that each possible combination of primary technique and
optional refinement technique was considered. In this study, we used explicit target
selection executed through a tap on the touchscreen.

Task

The task environment for our study was modeled after the experiment conducted by
Vogel et al. [268]. In the task, participants needed to select a 5 cm diameter circular
target using a cursor as shown in Figure[5.4. The cursor was represented as a 1 cm
diameter circle, which changed into a 2 cm crosshair during the refinement mode.
Targets were randomly placed throughout the entire distant display, maintaining a
constant 50 cm distance from one target to the next. Before the study, we instructed
participants to align the cursor with the target as precisely as possible, and to
do so as quickly as possible. To discourage participants from excessive effort
on accuracy over speed, we set a 5-second time limit for each trial, a duration
determined from our pilot study results.

Design

The study utilized a repeated measures within-subject design, incorporating two
variables:

 primary technique (Touch, Pointer, Hand, Head), and

« refinement technique (None, Touch, Pointer, Hand, Head).

We excluded the Pointer+Head combination from the study due to the incompati-
bility of these two techniques. Participants completed 20 target selection blocks
per technique, with an additional 5 blocks reserved for training purposes. In total,
each participant completed 380 trials (19 techniques x 20 blocks). The sequence
of techniques was randomized for each participant to ensure variability.

For each trial, we measured the selection time and error, determined by the spa-
tial difference between the cursor and the target position upon selection. After
each technique, participants were asked to provide their subjective feedback by
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commenting on the currently experienced primary and refinement techniques
regarding ease-of-use, physical, and mental demand. After the experiment, we
asked participants also to select and comment on the three best and worst per-
forming combinations. The subjective feedback sessions were also used as a
break from the interaction to mitigate potential physical fatigue.

0
TARGET /

APPARATUS

@ @I— 2D

/.

CURSOR

PRIMARY INPUT REFINEMENT SUCCESS ERROR

Figure 5.4: Figure showing the study setup, including both target and cursor
visualizations, and also details the visualization variations in both primary and
refinement modes.

Results

A repeated-measures ANOVA with an alpha level of 0.05 was conducted to analyze
time and error data. When the assumption of sphericity was violated, indicated by
using Mauchly’s test, we used the Greenhouse-Geisser corrected values in the
analysis. The post-hoc tests were conducted using pairwise t-tests with Bonferroni
corrections. The analysis of time and error metrics included only successful target
selections, accounting for 6782 out of a total of 6840 trials, or 99.2%. For the
analysis, we considered all instances where a particular technique occurred as the
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primary mode or refinement mode respectively. It should be noted that all pairwise
comparisons presented below adhere to a significance level of p < 0.001, unless
noted differently.

Time We found a significant main effect on time for the primary modes (F3,957 =
362.39, p < 0.001), refinement modes (F4,1276 = 174.30, p < 0.001), and the
interaction between the primary x refinement techniques (F12,3828 =93.19,p <
0.001), as depicted in Figure [5.5]
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None
Touch
Pointer
Hand
Head
None
Touch
Pointer
Hand
None
Touch
Pointer
Hand
Head

Primary: Touch Pointer Hand Head

Figure 5.5: Mean selection times of our interaction techniques, with error bars
representing the standard deviations and the pattern-filled bars highlighting the
fastest and slowest technique.

Technique
Study Metric Mode Touch Pointer Hand Head None
Time (ms) Primary 2908 (511) 2408 (373) 2525(404) 2528 (397) -
2D [ Refinement |2410 (382) 2713 (433) 2594 (387) 2873 (517) 2489 (421)
Error (cm) Primary 0.80 (0.40) 0.79(0.41) 0.89(0.48) 1.00(0.55) -
‘ Refinement [0.69 (0.38) 0.87(0.46) 0.75(0.37) 0.93(0.49) 1.14(0.62)
D Time (5) Primary - 23.3(8.06) 223(7.64) 284(9.59) -
Refinement |- 23.5(8.07) 26.5(9.65) 26.9(8.36) 23.0(7.73)

Figure 5.6: The study results contain the mean times and errors of our interaction
techniques in both primary and refinement modes, with standard deviations en-
closed in brackets. These numbers aggregate all attempts across all participants.
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Faster / more accurate Slower / more inaccurate,
Study Metric Mode 1st 2nd 3rd 4th 5th

. Primary Pointer Hand/Hand Touch - -

2D Time (ms) Refinement [Touch None Hand Pointer Head
Error (cm) Primary Touch/Pointer Hand Head - -
Refinement |Touch Hand Pointer/Head None -
. Primary Pointer/Hand  Head - - -
o Time (s) Refinement |Pointer/None Hand/Head - - -

Figure 5.7: The study results represent a ranking order, starting from the fastest and
most accurate to the slowest and least accurate among our interaction techniques,
covering both primary and refinement modes.

For the primary mode, which supported participants by moving the cursor quickly
over a large distance, we found that the Pointer was the fastest technique, followed
by Hand and Head, which were equally fast, while lastly Touch was the slowest,
as shown in Figure [6.6/and Figure[5.7] For the refinement mode, which is used
to refine the cursor’s final position Touch was the fastest technique, followed by
None, Hand, Pointer, and Head, which were all significantly different from each
other. These results reveal that certain interaction techniques are great for fast and
coarse pointing but are too slow for fine adjustments. For instance, while Pointer
stands out as the quickest in the primary technique, it ranks as the second slowest
in refining. Conversely, Touch, is the slowest for coarse pointing and proves to be
the fastest for refining.

Upon evaluating the 19 different combinations of primary and refinement tech-
niques, it became evident that some pairings performed better or worse than
what their individual mode averages suggested. Our initial expectation was that
the Pointer-Touch combination would emerge as the fastest overall, since it is a
combination of the fastest primary and the fastest refinement technique. However,
our results contradicted this assumption. Surprisingly, the Head-Touch ranked as
the fastest technique, as shown in Figure [5.5] This underscores the significant
gains in performance that can be achieved through the optimal understanding
and pairing of techniques. Analyzing other pairings where Head functioned as the
primary technique, like Head-Touch, Head-Pointer, and Head-None, we noticed
their speed was only mediocre. However, the particular Head-Touch combination
distinctly excelled, proving to be the overall fastest. On the other end of the scale,
regarding the slowest techniques, the Touch-Head technique was the slowest,
reinforcing the notion that individual technique’s performances are worth consid-
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ering, as Touch and Head are indeed the slowest in their respective primary and
refinement categories. All significant differences in these combinations and their
effects on performance are depicted in Figure
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Figure 5.8: Matrix showing significant (p < .05) interactions among the 19 evalu-
ated 2D techniques. In row A, technique X (blue for faster, orange for more accurate,
green for both faster and more accurate) compares with technique y in column B.
Additionally, the matrix shows all significant (o < .05) interactions among the 11
tested 3D techniques regarding time, represented by black dots (where e indicates
faster performance).

N

N

D=2 (|2 |00

Error Significant main effects were observed in error rates between the primary
techniques (F3,942 = 65.249,p < 0.001), refinement techniques (F4,1256 =
160.278, p < 0.001), and their interactions between the primary x refinement
techniques (F12,3768 = 20.540, p < 0.001), as depicted in Figure[5.9
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Figure 5.9: Mean pointing error across our interaction techniques. The error bars
represent standard deviations, while the pattern-filled bars highlight the techniques
with the highest and lowest accuracy.

In terms of accuracy, we need to point out that we were surprised by the overall
accuracy of Simo. Regardless of the technique used, participants consistently
achieved a precision level under 1.14 cm, as shown in Figure[5.6]

The study revealed that both Touch and Pointer were the most precise primary
modes (p = 0.57), followed by Hand and Head. It was expected that the refine-
ment mode was more important for accuracy since it is used to correct the pointing
error. The results indicate that Touch emerged as the most precise refinement
technique, closely followed by Hand, Pointer, and Head, which did not significantly
differ in accuracy, and None ranking as the least accurate. From all 19 interaction
techniques, the results show that techniques where Touch is used for refinement
are the most accurate, with Touch-Touch standing out as the most accurate of all.

Our study indicates that a refinement mode can improve the selection accuracy for
up to three times. As an example, we show in Figure [5.10]the comparison between
the Head-None technique (without refinement) and Head-Touch technique using
Touch for refinement.
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Head-None Head+Touch

X (cm)

Figure 5.10: All selection points, showing the selection accuracy of the Head-
None (no refinement) and Head-Touch (with refinement) technique. The coordinate
system represents the distance from the exact target centre.

Our results align with the findings from Kyto et al. [138], who showed that refine-
ment in head-mounted AR can improve accuracy for nearly five times, as well
as the findings from Sparkov et al. [243], Chatterjee et al. [47] and Jalaliniya et
al. [110], who found a threefold accuracy improvement for combining eye-gaze
with hand gestures or head-pointing in distant display interaction.

Our findings reveal that even in interactive systems where only one input modal-
ity is provided, offering a refinement mode based on this same modality can
significantly improve accuracy. This is evident from the better performance re-
sults of Head-Head, Touch-Touch, Pointer-Pointer, Hand-Hand, and Head-Head
techniques compared to their respective *-None counterparts. Furthermore, in
multimodal systems, mixing different modalities can lead to even greater accuracy
improvements, as indicated by the performance comparison between Head-Head
(uni-modal) and Head-Touch (multimodal). These observations align with the re-
search of Kyt6 et al. [138], who also concluded that their unimodal head-head
combination outperformed other primary techniques in terms of pointing accuracy
in AR glasses setting.

Subjective feedback All 18 study participants expressed that the combina-
tions Head-Touch, Pointer-Touch, and Pointer-Pointer are the best. This positive
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feedback was supported by comments, such as:

"Head-Touch, this is really good, since | only need to look at the target and the
cursor is already there, then | just fine-tune. For bigger targets, you wouldn’t even
need a cursor.” - P10

"Pointer-Touch, this combination is really good; it very nicely calms down the
cursor." - P6

All 18 participants subjectively ranked the two combinations Head-Touch and
Pointer-Touch among the top three preferred techniques. The Head-Touch com-
bination was ranked first by 7 participants, while Pointer-Touch was chosen 4
times.

Furthermore, Pointer-Pointer was ranked in the top three by 6 participants (3 times
as overall best), with arguments like:

"Pointer-Pointer, I like this one, since you do not need to do any touch actions,
besides the tap." - P15.

Moreover, the Head-Head technique was in the top three 3 times (once as the
best), and the Hand-Hand, Hand-Touch, and Touch-Touch combinations each
appeared 2 times in the top three, with each being rated as the best once.

Participants further provided valuable comments explaining, that touch-based
techniques can feel slower compared to non-touch techniques, as explained in the
following comment:

“Touch-Touch it’s very precise, however, | need to perform multiple swipes, which
makes me slow." - P16.

Participants also pointed out that switching between modalities, for refinement,
can reduce performance and be mentally demanding:

"Pointer-Hand, the input movement feels the same as Pointer-Pointer, although
its harder. | would rather stay in the same modality as Pointer-Pointer." - P16

"Head-Hand, I'm slow, since | need to stop rotating my head and start moving my
hand. This makes me slow, and | need to actively think about doing it also.” - P13

115



116

5. Designing and Evaluating Multimodal Interaction Techniques

"Head-Pointer, this is too complex, a bad combination.” - P1.

Finally, many participants were pleasantly surprised by the precision of solely

using unimodal primary techniques without refinement:

"Hand-None, this is surprisingly precise." - P17

However, they also saw the value in refinement mode, as explained in comments

such as:

"Pointer-None, is fast and kind-of precise but | would still like to have a refinement

mode." -

P12

In Figure [5.11] we show the subjective user rankings across all participants and
all interaction techniques.

Participant [1st 2nd 3rd Technique Ranked Ist  [Ranked top three
1 Head-Touch Head-Head Pointer-Touch Head-Touch 7 17
2 Hand-Touch Pointer-Pointer |Pointer-Touch Pointer-Touch 4 18
3 Hand-Hand Head-Touch Pointer-Touch Pointer-Pointer 3 6
4 Touch-Touch Pointer-Touch |Head-Touch Head-Head 1 3
5 Pointer-Touch |Touch-Touch Head-Touch Touch-Touch 1 2
6 Pointer-Touch |Head-Touch Pointer-Pointer Hand-Hand 1 2
7 Head-Touch Hand-None Pointer-Touch Hand-Touch 1 2
8 Pointer-Pointer |Pointer-Touch |Head-Touch Head-Head 0 3
9 Head-Head Head-Touch Pointer-Touch Hand-None 0 2

10 Head-Touch Pointer-Touch |Head-Head Pointer-None 0 2
11 Pointer-Touch |Head-Touch Pointer-Pointer

12 Head-Touch Pointer-Touch |Pointer-None

13 Head-Touch Hand-Hand Pointer-Touch

14 Head-Touch Pointer-Touch |Pointer-None

15 Pointer-Pointer |Pointer-Touch |Head-Touch

16 Pointer-Pointer |Head-Touch Pointer-Touch

17 Pointer-Touch |Hand-None Head-Touch

18 Head-Touch Pointer-Touch |Hand-Touch

Figure 5.11: The results of the subjective user rating. The left table shows individual
participant ratings for interaction techniques, ranked from 1st to 3rd. The right table
aggregates these ratings, indicating how often each technique was ranked 1st the
number of times it appeared in the top three choices across all participants.

5.2.4 Study 2: 3D Selection and manipulation

In our second study, we investigated the performance of Simo and our interaction

techniques (Pointer, Head, Hand) while using them in a 3D docking task in combi-
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nation with a distant display. We excluded the Touch techniques from this study,
since the touch interaction conflicts with the 3D manipulation task, where touch
is required for "grabbing" 3D objects. Similar to the previous study, we combined
each primary technique with all refinement techniques, resulting in a total of 11
distinct interaction techniques.

Task

The design of our study is primarily based on the methodology used by Berge et
al. [28] and is similar to other comparable experiments [31,[297]. Participants were
required to perform a 6DOF docking task, shown in Figuren, where they
had to select a 3D object within a three-dimensional space and accurately align it
with a target object, ensuring a match in position, rotation, and scale.

CURSOR TRANSLATE

ALTERNATIVE TARGET
TARGET POSITIONS \'

Figure 5.12: The depiction of the implemented 3D docking task: [§f shows the
target, cursor, and alternate target positions. displays the progression of the
docking task, showcasing the use of the 3D widget for translation, scaling, and
rotation. 5} shows the final position and orientation after successfully completing
the task.
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We incorporated 3D widgets [103] for rotating and scaling tasks of the 3D object,
following established practices and a conventional method for manipulation of 3D
objects [144]. Our implementation of the 3D widgets can be seen in Figure

2-4 1

The 3D cursor was designed to automatically pre-select the nearest 3D object or
widget as participants moved it, as proposed by Baloup et al. [20]. Participants
were then required to confirm the selection of the pre-selected object or widget, via
touch. Upon selection, the 3D object had to be translated, with the translation being
directly mapped to the cursor. Additionally, users interacted with 3D widgets for the
necessary rotation and scaling of the object. We used axes separation [53}|163]
on the 3D widgets, by which the cursor’'s up/down movements were scaling the 3D
object uni-formally. Left/right movements were used to rotate the object around
the y-axis. As in the first study, the cursor changed from a spherical shape (1 cm
diameter) in the primary mode to a 3D crosshair (3 x 3 x 3 cm) in the refinement
mode. For each trial, the position of the 3D target was randomly assigned from a
pre-defined list of all possible positions. The list of target positions was generated
before the study and included 3D coordinates which all had a different 3D position
on all three axes. The rotation and scale of the 3D targets were randomized for
each trial in a way that the next target was always at least 90 — 270° differently
rotated and at least 10-30 cm differently scaled than the previous target. A docking
task was deemed successful when the two objects (moving and target object)
position aligned within < 2cm on each axis, its rotation varied by < 4° degrees,
and its scale differed by < 2cm. We defined these parameters based on a previous
pilot study and would like to highlight that this requires very high precision - when
fulfilling these constraints, the two objects were visually perfectly aligned, as seen
in Figure m As in the first study, we instructed participants to align the two 3D
objects as precisely as possible and to do so as quickly as possible. To discourage
excessive effort on accuracy at the expense of time, a limit of 40 seconds was
placed on each trial.
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Design

We employed a within-subject design involving repeated measures, focusing on
two variables:

« primary technique (Pointer | Hand | Head)

+ refinement technique (None | Pointer | Hand | Head)

Due to the incompatibility of the two techniques, the combination Pointer+Head
was excluded. For each technique, participants completed a block of 3 docking
tasks for each technique, in addition to 3 training blocks. In total, each participant
completed 33 trials (11 techniques x 3 blocks). The order of interaction techniques
presented to each participant was randomized.

We measured the task completion time of each trial. After each technique, par-
ticipants were asked to provide their subjective feedback by commenting on the
experienced primary and refinement technique regarding ease-of-use, physical,
and mental demand. After the experiment, we asked participants to select and
comment on the three best and worst-performing combinations. The subjective
feedback phase was also used as a break from the interaction to mitigate potential
physical fatigue.

Results

A repeated-measures ANOVA, with an alpha level set at .05, was conducted to
analyze the task completion time data. Similar to the first study, we checked our
data for sphericity and conducted post-hoc tests as part of our analysis. The
time analyses included only successful target selections, accounting for 588 of
594 total trials, which represents 98.9% of the total data. Similarly to the first
study, we considered all combinations where a particular technique occurred as a
primary mode or refinement mode, respectively. It should be noted that all pairwise
comparisons detailed below are significant at the p < 0.001 level, unless specified
otherwise.

Time We found a significant main effect on placement time between the primary
techniques (F2,100 = 26.626,p < 0.001), refinement techniques (F3,150 =
7.535, p < 0.001), the interaction between the primary x refinement techniques
(F6,300 =2.339,p < 0.032).
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Figure 5.13: Mean placement task duration across our interaction techniques.
Error bars indicating the standard deviations and the pattern-filled bars highlight
the quickest and slowest techniques respectively.

In the comparison of primary techniques, it was found that both Pointer and Hand
performed at a similar speed, and were faster than the Head condition, as shown
in Figures 5.6 and For the refinement techniques, we found that Pointer and
None, were both equally fast and faster than Hand and Head, which were also
equal to each other.

Looking at the interplay between primary x refinement techniques as depicted
in Figure (e dots), it is evident that the Hand technique stands out for its
speed. Not only does it offer the fastest primary technique for rapid selection and
translation of the 3D object, but it also maintains sufficient accuracy to be the
overall quickest technique even without any refinement, as shown in the results of
the Hand-None technique in Figure [5.8] Generally, we were surprised about the
performance of Simo and our techniques, even when used without any refinement
(*-None techniques). Despite the task requiring very precise 3D alignment of an
object, participants accomplished it with ease. These findings lead us to conclude
that the primary mode alone provided users with sufficient precision for fast 3D
object alignment. However, we also need to take into account that the incorporation
of mechanisms as 3D widgets, object pre-selection, and separation of axes for
manipulation, helped a lot to achieve such positive results.
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Subjective feedback Participants subjectively shared favorable feedback for
Hand-None and Hand-Hand, expressed by comments like:

"Hand-None, It's very accurate, even without refinement, | would like that the
refinement would be optional - triggered only once needed." - P6

Pointer-Hand was also preferred by a few participants, with arguments as:
"Pointer-Hand, | like this, the other way around is however very bad." - P10
Participants further supported the idea of refinement:

"Head-Pointer, selection, and translation are very fast, however, you need refine-
ment for such small objects.” - P14

Not well-performing techniques participants argued with:

"Hand-Pointer, this is not good, | would rather use Hand-Hand." - P2

Participant |1st 2nd 3rd Technique Ranked 1st  [Ranked top three
1 Hand-Hand Hand-None Pointer-Hand Hand-None 5 13
2 Hand-None Hand-Hand Head-None Hand-Hand 4 11
3 Hand-None Hand-Hand Pointer-Hand Pointer-Hand 3 10
4 Hand-Hand Hand-None Pointer-Hand Pointer-None 3 8
5 Pointer-Hand  |Hand-Hand Pointer-None Head-None 1 5
6 Hand-None Pointer-Pointer |Head-Hand Pointer-Pointer 1 4
7 Hand-Hand Hand-None Pointer-Hand Head-Hand 1 3
8 Pointer-Pointer |Hand-Hand Hand-None
9 Hand-None Head-None Pointer-None
10 Pointer-Hand  |Head-Hand Pointer-Pointer
11 Hand-Hand Hand-None Pointer-Hand
12 Pointer-None  |Head-None Hand-Hand
13 Head-Hand Hand-None Pointer-None
14 Pointer-Hand  |Hand-Hand Pointer-Pointer
15 Hand-None Pointer-None  |Head-None

16 Pointer-None  |Hand-None Pointer-Hand
17 Head-None Pointer-None  |Hand-None
18 Pointer-None  |Hand-Hand Pointer-Hand

Figure 5.14: The results of the subjective user rating. The left table shows individual
participant ratings for interaction techniques, ranked from 1st to 3rd. The right table
aggregates these ratings, indicating how often each technique was ranked 1st the
number of times it appeared in the top three choices across all participants.

In terms of subjective ranting, Hand-None was ranked amongst the top three

techniques by 13 participants and was ranked first 5 times. Hand-Hand was
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ranked 11 times in the top three, 4 times as first. Pointer-Hand was in the top three
10 times (3 times first). Pointer-None was 8 times in the top three, 3 times as first.
Head-None, Head-Hand, and Pointer-Pointer were all ranked as first once and
were in the top three 5, 3, and 4 times respectively. In Figure we show the
subjective user rankings across all participants and all interaction techniques.

5.3 Applications

In this section, we showcase various application scenarios demonstrating the
advantages of using Simo for interacting with 3D content on a 2D display. Along
the object manipulation methods discussed and evaluated in the study, we also
explored other means of interactions that become possible through the available
tracking and interaction possibilities.

3D Studio

The 3D Studio is an application designed to showcase the capabilities of the
interaction techniques for pointing, selection, and manipulation of 3D content, as
seen in the second study in a more crowded setting. As shown in Figure
users can freely rearrange and alter the interior of a room using it as a playground
to test the different interaction techniques we presented in this work.

Besides this, we were also interested in how our system could be used to actively
enrich the user-perception of a displayed 3D scene [282]. Due to the lack of
depth-cues 3D objects or 3D scenes can just poorly be displayed on flat 2D
screens. User-perspective rendering addresses this issue but usually requires
complex hardware setups making such 3D experiences inaccessible for the main-
stream [146]. Due to its head-tracking capabilities, Simo enables user-perspective
rendering without any additional hardware and thus can significantly improve the
3D interaction and experience, as shown in Figure [5.16.

Free World Game

We were further interested if the body and head motion we capture could be used
for navigation in a virtual world. In an outdoor game scene, we map the user’s
movement in physical space to the virtual avatar, see Figure This enables the
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REAL-WORLD APPLICATION

Figure 5.15: The user interacts with the 3D Studio app , where they can, for
example, select a couch. Utilizing 3D manipulation , they then translate and
rotate the couch, repositioning it to a new location in the virtual environment .

user to travel through the scene and adapt their view, which, in combination
with the user-perspective rendering from before, provides an even greater sense
of immersion, even if the movement is restricted by the constraints of the physical
room in the current implementation.
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Figure 5.16: The user can move with its body around to adjust the view of the
application, getting a better view of the 3D application. The initial position is shown
in i, while 24 represents an adjusted view, providing a better view into the 3D
application from a different angle.

REAL-WORLD APPLICATION

Figure 5.17: In this application user can move with its body around to adjust the
view into the game application, however also the translation of the game camera or
character is being adjusted by the user’s position in front of the distant display. The
image sequence shows: the user doing a step forward, [} the user does a
step to the left (note how the position of the high building in the game annotated in
the yellow square changes, due to the adapted game character position, which is
mapped to the user’s real-world position) and |2 the user does a step to the right.
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5.4 Summary

In summary, our smartphone-based tracking approach enabled interaction tech-
niques to achieve very satisfactory performance for 2D as well as 3D interactions,
even without refinement and the need for complex tracking hardware. Many partic-
ipants frequently emphasized this point, explaining that the fundamental primary
techniques were often sufficiently accurate in most cases.

The findings from our studies indicate that by using a multimodal refinement mode,
we can improve the pointing accuracy up to three times, beyond the accuracy of
the primary techniques, without compromising time. It was observed that certain
techniques are more effective as primary methods (for instance, Head and Pointer),
while others excel in the refinement role (such as Touch). An in-depth comparison
showed that by carefully combining different multimodal techniques, we can create
high-performing techniques that are faster and, at the same time, also more
accurate than any other combination within the same modalities, like the Head-
Touch pairing for 2D interactions.

Our evaluation reveals that Head-Touch emerged as the best 2D interaction
technique, excelling in both speed and accuracy, with Head and Pointer as the
leading primary techniques, and Touch as the most effective refinement method. In
3D interaction, the Hand-None technique proved to be the fastest, while Hand and
Pointer stood out as the most fastest primary techniques, and None and Pointer
were the fastest refinement techniques.

Our findings also reveal that employing the same modality for both primary inter-
action and refinement proves effective, as shown in the results of combinations
like Pointer-Pointer and Hand-Hand. Firstly, this approach is also viable for uni-
modal systems, and secondly, our participants highlighted that switching between
different motion types (such as Pointer-Hand, Head-Pointer, or Hand-Pointer) can
lead to increased mental efforts and slower performance. Consequently, in certain
scenarios, opting for a uni-modal combination may be a better choice.

In the following chapter, we present the discussion of the thesis.
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Discussion

In this chapter, we present the discussion of the thesis. We begin with reflecting
on the design challenges, objectives, and the main research question that guided
this research. As we dive into the results of these challenges, we outline how this
thesis and its project contributed to the challenges and also show how all design
challenges collectively contributed to the overarching theme of reducing complexity
and workload in spatial interactions. Finally, we offer critical insights and reflections
on the subject matter of the thesis in the form of additional remarks.

6.1 Reflection of the Design Challenges

In the pursuit of creating more accessible spatial interaction systems for distant
displays, this thesis addressed three design challenges. These challenges were
not defined and later approached as mere obstacles, that need to be overcome,
they have been seen as opportunities and inspirations to redefine how individuals
engage with digital content and information presented on distant displays. By
reimagining the systems we use to interact with distant displays, we aimed to
minimize system complexity and maximize accessibility — the use for everyone.
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6.1.1 Design Challenge: Tracking Device

Design Challenge 1: Tracking Device Options

The challenge was to determine whether the acquisition of dedicated de-
vices is the sole viable option for users to effectively engage in and utilize
spatial interactions with distant displays.

Contextualizing the Challenge

The first design challenge presented in this thesis revolved around exploring
alternatives to dedicated devices for engaging in spatial interactions with distant
displays. The fundamental question was whether users were confined to using
specialized hardware, or if there were effective and accessible alternatives that
could enable similar interactions.

Key Contributions to the Design Challenge

The development and implementations of Pocket6 and Simo, the smartphone-
based spatial tracking systems, served as a direct response to this challenge. By
leveraging the existing capabilities of regular smartphones, these implementa-
tions stood as evidence of the feasibility of using non-dedicated, personal, and
ubiquitous devices for complex spatial interactions with distant displays.

» Dual Camera Utilization Simo’s approach simultaneously used a smart-
phone’s front and back cameras to enable comprehensive spatial tracking of
the user’s hand, head, body, and eye-gaze movements. This method pro-
vided a rich interaction framework without the need for additional, dedicated
tracking hardware.

+ Versatility in Interaction Techniques The system supported various in-
teraction techniques such as touch, ray-casting, virtual hands, and head-
pointing, demonstrated the versatility and adaptability of non-dedicated
devices, placed in the environment or attached to the user, in facilitating
diverse spatial interactions.

» Technical Validation Through the technical analyses and evaluations,
Pocket6 and Simo validated their effectiveness in tracking head rotations,
provided an understanding of the smartphone’s front camera field of view,
and determined the optimal device holding positions, underscoring the via-
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bility of using smartphones as capable alternatives for specialized tracking
devices.

« Empirical Evaluation through User Studies The user studies focusing on
2D and 3D interactions provided empirical evidence of user performance
while using a common smartphone for complex spatial interactions. These
studies directly compared and validated that non-dedicated devices could
indeed match the interaction quality typically associated with specialized
hardware.

« Real-world Application Scenarios The exploration of various application
scenarios, such as the 3D design studios, gaming environments, and immer-
sive navigation, further illustrated the potential of common smartphones to
effectively handle tasks traditionally known for dedicated devices.

In conclusion, we believe that this thesis successfully addressed the first design
challenge by demonstrating that the acquisition of dedicated devices was not the
sole viable option for effective spatial interactions with distant displays. The devel-
opment of Pocket6 and Simo underscored the potential of everyday smartphones
to serve as powerful tools for spatial interaction, thereby widening accessibility and
reducing the dependence on dedicated hardware. Our projects and explorations
created new opportunities for more inclusive and readily available spatial interac-
tion technologies, democratizing access to advanced human-computer interaction
paradigms.

6.1.2 Design Challenge: Impact of Hardware Removal

Design Challenge 2: Impact of Hardware Removal

The challenge was to determine whether the elimination of dedicated hard-
ware devices from spatial interaction systems unintentionally leads to a
reduction in the effectiveness of established interaction techniques or im-
pairs the overall user interaction experience.

Contextualizing the Challenge

The second design challenge questioned whether eliminating dedicated hard-
ware in favor of non-specialized devices, like smartphones, would compromise

129



130

6. Discussion

the effectiveness of spatial interaction techniques and overall user experience.
This challenge was rooted in the concern that transitioning away from special-
ized equipment might lead to diminished interaction options or user interaction
performance.

Key Contributions to the Design Challenge

» Preservation of Interaction Techniques Pocket6 and Simo demonstrated
that established interaction techniques like touch, ray-casting, virtual hand,
and head-pointing could be effectively adapted to non-dedicated devices.
The thesis showed these techniques were not only preserved but were also
effectively executed using a smartphone, maintaining their core functionali-
ties and benefits.

« User Study Outcomes The user studies conducted to evaluate 2D and 3D
interactions provided imperative insights. They indicated that users could
achieve high precision and fast interactions with Pocket6 and Simo, compa-
rable to those expected from specialized hardware. These studies showed
that the user experience and interaction efficiency were not only preserved
but, in some cases, also enhanced.

+ Feedback and User Acceptance Participant feedback from the studies
illustrated a high level of acceptance and satisfaction with the smartphone-
based interaction system. Users appreciated the seamless integration of
familiar touch interactions with more novel spatial techniques, highlighting
an overall positive user experience.

In addressing the second design challenge, this thesis provided considerable
evidence that moving away from dedicated hardware devices to more ubiquitous
and accessible technology like smartphones did not inherently reduce the effec-
tiveness of spatial interaction techniques or degrade the user experience. On
the contrary, the projects in the thesis exemplified how users could retain, and
in some aspects enhance, the quality of their interaction with distant displays
by leveraging the widespread familiarity and advanced capabilities of modern
smartphones. This smartphone approach not only maintained the inclusion of
established interaction paradigms but also democratized access to sophisticated
interaction techniques, potentially leading to broader adoption and innovation in
the field of human-computer interaction.
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6.1.3 Design Challenge: Personal Device Feasibility

Design Challenge 3: Personal Device Feasibility

The challenge was to assess the feasibility of using a personal device to
enable spatial interactions and determine the extent of its spatial interactive
capabilities.

Contextualizing the Challenge

The third design challenge focused on evaluating the practicality of utilizing per-
sonal devices, specifically smartphones, for spatial interactions. It questioned the
extent to which everyday devices such as smartphones could facilitate spatial
interactions, examining their capabilities and limitations in various contexts.

Key Contributions to the Design Challenge

« Continuous Evaluation Across all Projects Throughout our research
project, we continuously focused on user evaluation across all our thesis
projects, where the primary objective was to explore the exact extent of
input modalities that smartphones can support. This research involved an
investigation of how many input modalities could be enabled and what
interaction techniques could be created. Furthermore, it encompassed an
evaluation of all these techniques in various studies and 2D and 3D tasks,
with attention on metrics such as error rates, response times, and subjective
user feedback. This comprehensive evaluation provided detailed insights into
the exact extent of interactive possibilities enabled by smartphone-based
spatial tracking.

» Refinement of Techniques Additional methodologies, beyond input modali-
ties and interaction techniques, such as the implementation and evaluation
of refining modes, played a crucial role in outlining the extent of smartphone-
based interaction possibilities.

In conclusion, we believe that this thesis successfully addressed the third design
challenge by the extensive exploration into the feasibility of smartphones for
spatial interactions. The emphasis on evaluating input modalities, developing
innovative interaction techniques, and conducting extensive studies allowed for a
comprehensive understanding of the extent of interaction possibilities.
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6.2 Reflection of the Thesis Objectives

In this section, we reflect on the objectives that guided our research throughout
the thesis, providing an overview of how each objective was addressed and the
key contributions made in pursuit of these goals.

6.2.1 Objective 1: Analyzing Spatial Interaction Systems

Identifying drawbacks and challenges as well as opportunities of existing spatial
interaction systems.

Interactive systems enabling spatial interactions are not a novel device category
and have been around for almost 30 years. Hence, to improve the usability and
usefulness of this device category, the first objective was to analyze the status quo.
This analysis informed all the next steps of this work.

Context of the Objective

Objective 1 centered on a comprehensive analysis of the landscape of spatial
interaction systems. Its aim was to identify the drawbacks, challenges, as well as
the opportunities inherent in these systems. This objective served as a foundation
for informing future developments and improvements in the field.

Approach and Implementation in the Thesis

* Review of Existing Systems The thesis began with the creation of a
detailed taxonomy of existing spatial interaction systems. This review encom-
passed a range of systems, including dedicated devices and setups used for
spatial interactions in various contexts. The examination of these systems
led to the identification of common challenges, such as the need for complex
hardware, limited accessibility, and constraints in interaction techniques.

+ Identification of Challenges and Drawbacks Key challenges were identi-
fied, including reliance on expensive and cumbersome hardware, a steep
learning curve for users, and limitations in the versatility and adaptability of
the systems. These drawbacks were crucial in understanding the barriers to
the widespread adoption and effectiveness of spatial interaction systems.

+ Exploration of Opportunities Alongside challenges, the thesis also ex-
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plored opportunities presented by emerging technologies and changing user
needs. For instance, the increasing ubiquity of smartphones and advance-
ments in their capabilities presented a significant opportunity to leverage
these personal devices for spatial interactions.

« Comparative Analysis A comparative analysis was conducted between
traditional spatial interaction systems and the proposed smartphone-based
system. This analysis highlighted areas where conventional systems fell
short and where smartphone-based systems could offer improvements in
accessibility, usability, and cost-effectiveness.

» Feedback and Insights from User Studies User studies conducted as
part of the thesis provided real-world insights into the user experience with
spatial interaction systems. Feedback from these studies proved valuable in
understanding user expectations, preferences, and the practical challenges
faced while interacting with these systems.

In addressing the first objective, the thesis provided a thorough analysis of the
state of spatial interaction systems, identifying key challenges and opportunities.
This analysis served as a critical foundation for subsequent developments and
improvements in these systems, especially in the context of using everyday per-
sonal devices like smartphones. The insights gained from this objective informed
the direction of future research and development in spatial interactions, aiming to
make them more accessible and versatile.

6.2.2 Obijective 2: Developing a Smartphone-Based Solution for Spa-
tial Interactions

Investigating strategies to overcome the identified issues and further improve
existing advantages by developing a new smartfphone-based software solution for
spatial interactions with distant displays.

Based on the issues and opportunities identified in Objective 1, we planned
to investigate potential solutions. This investigation included (1) the design of
multimodal interaction techniques, (2) an implementation that comprehensively
addressed the problem, (3) a thorough evaluation of the developed solution, and (4)
example applications demonstrating the system’s usage in various scenarios. The
objective aimed to discover new ways to enable handheld-based spatial interaction
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without compromising tracking capability or application usability.

Context of the Objective

Objective 2 focused on inventing strategies to address the challenges identified in
Objective 1, while simultaneously enhancing the existing benefits of spatial inter-
action systems. The primary aim of this objective was the development of a new
smartphone-based software solution, specifically tailored for spatial interactions
with distant displays.

Approach and Implementation in the Thesis

1. Design of Multimodal Interaction Techniques The thesis placed signif-
icant emphasis on implementing various interaction techniques that are
adaptable to a smartphone-based system. These techniques were unimodal
as well as multimodal. They leveraged different input modalities, such as
touch, hand gesture, and head movement, to offer a comprehensive spatial
interaction. The design process involved identifying how these modes can
be intuitively integrated into a smartphone interface.

2. Comprehensive Implementation of the Solution The implementation
phase involved creating a software solution that effectively utilizes the capa-
bilities of modern smartphones for spatial interaction. This included lever-
aging built-in sensors and cameras for motion tracking and a touchscreen
for direct touch inputs and manipulation. The software was developed to be
robust, open-source, reusable, and capable of handling various interaction
paradigms.

3. Thorough Evaluation of the Solution An extensive evaluation of the de-
veloped solution was conducted to assess its effectiveness and usability.
This involved user studies where participants interacted with distant displays
using the newly developed system. The evaluation focused on aspects like
speed, precision of interaction, user satisfaction, and overall performance
compared to traditional systems.

4. Demonstration through Example Applications The thesis showcased
the practical utility of the system through various application scenarios.
These demonstrations highlighted how the system could be used in different
contexts, ranging from simple 2D menu selection tasks to complex 3D
interactions. The examples served as proof of concept for the versatility and
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adaptability of the smartphone-based solution.

Addressing Objective 2, the thesis successfully developed and shared a novel
smartphone-based solution for spatial interactions. This solution overcame many
issues identified with traditional systems and enhanced their advantages using the
ubiquity and capabilities of smartphones. Through detailed design, implementation,
evaluation, and demonstration, the thesis established a robust framework for future
advancements in spatial interaction technology. It emphasized handheld-based
interactions without compromising tracking capabilities or application usability,
marking a significant step in making spatial interactions more accessible and
adaptable for a wider user base and applications.

6.2.3 Objective 3: Generalizing Findings for Spatial Interaction Sys-
tems Designers and Developers

Generalizing the collected findings in ways so that they can be helpful for designers
and developers, who are creating applications and systems for spatial interaction.

The main goal of this objective was to find ways to present and communicate
the findings from the previous objectives, which were not tightly connected to a
particular use case or scenario. The aim was to describe the impact of specific
design decisions in a general manner.

6.2.4 Context of the Objective

Objective 3 of the thesis was to extrapolate and generalize the findings from previ-
ous objectives. The aim was to articulate these findings in ways that are applicable
and valuable for designers and developers in spatial interaction applications and
systems, regardless of specific use cases or scenarios.

6.2.5 Approach and Implementation in the Thesis

+ Synthesizing Key Insights The thesis involved synthesizing the key insights
and learnings from the development, implementation, and evaluation phases.
+ Highlighting the Impact of Design Decisions A crucial part of the thesis
was to clearly articulate the impact of specific design decisions. This included
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an exploration of how different interaction modalities, user interface designs,
and tracking technologies affect user experience, system performance, and
application flexibility.

+ Communicating Transferable Concepts The thesis emphasized on com-
municating concepts and findings in a way that they can be transferred to
other applications and systems. This involved identifying and describing the
underlying principles that influence effective spatial interaction, regardless
of the particular technology or application domain.

* Providing a Future Work Directions Based on our experience and find-
ings, we proposed future work directions. This served as a reference point
for designers and developers, helping them make informed decisions and
innovate within their specific contexts.

Objective 3 was successfully achieved through a comprehensive approach that
extracted, generalized, and communicated the findings from the research in a uni-
versally applicable manner. The thesis provided a valuable resource for designers
and developers in the field of spatial interaction, offering guidance grounded in
thorough research and practical experimentation. The presented findings equipped
practitioners with the knowledge and tools necessary to innovate and excel in the
domain of spatial interaction.

6.3 Reflecting the Main Research Question of the Thesis

In the following, we reflect on the main research question that has guided this thesis,
delving deeper into its fundamental aspects and implications. We critically examine
the main research question, reflecting on how the insights and developments
presented contribute to its understanding and resolution."

Main Research Question of this Thesis

Can we build a spatial interaction system for distant displays that everyone
access and use without requiring a dedicated hardware device?
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6.3.1

Context of the Main Research Question

The central research question of the thesis asked whether it was possible to de-

velop a spatial interaction system for distant displays that is universally accessible,

eliminating the need for specialized hardware devices. This inquiry was pivotal in

democratizing spatial interaction technologies, making them available to a broader

audience without the barriers posed by dedicated hardware.

6.3.2 Approach and Findings in the Thesis

Accessibility and Universal Desigh Considerations The system was
designed with a strong focus on the universal design principle. This approach
ensured that the system was not only technically feasible but also adaptable
to the diverse needs and preferences of a wide range of users and contexts.

Development of Smartphone-Based Solution The core of the thesis
revolved around leveraging the ubiquity and advanced capabilities of modern
smartphones to develop a spatial interaction system. The project capitalized
on the existing sensors and cameras in modern smartphones to enable
precise tracking and interaction capabilities, typically reliant on specialized
hardware.

Innovative Tracking and Interaction Techniques The thesis introduced
and implemented innovative tracking techniques, such as the simultaneous
use of front and back cameras for comprehensive spatial sensing. This was
complemented by the development of multimodal interaction techniques,
integrating touch inputs with real-time tracking of hand, head, and eye
movements.

Technical Feasibility and User-Centric Evaluation Extensive technical
evaluations were conducted to ascertain the feasibility and effectiveness of
the smartphone-based system. These evaluations encompassed various
interaction paradigms, from simple 2D pointing tasks to complex 3D object
manipulations, ensuring the system’s applicability across diverse use cases.
Empirical Validation through User Studies The research included com-
prehensive user studies to validate the system’s effectiveness and user
satisfaction. These studies provided empirical evidence that the smartphone-
based system can indeed facilitate efficient and effective spatial interactions
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for distant displays without requiring dedicated hardware.

The research successfully answered the main question by demonstrating that it is
indeed feasible to build a spatial interaction system for distant displays accessible
to everyone, without the need for dedicated hardware devices. The thesis achieved
this through the innovative use of commonly available smartphones, leveraging
their built-in sensors and capabilities to create a versatile and effective spatial
interaction platform. This achievement marked a significant step forward in mak-
ing spatial interaction technologies more inclusive, accessible, and adaptable to
various contexts and user needs.

6.4 Further Discussion

In this following section, we step back to share personal reflections, opinions, and
the broader implications stemming from the research journey undertaken in this
thesis. It is a space where subjective insights and standpoints are brought forward,
adding depth and personal context to the scientific discourse.

6.4.1 Contemporary Relevance and Impact of the Developed System

In the implementation chapters of our project, we progressively improved our
smartphone-based system. Initially, we envisioned a single-phone tracking system,
but technical limitations in iOS and ARKit at the time made this unfeasible. Con-
sequently, we adopted a two-phone prototype approach, focusing on designing
interaction principles and evaluations primarily enabled by smartphone camera-
based spatial tracking. As iOS and ARKIit evolved, they eventually supported the
simultaneous use of front and back cameras on a single device, which was es-
sential for our tracking needs. This development was a significant step forward,
aligning closely with our original single-phone concept. By this, our vision became
much more realistic since this opened up the possibility that anyone could simply
download a Simo app and use their smartphone for advanced spatial interactions.
Even though this advancement eliminated the need for a second smartphone
device for camera functions, we still view our novel implementations, algorithms,
evaluations, and applications as unique and central contributions of our work.
Additionally, it is important to note that creating Simo or a similar system for An-
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droid, which dominates over 70% of the global market, presents many challenges
and limitations. As Android’s ARCore currently lacks support for simultaneous
tracking, researchers working with Android may need to rely on a two-phone setup,
explained in detail in this work, for exploratory and research activities.

6.4.2 Spatial Interaction Devices within the HCl Research Community

In our research journey, we have noticed a lack of focus on universal design within
the Human-Computer Interaction (HCI) community. This issue stems from unclear
and often conflicting definitions of terms like accessibility and diversity, as we
discussed in our introductory chapters. HCI, at its core, is about embracing user
diversity and including everyone. Yet, surprisingly, there seems to be minimal
research dedicated to defining and applying universal design in HCI contexts. This
trend is also evident in research projects focusing on spatial interaction, devices,
and interaction techniques. Our analysis shows that most of these projects aim to
develop new devices and techniques, often seeking to create something completely
new and unique. These projects typically last several months, aligning with the
deadlines for biannual conference submissions. Over the last two decades, this
pattern has not changed much. For example, we picked out two projects, Soap from
Baudisch et al. [24] and SurfAirs from Courtoux et al. [56] depicted in Figure[6.1]
17 years apart, both aimed at improving interactions with distant displays. However,
both focused more on practical, even do-it-yourself, device innovation. While these
projects are undoubtedly valuable, they seem to represent a dominant trend in the
field. We believe that longer projects, those spanning over multiple months or even
years, might not appeal to many researchers due to their lengthy duration and
conflict with frequent conference submission deadlines. As a result, these projects
often do not advance beyond basic implementations. It is rare for projects exploring
new input devices and interaction techniques to deeply refine and perfect their
concepts. For instance, once a basic interaction like ray-casting with a handheld
device is working, the project often moves to the evaluation phase instead of
improving finer details like signal filtering, incorporation of Ul widgets, cursor object
pre-selection mechanisms, or adding refinement modes. These deeper dives into
development, such as making the cursor movement smoother, might take weeks or
months, with the outcome "just” of a nicer cursor movement. We believe, however,
that this is essential and can significantly enhance the interaction quality. Based on
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our experience, we can confidently say that putting in this extra effort can greatly
improve the system’s performance and the depth of its evaluation.

Poilting Task

y !

UIST éOOG CHI 2023

Soap: A Pointing Device That Works | SurfAirs: Surface + Mid-Air Input
In Mid-Air For Large Vertical Displays

Figure 6.1: Example of two projects, although 17 years apart, adopted a similar
strategy of developing new handheld hardware input devices for improving the
interaction with distant displays.

6.4.3 Embracing the Cyborg Reality: The Transformative Role of
Smartphones

Elon Musk’s thought-provoking statement, "We are already cyborgs!" resonates
deeply as we explore the realm of personal devices, especially smartphones, for
innovative purposes. Our research journey started with a focus on specialized
hardware but gradually shifted to these ubiquitous personal devices.
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Reflecting on this shift, it becomes clear that, as HCI researchers, we might
have underestimated the significance of smartphones. It is essential to recognize
the vast scope of smartphone usage, with over 6.5 billion smartphones globally,
reaching 85% of the world’s population. This massive adaptation of an interactive
device highlights the untapped potential in the HCl field, particularly in repurposing
smartphones for diverse applications. Imagine conducting large-scale, real-world
studies simply through a smartphone app download.

Moreover, our perspective on the relationship between humans and technology
needs to evolve. Following Musk’s insight, it is possible that we are edging closer
to a cyborg-like existence, given our constant interaction with smartphones. They
are with us, at us, at all times — while we work, rest, and even sleep. This continu-
ous attachment offers a new lens through which to view the human-technology
interface, one that is crucial for future HCI research.
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Conclusion & Future Work

To conclude, when compared to existing research in the field, the findings of this
dissertation offer both confirmations and novel insights. While some results align
with previous research, the unique contributions of this dissertation — particularly
the repurposing of the smartphone — provide new directions for the field.

This thesis represented a confluence of exploration and innovation in the realm of
Human-Computer Interaction (HCI), particularly focusing on spatial interactions
with distant displays. It ventured beyond traditional boundaries, challenging the
status quo and navigating through the intricacies of integrating modern technology
with user-centric design.

Our journey began with an acknowledgment of the existing limitations in spatial
interaction devices and techniques. The path led us through the exploration of novel
solutions, primarily revolving around the novel capabilities of modern smartphones.
This exploration was not just about leveraging existing technology but about
reimagining its potential in ways previously unconsidered.

The thesis underscored the ubiquitous nature of smartphones, highlighting their
untapped potential in HCIl. We delved into the development of a smartphone-
based software solution for spatial interactions, embracing the idea that the most
common personal device could be transformed into a powerful tool for interaction
with distant displays.

Significant contributions of this work include the design of multimodal interaction
techniques, the development of a comprehensive software solution, and thorough
evaluations that tested the effectiveness of these innovations. The journey ad-
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vanced in demonstrating the practical applications of our research, showcasing
the versatility and adaptability of the developed solutions.

This thesis was more than a culmination of research; it was a beginning. It opened
up avenues for further exploration in HCI, particularly in how we perceive and
utilize personal devices like smartphones. It challenged future researchers to think
beyond conventional uses and to envision a world where our daily gadgets become
integral to advanced spatial interactions. The journey thus far is a testament to the
potential that lies in rethinking the norm, a potential that is boundless and waiting
to be unlocked.

In conclusion, this thesis is a reflection of a journey - one that started with questions
and led to discoveries, innovations, and more questions. It was a journey that
does not end with these pages but hopefully continues in the hands of future
researchers, designers, and innovators who will take these ideas and forge new
paths in the ever-evolving landscape of HCI.

7.1 Limitations

While Pocket6 and Simo demonstrated promising capabilities in spatial tracking
and interaction, they were not without limitations. These limitations highlighted
the challenges in the applications’ robustness, ecosystem constraints, and envi-
ronmental dependencies, setting a stage for future improvements and research
directions.

 Device Variability A notable constraint of Pocket6 was the device variability.
Systems like Pocket6 depended on the smartphone’s inherent features and
specifications, which varied across different models and brands. The initial
implementation primarily utilized Apple’s iPhone ecosystem, compatible
with ARKit-supported devices. However, performance and experience might
have varied across different smartphone models and operating systems,
such as Android. Exploring a wider range of devices could have provided a
more comprehensive understanding of the system’s adaptability to various
devices.

+ Environmental Conditions The environmental factors such as lighting
conditions and physical space also affected Pocket6’s performance. The
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experiments were conducted under controlled conditions with adequate
lighting and without physical obstructions, such as objects placed around
the user. Real-world scenarios might present varied lighting conditions and
physical constraints, potentially impacting the performance and applicability
of Pocket6.

« Tracking Limitations The tracking capabilities for head rotation in our
systems, including the field of view and the smartphone holding position,
were effective but had limitations in terms of the range of motion that could
be reliably tracked. This impacted interactions that depended heavily on
accurate tracking and potentially limited the system’s utility in applications
that required broader head movement tracking beyond our experiment’s
scope.

« Study Design and Task Complexity Finally, the design of our study tasks
focused on specific interaction modalities, such as 2D pointing and 3D
object manipulation for distant displays. Expanding even more advanced
task complexities and varieties could provide deeper insights into the sys-
tem’s versatility and applicability across a broader range of applications and
scenarios.

7.2 Future Work

The thesis research led to the development of a diversity of interactive systems,
interaction techniques, and use cases. While this showed the rich possibilities
of the proposed spatial interactions, there are still many concrete directions into
which our principle could be improved or further investigated:

+ Adding feedback The smartphone-based interaction, more concretely,
the underlying smartphone application, could be enhanced to leverage
smartphone-based haptic feedback. Supporting additional sensory feedback
modalities such as haptic feedback was already proven beneficial, therefore
this should be added to approaches as ours as well [203]. Besides haptic
feedback also auditory feedback would be highly interesting to investigate,
be it for tap/click events but also in the context of the moving hand as
real-time spatial audio feedback, be it from the smartphone itself or spatial
headphones (for example, Apple AirPod’s spatial audio functionality).
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+ Adding additional interaction modalities Another interesting direction

would be adding additional input modalities or additional axes for the input’'s
degrees of freedom. These could be, for example, using the smartphone’s
touch pressure sensitivity as an additional axis when grabbing a virtual
object. Also, an interesting direction would be the addition of speech input
for voice commands [62, |168].

On-the-go interaction While we explored our interactive system in a con-
trolled setting, it could be can also explored in situations where users are
on-the-move, while walking or walk-by interactions [127]. Since our systems
already free the user from the usual constraints of fixed interaction spaces,
it would be interesting to explore where are the limits in that regard [205]

Multi-user application scenarios Another valuable direction would be the
usage of smartphone-based tracking approaches in collaborative 3D object
manipulation scenarios [80, 169], spatial design ideation scenarios [263] or
cross-device interaction scenarios [189]. In current setups, where cameras
need to observe users (where a user can always hide behind another user)
or multiple cables need to be connected through the room, the smartphone-
based approach could be beneficial. Even a very large collaborative model
could be tested. Hereby, we mean really more than 50, 100, or even more
users who download the spatial tracking app and collaborate. For example,
in a Minecraft-like world.

Adding other smartphone functionalities Beside the user motion tracking
capabilities, which we used, also other smartphone AR features could be
investigated and potentially added. This could be novel ways to generate
and share the AR world-map (tracking features) among users by multi-user
or online stored world-maps (cloud anchors), as well as other user tracking
features like front and rear-camera skeleton tracking, real-world 3D even
object scanning and interaction.

Smartphone + AR Glasses usage Finally, another interesting future re-
search direction would be to investigate highly fluid and device-independent
spatial interaction principles and interactions. While in our work, we focus
on distant display and smartphone spatial interaction scenarios, it would
be interesting to find out how we can create a smooth transition between
smartphone-only use (handheld AR), to distant display use, to AR glasses
use-cases.
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Appendix A: Supplementary Material

A.1 Questionnaires

Worst / am Best/am
schlechtesten besten
= (<]
1 | 2] 3 | a | s | & | 7 |

Easiness / Miihelosigkeit

IN-FRONT
(davor)
HANDS-DOWN
(hande runter)
SITTING
(sitzend)

CONTROLLER

Fatigue / Erschopfung

IN-FRONT
(davor)
HANDS-DOWN
(hande runter)
SITTING
(sitzend)

CONTROLLER

Speed / Schnelligkeit

IN-FRONT
(davor)
HANDS-DOWN
(h&nde runter)
SITTING
(sitzend)

CONTROLLER

Precision / Genauigkeit

IN-FRONT
(davor)
HANDS-DOWN
(hénde runter)
SITTING
(sitzend)

CONTROLLER

General impression |/ Gesamteindruck

IN-FRONT
(davor)
HANDS-DOWN
(hande runter)
SITTING
(sitzend)

CONTROLLER

Figure A.1: Questionnaires used in the subjective evaluation of Pocket6 in Chap-

ter E
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