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ABSTRACT

The popularity of virtual reality (VR) and augmented reality (AR) has grown rapidly in
recent years, both in academia and commercial applications. This is rooted in technological
advances and affordable head-mounted displays (HMDs). Whether in games or professional
applications, HMDs allow for immersive audio-visual experiences that transport users to
compelling digital worlds or convincingly augment the real world.

However, as true to life as these experiences have become in a visual and auditory sense, the
question remains how we can model interaction with these virtual environments in an equally
natural way. Solutions providing intuitive tangible interaction would bear the potential to
fundamentally make the mixed reality (MR) spectrum more accessible, especially for novice
users. Research on tangible user interfaces (TUIs) has pursued this goal by coupling virtual
to real-world objects. Tangible interaction has been shown to provide significant advantages
for numerous use cases. Spherical tangible user interfaces (STUIs) present a special case
of these devices, mainly due to their ability to fully embody any spherical virtual content.
In general, spherical devices increasingly transition from mere technology demonstrators to
usable multi-modal interfaces.

For this dissertation, we explore the application of STUIs in MR environments primarily by
comparing them to state-of-the-art input techniques in four different contexts. Thus, inves-
tigating the questions of embodiment, overall user performance, and the ability of STUIs
relying on their shape alone to support complex interaction techniques.

First, we examine how spherical devices can embody immersive visualizations. In an initial
study, we test the practicality of a tracked sphere embodying three kinds of visualizations.
We examine simulated multi-touch interaction on a spherical surface and compare two differ-
ent sphere sizes to VR controllers. Results confirmed our prototype’s viability and indicate
improved pattern recognition and advantages for the smaller sphere.

Second, to further substantiate VR as a prototyping technology, we demonstrate how a large
tangible spherical display can be simulated in VR. We show how VR can fundamentally
extend the capabilities of real spherical displays by adding physical rotation to a simulated
multi-touch surface. After a first study evaluating the general viability of simulating such a
display in VR, our second study revealed the superiority of a rotating spherical display.

Third, we present a concept for a spherical input device for tangible AR (TAR). We show
how such a device can provide basic object manipulation capabilities utilizing two different
modes and compare it to controller techniques with increasing hardware complexity. Our
results show that our button-less sphere-based technique is only outperformed by a mode-
less controller variant that uses physical buttons and a touchpad.

Fourth, to study the intrinsic problem of VR locomotion, we explore two opposing ap-
proaches: a continuous and a discrete technique. For the first, we demonstrate a spherical
locomotion device supporting two different locomotion paradigms that propel a user’s first-
person avatar accordingly. We found that a position control paradigm applied to a sphere



performed mostly superior in comparison to button-supported controller interaction. For dis-
crete locomotion, we evaluate the concept of a spherical world in miniature (SWIM) used
for avatar teleportation in a large virtual environment. Results showed that users subjectively
preferred the sphere-based technique over regular controllers and on average, achieved lower
task times and higher accuracy.

To conclude the thesis, we discuss our findings, insights, and subsequent contribution to
our central research questions to derive recommendations for designing techniques based on
spherical input devices and an outlook on the future development of spherical devices in the
mixed reality spectrum.



Z.USAMMENFASSUNG

Die Popularitit von Virtual Reality (VR) und Augmented Reality (AR) hat in den letzten
Jahren rasant zugenommen, sowohl im akademischen Bereich als auch bei kommerziellen
Anwendungen. Dies ist in erster Linie auf technologische Fortschritte und erschwingliche
Head-Mounted Displays (HMDs) zuriickzufiihren. Ob in Spielen oder professionellen An-
wendungen, HMDs ermdglichen immersive audiovisuelle Erfahrungen, die uns in fesselnde
digitale Welten versetzen oder die reale Welt iiberzeugend erweitern.

Doch so lebensecht diese Erfahrungen in visueller und auditiver Hinsicht geworden sind,
so bleibt doch die Frage, wie die Interaktion mit diesen virtuellen Umgebungen auf ebenso
natiirliche Weise gestaltet werden kann. Losungen, die eine intuitive, greifbare Interakti-
on ermoglichen, hitten das Potenzial, das Spektrum der Mixed Reality (MR) fundamental
zuginglicher zu machen, insbesondere fiir Unerfahrene. Die Forschung an Tangible User In-
terfaces (TUIs) hat dieses Ziel durch das Koppeln virtueller und realer Objekte verfolgt und
so hat sich gezeigt, dass greifbare Interaktion fiir zahlreiche Anwendungsfille signifikan-
te Vorteile bietet. Spherical Tangible User Interfaces (STUISs) stellen einen Spezialfall von
greifbaren Interfaces dar, insbesondere aufgrund ihrer Fihigkeit, beliebige sphirische virtu-
elle Inhalte vollstindig verkorpern zu konnen. Generell entwickeln sich sphirische Gerite
zunehmend von reinen Technologiedemonstratoren zu nutzbaren multimodalen Instrumen-
ten, die auf eine breite Palette von Interaktionstechniken zuriickgreifen konnen.

Diese Dissertation untersucht primér die Anwendung von STUIs in MR-Umgebungen durch
einen Vergleich mit State-of-the-Art-Eingabetechniken in vier verschiedenen Kontexten.
Dies ermoglicht die Erforschung der Bedeutung der Verkorperung virtueller Objekte, der
Benutzerleistung im Allgemeinen und der Féahigkeit von STUISs, die sich lediglich auf ihre
Form verlassen, komplexe Interaktionstechniken zu unterstiitzen.

Zunichst erforschen wir, wie sphirische Gerite immersive Visualisierungen verkdrpern kon-
nen. Eine erste Studie ergriindet die Praxistauglichkeit einer einfach konstruierten, getrack-
ten Kugel, die drei Arten von Visualisierungen verkorpert. Wir testen simulierte Multi-
Touch-Interaktion auf einer sphérischen Oberfliche und vergleichen zwei Kugelgro3en mit
VR-Controllern. Die Ergebnisse bestitigten die Praxistauglichkeit des Prototyps und deuten
auf verbesserte Mustererkennung sowie Vorteile fiir die kleinere Kugel hin.

Zweitens, um die Validitit von VR als Prototyping-Technologie zu bekriftigen, demonstrie-
ren wir, wie ein grofes, anfassbares sphérisches Display in VR simuliert werden kann. Es
zeigt sich, wie VR die Moglichkeiten realer sphirischer Displays substantiell erweitern kann,
indem eine simulierte Multi-Touch-Oberfldche um die Fahigkeit der physischen Rotation er-
ginzt wird. Nach einer ersten Studie, die die generelle Machbarkeit der Simulation eines
solchen Displays in VR evaluiert, zeigte eine zweite Studie die Uberlegenheit des drehbaren
sphirischen Displays.



Drittens présentiert diese Arbeit ein Konzept fiir ein sphérisches Eingabegerit fiir Tangi-
ble AR (TAR). Wir zeigen, wie ein solches Werkzeug grundlegende Fihigkeiten zur Ob-
jektmanipulation unter Verwendung von zwei verschiedenen Modi bereitstellen kann und
vergleichen es mit Eingabetechniken deren Hardwarekomplexitit zunehmend steigt. Unsere
Ergebnisse zeigen, dass die kugelbasierte Technik, die ohne Knopfe auskommt, nur von ei-
ner Controller-Variante iibertroffen wird, die physische Knopfe und ein Touchpad verwendet
und somit nicht auf unterschiedliche Modi angewiesen ist.

Viertens, um das intrinsische Problem der Fortbewegung in VR zu erforschen, untersuchen
wir zwei gegensitzliche Ansitze: eine kontinuierliche und eine diskrete Technik. Fiir die ers-
te préasentieren wir ein sphérisches Eingabegerit zur Fortbewegung, das zwei verschiedene
Paradigmen unterstiitzt, die einen First-Person-Avatar entsprechend bewegen. Es zeigte sich,
dass das Paradigma der direkten Positionssteuerung, angewandt auf einen Kugel-Controller,
im Vergleich zu reguldrer Controller-Interaktion, die zusitzlich auf physische Knopfe zu-
riickgreifen kann, meist besser abschneidet. Im Bereich der diskreten Fortbewegung evalu-
ieren wir das Konzept einer kugelformingen Miniaturwelt (Spherical World in Miniature,
SWIM), die fiir die Avatar-Teleportation in einer grofen virtuellen Umgebung verwendet
werden kann. Die Ergebnisse zeigten eine subjektive Bevorzugung der kugelbasierten Tech-
nik im Vergleich zu regulidren Controllern und im Durchschnitt eine schnellere Losung der
Aufgaben sowie eine hohere Genauigkeit.

Zum Abschluss der Arbeit diskutieren wir unsere Ergebnisse, Erkenntnisse und die daraus
resultierenden Beitridge zu unseren zentralen Forschungsfragen, um daraus Empfehlungen
fiir die Gestaltung von Techniken auf Basis kugelférmiger Eingabegerite und einen Aus-
blick auf die mogliche zukiinftige Entwicklung sphirischer Eingabegrite im Mixed-Reality-
Bereich abzuleiten.

vi
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1

Introduction and Background

“The ultimate display would, of course, be a room within which the computer
can control the existence of matter. A chair displayed in such a room would
be good enough to sit in.”

Ivan E. Sutherland - The Ultimate Display [97]



Introduction and Background

With the scientific and technological progress over the last three decades, the boundaries
between the real and virtual world are becoming increasingly blurred. Be it the augmentation
of our physical environment in every conceivable situation or the convincing simulation
of alternate virtual spaces, the ubiquitous interaction between humans and computers and
subsequent blending of both realities is inevitably becoming a part of our daily lives.

Since the first implementation of a head-mounted display (HMD) in 1968 by Sutherland et
al. [98], the technology has made enormous progress. However, until recently, the main
area of application has been the academic domain. This changed rapidly with the release of
commercially available products such as Oculus Rift or HTC Vive. Since then, in particular,
VR has seen a rise, predominantly in games!, but applications in the environment of public
installations or immersive data visualization are equally relying on blended realities.

These advancements, especially in computer science, do not correlate with the evolution
of human capabilities [21]. Therefore, the development of techniques leveraging natural
and learned human skills is becoming increasingly important. To convey interaction with
digital content, scientists often rely on metaphors that build on widespread knowledge or are
borrowed from facts well established in the real world [71].

One of the most prominent representatives of this principle is the desktop metaphor. In its
origin, a two-dimensional graphical user interface (GUI), it mimics the user’s desk by, for
instance, referencing the functions of a digital system with folders, documents, or a recycle
bin. In contrast, a TUI seeks to supply its users with tangible objects that, on the one hand,
represent and, on the other hand, can manipulate a system’s state. It is worth noting that TUIs
do not generally provide advantages over GUI-based systems. However, multiple studies
have shown benefits for TUIs in terms of physical interaction, realism, and feedback [111].

The inherent property of a mixed reality environment not having to abide by laws and con-
straints of physics makes it an especially interesting testbed. The evaluation of interfaces
that currently can not be realized outside of a blended reality due to technical limitations,
thus opening the possibility to investigate the importance of their physicality, seems promis-
ing. This enables us to envision and evaluate user interfaces that may become a reality in the
future and contribute to the question of such devices may be more beneficial if we simulate
or extend their capabilities in MR.

Even with advances in tracking technology [82, 79] an answer to these questions is not
easy. Until now, we can not transfer any object, shape, or surface to the virtual space.
Simulating tangible feedback is also not yet developed to the point where it eliminates the
need for physical devices. However, current tracking technology allows for the use of a
wide range of items fitted with tracking devices or markers. This ability appears especially
interesting if the tracking technology does not influence the tracked object’s shape or general
characteristics. Such a prototype could support many different use cases, for example, by
utilizing a universal shape that may not need to be explained to its users.

! https://wuw.roadtovr.com/monthly-connected-headsets-steam-3-million-march-2021/
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An object that meets these requirements is the sphere. It can be efficiently tracked without
distorting its outline, we deal with its known symmetric form in a variety of real-world sit-
uations, and as a result, it may be able to support several different types of fully embodied
interfaces and interaction techniques. Hence, in this dissertation, we are dedicated to study-
ing spherical tangible user interfaces. MR provides a compelling environment to implement,
explore, and evaluate such concepts compared to established interaction techniques.

In many different commercial applications and the academic field of human-computer inter-
action (HCI), we find a variety of interfaces that rely on a tangible spherical shape. There-
fore, an analysis of these previous implementations will serve as the basis for formulating
the precise research questions that this dissertation seeks to answer. They may ultimately
contribute insights to the overarching questions discussed in this introduction.

1.1 Fundamentals and Definitions

In the introduction, we built on an intuitive concept of the real and virtual world. Yet, we
must define the spectrum between the two realities and other terms that may also seem self-
evident at first glance but require a clear classification.

Concepts of Reality and Virtuality

To gain a deeper understanding of virtuality in contrast to what is generally considered real-
ity, we will start with reviewing a definition of the latter. Reality can be seen as a dichotomy
of a natural and an artificial part. One is created by human interference, and the other is
not [12]. This philosophic approach shows that we can see reality itself as a blend of two
concepts of thought.

In contrast, the term virtual usually describes anything that the human mind can imagine,
but that does not exist in either of these two parts of reality — a fact that only exists theoret-
ically [95] or in virtuality. However, in a contemporary context, the term more commonly
refers to entities that are simulated by a computer [72] and do not exist [15] but only are
presented [101] in the physical world.

It is important to note that the distinction between reality and virtuality is a contentious topic.
The question, for instance, if a simulated reality that can not be distinguished from the real
world can still be seen as virtual is not easily answered [46]. Nevertheless, we can often find
the crucial factor for such a distinction in the difference between a world that is created and
in some form presented and another that just exists [101]. While this general definition of
the real and virtual world may not be too far from the intuitive interpretation, terms such as
virtual reality need a detailed explanation, especially in the scientific sense.
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Virtual and Augmented Reality

Virtual Reality (VR): We can divide attempts to define VR into technical and conceptual ap-
proaches. Lanier [60] referred to VR as “three-dimensional realities implemented with stereo
viewing goggles and reality gloves.” In opposition, Brudea and Coiffet [14] saw it as an inter-
play of immersion, interaction, and imagination. Immersion [78] is often associated with the
technical capabilities of a system to communicate a simulated reality convincingly. Simulta-
neously, the subjective experience is commonly described as a feeling of presence [45, 106].
Cruz-Neira’s [19] definition touches on technical and conceptual aspects: “VR refers to im-
mersive, interactive, multi-sensory, viewer-centered, three-dimensional computer-generated
environments and the combination of technologies required to build these environments.” A
recent and more general definition is given by Dorner et al. [22]: “Due to the natural interac-
tion possibilities, virtual reality is also referred to as a human-machine interface, [...] which,
compared to traditional user interfaces, enables a particularly natural or intuitive interaction
with the three-dimensional simulated environment.”

These definitions help form a clearer picture of VR and undoubtedly show the importance of
interaction and immersion. As natural interaction being a key focus of this work, we prefer
the definition by Dorner et al. [22].

Virtual World: Bell [3] defined a virtual world as “a synchronous, persistent network of
people, represented as avatars, facilitated by networked computers.” An example would be
a massive multiplayer online game (MMO), which simulates a world independent of the
presence of a particular user [94]. It is obvious that such a definition has evolved with tech-
nological progress, as has the colloquial use of the term, which itself is often used (including
this work) as a synonym for the concept of virtuality that we discussed above.

Virtual Environment (VE): Opposed to the previous term, a virtual environment can be set
apart by persistence and a social component [89, 88]. In academia, the term is commonly
used to describe the variety of virtual scenes to which a user is exposed during a study and
does not necessarily implement the aforementioned properties of a virtual world.

Augmented Reality (AR): Describes a reality superimposed, complemented, or enhanced
with virtual content. This ultimately results in a shared space between digital and physical
objects [9]. As with VR, we find a difference between technical and conceptual definitions.
Milgram et al. [75] presented approaches for both ends of the spectrum. They referred to
AR as “augmenting natural feedback to the operator with simulated cues.” in contrast to “a
form of virtual reality where the participant’s head-mounted display is transparent, allowing
a clear view of the real world.” In a more recent statement, Klopfer and Sheldon [58] saw
AR to “provide users technology-mediated immersive experiences in which real and virtual
worlds are blended.” As with VR definitions, we will base our interpretation of AR on
definitions that include user interaction, such as a recent definition by Dunleavy et al. [25]
that states: ‘“‘users’ interactions and engagement are augmented.” Schmalstieg et al. [86]
accordingly attributed greater importance to AR than VR for the “complex manipulation of
three-dimensional information.”
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Blending Realities

Mixed Reality (MR): In 1995 Milgram et. al [75, 74] proposed the reality-virtuality con-
tinuum (RV). It covers a bidirectional space spanning from a real to a virtual environment
(Figure 1.1). MR, defined within this continuum, constitutes an important part of this thesis
and its title. MR presents entities from both realities simultaneously, meaning that at least
one object from the real and one from the virtual world is present.

Mixed Reality (MR)
L
| > -
Real Augmented Augmented Virtual
Environment Reality (AR) Virtuality (AV) Environment

Reality-Virtuality (RV) Continuum

Figure 1.1: Milgram’s famous reality-virtuality continuum serves as a basis to defining MR as
the conceptual space between real and virtual environments that depend on a majority of real or
virtual entities. They can be further split into augmented reality and augmented virtuality [75].

MR is comprised of two main concepts: augmented reality and augmented virtuality (AV).
Both conceptual spaces are defined by a majority of the content from either of the two worlds.
AR as a composition contains more real than virtual objects, while AV refers to adding
real objects to a space that is mainly made up of virtual information. Because all of the
publications presented in this thesis either transfer real objects to a virtual environment or
augment them with digital information, our experiments exclusively occur in the MR space.
Obviously, the interaction with one tangible, real object alone, such as a VR controller, in a
VE results in a blend of two realities. In literature, such a space also may be referred to as
XR, which serves as an umbrella term for VR, AR, and MR. However, in contrast to AR, an
AV setup strongly leaning towards the virtual side is often referred to as VR. We adopt the
latter convention for all presented publications.

TUIs and Embodiment

Tangible User Interface (TUI): Ishii and Ullmer [51] defined TUIs in 1997 as interfaces
that “augment the real physical world by coupling digital information to everyday physical
objects and environments.” Fitzmaurice et al. [41, 40] however, made the first distinction
between GUIs and TUIs in 1995 while referring to such interfaces as “graspable interfaces”
and defining them as “a physical handle to a virtual function where the physical handle serves
as a dedicated functional manipulator.” While the first definition serves as a solid foundation
for the publications [P1 - P7]? outlined in this thesis, they require a deeper investigation due
to their general nature.

2 Abbreviations for publications are assigned in Section 2.
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One of the most widely used input devices, the mouse, is a TUI by these two definitions.
However, following the assessment of Sharlin et al. [91] this is not the case. The authors
proposed three heuristics; TUIs must: provide successful spatial mappings, unify input and
output (I/O) space and enable trial-and-error activity. While a mouse can provide excellent
spatial mapping [69] neither does it accurately reflect the state of a digital system (since
it separates action and perception space), nor does it support trial-and-error activity. This
means it would be able to be used out of the context of a pragmatic task enabling the explo-
ration of physical space.

Furthermore, the authors argue that designers should aim at a one-to-one mapping of virtual
and real objects for best supporting these heuristics rather than a one-to-many coupling. This
proposal certainly makes sense in the context of the defined heuristics, but it also raises the
question of what the embodiment of virtual content actually means. In the course of this
work, we will therefore refer to the taxonomy by Fishkin et al. [37] that orients TUIs along
two axes: embodiment and metaphor.

Embodiment can be split into four levels: full, nearby, environmental and distant. For full
embodiment, the output device is the same as the input device. Therefore a virtual object is
fully embodied if a real object fills its complete outline. Nearby refers to output occurring in
the immediate vicinity of the user input. Such a device is in literature often referred to as a
proxy. Environmental defines output that only occurs around an arbitrary user’s environment.
In comparison, distant describes an output effect happening in an area neither related to users
nor the input device, such as the working principle of a remote control.

Metaphors allow users to connect an interface’s functionality to an analog, existing mental
model from the real world. An ability tangible interfaces may enable like no other [76].
Subsequently the taxonomy again defines four levels: none, noun or verb, noun and verb,
and full. Self-explanatory, none relates to the complete absence of any metaphor. A noun
describes an analogy to the physical shape, look, or sound of an object. Verb seeks to classify
a metaphor by its functionality. Subsequently, Noun and verb refers to defining analogous
properties and behavior. For instance, if a system deletes a document (noun) dragged (verb)
to a wastebasket, it would qualify for this kind of metaphor. Yet, in contrast to the level
full, the physical and virtual objects still differ. If this is not the case and the TUI literally is
the virtual system, it fulfills the last condition and therefore can also be described as “really
direct manipulation” [38]. A digital pen can serve as an example. It looks and behaves just
like its real-world counterpart.

If we review Fishkin’s taxonomy and the heuristics of Sharlin et al., we do not only get a
good understanding of the essential properties of TUISs, but it becomes clear that the better
a TUI (literally) fulfills these defined guidelines, the greater its potential may be. While
this theoretically may lead to intuitive and usable devices, the technical realization of such
interfaces is still a huge culprit. This is where VR technology comes into play. It may enable
TUIs not always achieving an ideal classification but that could allow us to push beyond the
boundaries where interfaces with no or minimal user instrumentation struggle.
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1.2 Prototyping STUIs in Mixed Reality

Before introducing our first research question, we will reflect on our choice for spherical
devices in light of the classifications outlined in the previous section. The question comes
to mind if spherical devices in MR environments qualify for either full embodiment and full
metaphor while meeting the requirements of the three discussed heuristics.

TUIs as a Motivation for STUIs

If we examine the latter, we can answer the question of spatial mapping as long as the spher-
ical device would support six degrees of freedom (6-DOF) interaction [90]. The unification
of I/O may seem straightforward, but in a technical sense, the output device is not the tracked
object itself but the HMD. Therefore, unified I/O is true if we accept that we simulate this
requirement. However, especially in tangible AR (TAR) [11], and in the field of display sim-
ulation, such setups have been used to some extent, for example, to investigate latency [62]
or novel interfaces in general [57, 53].

Regarding Fishkin’s taxonomy, an STUI would likely qualify for full embodiment [39], yet
the assignment of the metaphor level is more complicated. Here we can find an interesting
phenomenon. If we transfer a simple, embodied object to the VR space, the requirements
for a full metaphor appear to be satisfied; a virtual sphere would behave just as in the real
world. If we extend its functionality, for instance, by adding more advanced interaction
capabilities, the requirements for noun and verb would still be met. Yet, the virtual object
would no longer exactly correspond with the real one. As a result, we diminish the metaphor
level by extending interactive functionality. Generally, we use this taxonomy throughout
the thesis and will provide an overview of embodiment and metaphor levels for all practical
prototypes in the context of their respective studies in Table 3.1.

In general, physical spheres provide the prospect of achieving high levels of tangible quality
(regarding both classifications), making them interesting subjects to explore. They may:

Fully embody any spherical objects in mixed reality.

 Provide intuitive interaction for a variety of existing and novel use cases.

» Convey complex functionality by their natural tendency towards rotation.

» Leverage advantages in ergonomics, visualization, and spatial orientation.
Subsequently, research on STUIs might ultimately inform on the actual usability and possi-

ble advantages of spherical tangible interfaces and their potential to support complex inter-
action that goes beyond but does not alter the natural properties of a sphere.
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Transferring Spherical Objects to MR

As mentioned towards the end of Section 1.1, a major hurdle for TUIs is their technical
feasibility. As a preliminary step for this work, we had to find a solution for these issues that
would ultimately enable the investigation of embodied spherical objects in MR. Hence, we
formulated the first research question:

RQ1: How can commercial hardware be used to efficiently embody virtual spher-
ical objects in MR?

As primary goals for the hardware implementation, we defined: easy reproducibility, fast and
precise object tracking, a completely smooth surface, and as a matter of course, a wireless,
room-size tracking experience. After having tried other more costly options [2] we found
that the tracking performance [79] of the HTC Vive? system was not noticeably influenced
if we placed a Vive Tracker* behind infrared-transparent material such as acrylic glass. We
applied this principle to all prototypes but adjusted them to the requirements of each study.

Figure 1.2: This sketch from [P6] illustrates the general working principle of the hardware
prototypes we used in all publications. We mounted a Vive Tracker (b) to the center of an
acrylic glass sphere using a threaded rod (d) and a stabilization piece (c).

Contribution. Accordingly, [P1] contributes a description and discussion of our devices’
basic construction principle (Figure 1.2) and thereby answers RQ1. Besides a detailed illus-
tration of two prototypes (diameter: 25 cm, 40 cm), we discuss their general pros and cons.
We elaborate on ergonomic factors, the advantages of an MR setup, and topics such as the
visibility of the users’ hands and possible feature use cases. For instance, we discovered
a slight advantage for the tracker to sit in a centered position. This prevented the tracking
device from being shielded by the users’ hands, and the center of mass shifted towards the
center of the spheres. Simultaneously, as a pleasant side effect, the software implementations
did not need to consider a possible offset. In summary, we can attribute the reproducibility
to the simplicity of the design but also to the commercial availability of these devices that
for a long time only could be found in the professional or academic sector [73].

3 https://www.vive.com/us/product/

4 https://wuw.vive.com/us/accessory/vive-tracker/


https://www.vive.com/us/product/
https://www.vive.com/us/accessory/vive-tracker/

Introduction and Background

1.3 Embodied Spherical Information Visualization

To evaluate our hardware prototypes, we identified three application areas [P2]: the simu-
lation of spherical displays, handheld spherical displays, and the more experimental field of
spherical controllers. First, we decided to turn to handheld displays embodying spherical vi-
sualizations. We can divide previous work in the field by the technical realization into three
groups: inside [4] or outside [7, 6, 35] projected spherical displays and simulated ones [65].
If those displays use a viewer’s position to create the illusion of contained three-dimensional
content, they are referred to as handheld perspective corrected displays (HPCDs).

While this was not a primary concern for an initial experiment, VR simulated displays could
generally provide the advantages of low weight, large operation area, and the ability to show
holographic content. The main disadvantage would clearly be strong user instrumentation.
Still, the concept of enriching physical items with virtual content is most prominent in AR
research [6]. For instance, Schmalstieg et al. [87] implemented a three-dimensional visual-
ization hovering above an augmented tablet in their pioneering project “Studierstube”.

As a goal for the first practical exploration, we hoped to gain insights into the possible bene-
fits of fully embodied visualizations on information perception. Additionally, as a secondary
objective, we wanted to test an initial implementation of a spherical multi-touch surface that
we simulated with tracking gloves. This may allow for a first assessment of the input capa-
bilities of such a device and the general viability of VR simulation, yet the primary focus
remained on information perception. Hence, the second research question:

RQ2: How does the full physical embodiment of spherical visualizations affect
information perception?

Contribution. Our position paper [P2] adds to RQ2 in consolidating our view regarding
the importance of fully embodied surfaces in the light of related work [38]. However, our
main contribution lies in the user study (N=32) presented in the third publication [P3]. We
compared two user groups (Sphere / Controller) and evaluated three embodied visualizations
(virtual globe, spherical graph, omnidirectional video). The study was primarily motivated
by the potential of TUIs to support the learning process [71, 110, 70]. The ability to natu-
rally interact with embodied visualizations could provide advantages in pattern recognition,
spatial orientation, and task performance. Additionally, we aimed at insights on subjective
perception and two different display sizes (25 cm, 40cm) as well as conclusions for VR
simulated devices in general.

The results from a selection task only showed an advantage in task completion time for the
smaller spherical display that was easier to handle. The most interesting finding was caused
by the embodied spherical graph [24]. 56.25% of users that analyzed the visualization with
tangible spheres found a hidden pattern, while for the group using VR controllers, only
29.13% of participants were successful.
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1.4 Simulating Spherical Displays

Inspired by the practicality of our prototypes and the positive results the previous study [P3]
brought to light, we continued with a deeper exploration of the spherical devices’ physicality.
To investigate multiple aspects of such, display simulation appeared as promising. In the
course of this well-tested research principle [50, 43] spherical displays have been simulated
in VR to explore perspective corrected displays [33] or possible advantages of AR [65].

Since the implementation of the first spherical displays [67] in the early 2000s, the devices
have significantly developed with the advances in display technology. Yet, until now, they
mostly serve as eye-catching technology demonstrators that offer minimal interaction. While
expensive commercial displays often rely on a multi-touch surface [44, 5] and inside pro-
jection, in academia a number of prototypes [99, 36, 13, 109] have been realized that due to
outside projection could offer interaction such as physical rotation [17, 55].

The simulation of a large commercial spherical display in VR [P4] would allow us to i)
test different interaction techniques influenced by various levels of tangible feedback and
11) gain insights into the capabilities of VR simulated devices in general. Consequently, we
formulated the third research question that would be essential to all following work:

RQ3:  How do the physicality of spherical objects and their self-explanatory
shape influence user performance and subjective perception?

Contribution. With [P4], we contribute two studies (N=16, N=32) to RQ3. The first study
adds to the general question of the viability of a VR simulated spherical display and the
practicality of displays presented inside VR. In summary, results showed a comparable per-
formance for the VR simulated variant in comparison to a Puffersphere display”. For an
alignment task, the VR condition performed superior. This added further to the motivation
for a follow-up study. Subsequently, we compared three different levels of physicality by VR
simulation: a purely virtual, a fixed but tangible, and a fully rotatable spherical display. For
the latter conditions, we supplied a custom-built prototype. Additionally, the second study
contributes a comparison between selection by alignment and tapping, both with either fixed
or rotating background. Meaning that for the fixed background, only the task-related ele-
ments would rotate along with the sphere, otherwise showing a static grid.

Therefore, the second study would allow conclusions to be drawn about the physicality of
the display, the role of real rotation, and the effects of the two selection and visual feed-
back techniques. As the clearest result, we found that the rotating display was significantly
faster, more accurate, and subjectively preferred. We also must add that, interestingly, users
achieved better overall results in the alignment task that did not require a simulated multi-
touch interface for the rotatable condition.

3 https://pufferfishdisplays.com/
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1.5 Advanced Interaction Techniques with STUIs

These two findings were crucial to defining the research focus for the next three publications.
On the one hand, the spherical device performed superior with a less complex interaction
technique (alignment). On the other hand, the physical rotation but not the physicality itself
was the determining factor for the found advantages. Therefore we decided to dedicate our
following research efforts to the final question:

RQ4: How can STUISs facilitate complex interaction techniques requiring trans-
lation, rotation, and scaling by their shape alone?

This question, along with RQ3 (since we have tested all of the following concepts in terms
of task completion time, accuracy, and subjective ratings), would accompany us over the
remainder of our work. To evaluate more complex interaction techniques that would only
rely on the shape of a spherical tangible device, we decided to first turn to the field of TAR.

Object Manipulation in TAR

Generally speaking, TAR applications profit from a relationship between the real and virtual
world [68]. Subsequently, Billinghurst et al. [10] defined two properties: users interact with
virtual objects by manipulating a real-world equivalent, and each virtual representation is
coupled to only one physical counterpart. However, we can find an increasing number of
approaches that rely on proxies [16, 47, 23]. Such items can be coupled with a variety of
virtual objects while embodying them to various degrees.

An important ability to interact with virtual objects is manipulation, most commonly rota-
tion, translation, and scaling (RTS). For such a task, TAR applications often supply physical
devices [48, 85]. This approach benefits from objects that indicate their functionality by their
shape [54, 42, 108]. However, the question remains how users can select a virtual object by
connecting it to a physical one. The virtual hand [80] and virtual pointing [64] techniques
describe the general principle of picking up an object within the range of the input device or
selecting an item out of reach. In our concept, we rely on the first paradigm since this may
fit the natural character of a tangible proxy.

As we aim to investigate a sphere’s ability to support object manipulation by only utilizing
its shape, we have to supply a dwell-time-based solution for performing the actual selec-
tion [93]. Consequently, we are missing one degree of freedom to allow for simultaneous
RTS (7-DOF). Therefore, we implemented a mode-based approach that allows switching
between rotation/translation and scaling [102]. For scaling, we decided to make use of the
sphere’s tendency towards rotation over a distance-based approach [92]. We tested our im-
plementation (diameter: 12 cm) against three controller conditions, one of which allowed for
simultaneous 7-DOF interaction.

11
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Contribution. In total, we contribute three studies [P5 - P7] to RQ4 that at the same time
add to RQ3. This paragraph will discuss the contribution derived from the fifth publication’s
[P5] study (N=30). The study evaluated our implementation of a spherical proxy compared
to three VR controller conditions with increasing hardware complexity both in mid-air and
on a table. As outlined, our prototype could not support 7-DOF interaction and therefore had
to rely on a menu to switch between rotation/translation and scaling. As by the definition of
RQ3, this constraint is necessary since we want to explore interaction solely benefiting from
the spherical shape. Subsequently, two conditions only must differ in shape while interaction
is identical. To gain further insights, we compared two additional controller conditions that
once incorporated a button to switch between interaction modes and ultimately allowed for
simultaneous 7-DOF interaction.

As the most notable result, we found the spherical device to be faster than all controller
conditions except for the one mentioned last. A similar picture showed for overall task
performance and subjective ratings. An analysis of what interaction types caused the advan-
tages for the spherical controllers revealed that most users achieved the lower task times by
the scaling interaction that we based on rotation around a central axis.

Discrete and Continuous VR Locomotion

Next, we decide to explore VR locomotion as yet another topic that would allow us to con-
clude a sphere’s potential to support complex interaction. VR locomotion concepts rely on
techniques that often make use of multiple degrees of freedom. Overall it is a challenging
topic since the virtual space mostly largely exceeds the physical space. Therefore, elaborated
methods that allow users to navigate a large VE at ease are needed. In general, we can divide
the field into two opposing paradigms: continuous and discrete techniques [1]. As the names
suggest, the first aims at reproducing a fluent locomotion experience (e.g., walking) while
the latter allows users to change their position often without any intermediate action instantly
(e.g., teleportation). While both techniques have their advantages, we see the potential of a
spherical device to contribute a solution to each field.

For continuous locomotion, we build our approach on classical control theory [52] and
gesture-based methods [104], since a sphere (diameter: 12 cm) rotated in hands would elicit a
hand-gesture [56] associated with locomotion that allows users to mimic a ball rolling on the
ground. For discrete locomotion, we explored a world-in-miniature (WIM) implementation.
A WIM supplies users with a miniature version of a VE that can be used for navigation and
object manipulation. The original concept was implemented by Pausch and Stoakley [96]
in 1995 and since then has been extended [105] and successfully applied to locomotion in
modern VR settings [8]. As a result, we saw potential in a tangible spherical WIM (SWIM)
that would unify the advantages of TUIs and discrete VR locomotion by projecting a planar
WIM to the surface of tangible spheres (diameters: 12 cm, 25 cm).

12
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Contribution. Based on the use cases of discrete and continuous VR locomotion, we con-
tribute, as mentioned, two studies [P6, P7] to answering RQ3 and RQ4. In [P6], we imple-
mented a spherical device, rotated in hands that would constitute a hybrid solution between
a controller and a gesture-based approach. Additionally, it could realize a zero-order sys-
tem [52] that, due to the direct translation of input to movement, appeared as particularly
promising. Still, we decided to test two paradigms: the zero-order system and a first-order
system that would transfer the sphere’s directional tilt to a corresponding velocity and direc-
tion. The results from our study (N=20) showed clear advantages for the zero-order system
that could eventually outperform the first-order variant and two controller-based methods,
mainly in task completion time and accuracy. However, subjective ratings were in favor of
the VR controllers. These findings affirmed the viability of a spherical VR controller only
relying on its shape for first-person locomotion.

In contrast to [P5], the SWIM implementation allowed for simultaneous 7-DOF interaction
solely based on the tangible device. Apart from answering RQ3 with a comparison to VR
controllers in objective and subjective ratings, our study (N=20) naturally contributes to
answering RQ4. To be able to navigate a large terrain, a WIM needs to support scrolling and
zooming. We aimed at conveying these interaction techniques by only utilizing the spherical
shape. For instance, if users rotated the device, it would scroll a planar WIM projected onto
a sphere. Only appearing as rotation users would, in reality, perform a more complex type
of interaction (scrolling). Since our implementation would require simulated holographic
content protruding from the sphere’s surface, it can only be realized in MR environments that
can use the visual space surrounding the device. The results from the study we conducted
in the course of [P7] were unambiguous. The SWIM technique could outperform a VR
controller technique in all ratings.

1.6 Summary and Overview of the Thesis

As the goal of this thesis, we pursue the exploration of the potential and practicality of spher-
ical tangible interfaces in MR. Following the preliminary technical exploration, we defined
three main research objectives (RQ2-RQ4): first, we examine the impact of embodied spher-
ical visualizations on user perception. Second, we wanted to gain knowledge on the overall
task performance of handheld spherical devices in display simulation and, more prominently,
in tasks requiring complex interaction such as object manipulation and locomotion. Third,
we studied possible advantages stemming from the spherical shape alone by deliberately
limiting interaction to this constraint.

Chapter 2 introduces the publications this thesis is based on in greater detail and places them
in the context of the general research objective.

Chapter 3 discusses the results of this thesis regarding the research questions and then pro-
vides an outlook on respective future work.
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2

Publications

After the introduction of the leading research questions and relevant fundamentals, we will
now, in greater detail, focus on the publications that form this dissertation. We introduce
each section briefly before we present a preview and summary of the contained papers.
Table 2.1 gives a complete overview of all publications, their addressed research questions,
research methods, and primary contribution. It is worth noting that the papers are presented
roughly in order of their publication, as the primary research questions (RQ2, RQ3, RQ4)
have evolved throughout the studies. However, a strict separation of the research questions is
not meaningful, as most publications touch on multiple questions. Hence, the assignment to
the questions refers to the main contribution of the papers as outlined in the previous chapter.

The original publications and a table explaining the contributions of all listed authors (Table
A.1) are available in the Appendix A.
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RQ

Title of Paper and Publication Venue

Research Method

Primary contribution

[P1] RQI1 “Sphere in Hand: Exploring Tangible Interaction with Immersive Spher- Observation, hardware evaluation =~ Development and description of a low-cost
ical Visualizations” in IEEE VR ’19 hardware prototype for tracking spherical ob-
jects in MR.
[P2] RQ2 “Spherical Objects as an Opportunity to Investigate Physical Embodi- Position paper Outlining use cases and research opportu-
ment in Mixed Reality Environments” in MUC ’19 nities for fully embodied spherical objects
mainly from an academic perspective.
[P3] RQ2 “Feel the Globe: Enhancing the Perception of Immersive Spherical Vi- Controlled experiment (N=32) Practical evaluation of spherical prototypes in
sualizations with Tangible Proxies” in IEEE VR ’19 the context of tangible information visualiza-
tion and multi-touch selection.
[P4] RQ3 “TangibleSphere — Interaction Techniques for Physical and Virtual Controlled experiments (N=16), Description and evaluation of the simulation
Spherical Displays” in NordiCHI ’20 (N=32) of a large tangible spherical display in VR in
regard to three levels of physical feedback.
[P5S] RQ3,RQ4 “A Tangible Spherical Proxy for Object Manipulation in Augmented Controlled experiment (N=30) Development and analysis of a buttonless,
Reality” in IEEE VR 20 sphere-based object manipulation technique
and comparison to three controller-based
methods with varying hardware complexity.
[P6] RQ3,RQ4 “Rock or Roll — Locomotion Techniques with a Handheld Spherical De-  Controlled experiment (N=20) Development and analysis of two buttonless,
vice in Virtual Reality” in ISMAR ’20 sphere-based continuous first-person locomo-
tion paradigms and subsequent comparison to
two controller-based techniques.
[P7] RQ3,RQ4 “Spherical World in Miniature: Exploring the Tiny Planets Metaphor Controlled experiment (N=20) Development and analysis of a buttonless,

for Discrete Locomotion in Virtual Reality” in IEEE VR 21

sphere-based discrete locomotion technique
for avatar teleportation and comparison to a
controller-based technique.

Table 2.1: Overview of publications the thesis is based on, abbreviated as [P1 - P7] with corre-
sponding research methods and primary contributions.



Publications

2.1 Prototyping STUIs in Mixed Reality

The first paper [P1], lays the technical foundation for the following publications. We de-
scribe the used hardware and construction of the technical prototype that we in its principle
used in all projects of this thesis. However, since the implementation for each paper had to be
adjusted or slightly tweaked, all papers contain their own description of the exact prototype
construction in regard to the context of the respective area of application (see Appendix A).

After having studied the performance and complexity of various hardware solutions we
found that a simple tracking device mounted to the center of an acrylic glass sphere would
not only provide fast and responsive tracking but could also support a large area of operation
while keeping implementation and hardware costs comparatively low.

RQ1: How can commercial hardware be used to efficiently embody virtual spher-
ical objects in MR?

[P1] Sphere in Hand: Exploring Tangible Interaction with Inmersive Spherical
Visualizations

Summary. This publication describes and illustrates how a
spherical object can be tracked at a low cost in VR by using
commercially available hardware. We then discuss the emerg-
ing possibilities of data analysis and exploration in VR that
raise the question of how users can be best supported during

such interactions. Spherical visualizations allow for conve-
nient exploration of certain types of data. Our spherical proto-
type, exactly aligned with virtual content presented in VR, im-
plements a very natural way of interaction and utilizes senses
and skills trained in the real world. At its core, this work is
motivated by the prospect to create in VR a low-cost, tangi-
ble, robust, handheld spherical display that would be difficult
or impossible to implement as a physical display. We realize
this concept by placing a tracking device in the center of two
differently sized acrylic glass spheres (25 cm, 40 cm). We em-
phasize that we hardly encountered any tracking errors caused

either by obstruction or light refraction. After a description of
the implementation, we discuss the advantages and disadvantages of our approach, taking
into account different handheld spherical displays utilizing outside and inside projection.

Englmeier, D., Schonewald, 1., Butz, A., and Hollerer, T. (2019b). Sphere in Hand: Explor-
ing Tangible Interaction with Immersive Spherical Visualizations. In 2019 IEEE Conference
on Virtual Reality and 3D User Interfaces (VR). doi:10.1109/VR.2019.8797887
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2.2 Embodied Spherical Information Visualization

Following the first tests and the implementation of our hardware concept [P1], we (i) defined
use cases [P2] to explore the concept and (ii) conducted a first user study [P3] where we
applied spheres with two different diameters (25 cm, 40 cm). While we identified several
use cases, we decided to target tangible information visualization [49] for the first study.

In the position paper [P2], we first consolidated our view regarding the importance of em-
bodied interaction. Then, we identified three main areas of application that would set the
course for the following projects: the simulation of spherical displays, handheld spherical
displays, and spherical controllers. While the latter also serve as tangible displays, the main
difference to handheld spherical displays is rooted in focus on more complex interaction in
contrast to perception and the presentation of information. We also emphasized our proto-
type’s capability to fully embody tracked objects since our approach does not modify the
(spherical) surface of the tracked object in any way. Consequently, these kinds of implemen-
tations enable a completely topologically accurate embodiment of virtual spherical objects,
as described in the summary below.

[P2] Spherical Objects as an Opportunity to Investigate Physical Embodiment
in Mixed Reality Environments

Summary. In this position paper, we introduce our approach
of using current VR and AR technology to explore fully tangi-
ble spherical user interfaces. We present three prototypes uti- pSial Gblact at s Cpoctuslty o bvesiget
lizing this technique. We briefly outline possible challenges,

advantages, and fields of application for the presented con-

cepts. Accordingly, we discuss why VR is an interesting tool to
investigate interaction with TUTIs that are currently not feasible
in real world applications such as tangible holographic inter-
faces or lightweight handheld non-planar displays. This allows
for studying various levels of tangible feedback on established
use cases such as spherical visualizations. Subsequently, a tan-
gible sphere, due to its natural shape enables an investigation
of interaction techniques transferred from the real to the virtual
world. Building on these prospects we represent the position
that such objects could play a leading role not only in research
but in future VR and AR applications and research projects that

rely on or seek to explore natural interaction based on realistic
physical feedback.

Englmeier, D. (2019). Spherical Objects as an Opportunity to Investigate Physical Embod-
iment in Mixed Reality Environments. In Mensch und Computer 2019 - Workshopband,
Bonn. Gesellschaft fiir Informatik e.V., doi:10.18420/muc2019-ws-454
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It becomes clear that the outlined property to fully embody spherically shaped objects could
constitute a major advantage in contrast to tracked items whose shape and center of mass
could be distorted by tracking devices. Accordingly, we decided to investigate this potential
further. First, we wanted to obtain insights on the effects of this kind of physical embodiment
on the perception of three-dimensional information. Second, we wanted to test a first imple-
mentation that provides an input technique for a handheld spherical device. However, we set
the main focus of the experiment on investigating a possible positive effect of topologically
embodied spherical visualizations in contrast to visualizations coupled with a standard VR
controller [P3].

RQ2: How does the full physical embodiment of spherical visualizations affect
information perception?

[P3] Feel the Globe: Enhancing the Perception of Inmersive Spherical Visual-
izations with Tangible Proxies

Summary. In the course of this paper, we explore the oppor-
tunities that recent developments in the commercialization of
virtual reality have created for enhancing human interaction
with three-dimensional objects and visualizations. Spherical
visualizations allow for convenient exploration of certain types

of data. Our tangible sphere, exactly aligned with the sphere
visualizations shown in VR, implements a very natural way
of interaction and utilizes senses and skills trained in the real
world. In a lab study, we investigate the effects of the per-
ception of actually holding a virtual spherical visualization in
hands. As use cases, we focus on surface visualizations that
benefit from or require a rounded shape. We compared the us-
age of two differently sized acrylic glass spheres to a related
interaction technique that utilizes VR controllers as proxies.
On the one hand, our work is motivated by the ability to create
a tangible, lightweight, handheld spherical display in VR that

can hardly be realized in reality. On the other hand, gaining

insights about the impact of a fully tangible embodiment of a virtual object on task perfor-
mance, comprehension of patterns, and user behavior is important in its own right. After a
description of the implementation we discuss the advantages and disadvantages of our ap-
proach, taking into account different handheld spherical displays utilizing outside and inside
projection.

Englmeier, D., Schonewald, 1., Butz, A., and Hollerer, T. (2019a). Feel the Globe: Enhancing
the Perception of Immersive Spherical Visualizations with Tangible Proxies. In 2019 IEEE
Conference on Virtual Reality and 3D User Interfaces (VR). doi:10.1109/VR.2019.8797869
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2.3 Simulating Spherical Displays

As outlined in Section 1.4 the positive results from the previous study [P3] led to the concept
of a large VR simulated spherical display (60 cm in diameter) that would allow for a deeper
investigation of possible benefits of the spherical shape on measurable performance and user
ratings. The reason why we conducted two studies for [P4] is rooted in the fact that only
very little previous work on VR simulated spherical displays [65, 33], exists, especially
in combination with a multi-touch surface [5]. Therefore, the second study followed the
positive results from the first that showed the general viability of a VR simulated STUI.

RQ3:  How do the physicality of spherical objects and their self-explanatory
shape influence user performance and subjective perception?

[P4] TangibleSphere — Interaction Techniques for Physical and Virtual Spheri-
cal Displays

Summary. Tangible interaction is generally assumed to pro-
vide benefits compared to other interaction styles due to its
physicality. We demonstrate how this physicality can be
brought to VR by means of TangibleSphere — a tracked, low-
cost physical object that can (a) be rotated freely and (b) is

overlaid with a virtual display. We present two studies, in-
vestigating performance in terms of efficiency and usability:
the first study (N=16) compares TangibleSphere to a physical
spherical display regarding accuracy and task completion time.
We found comparable results for both types of displays. The
second study (N=32) investigates the influence of physical ro-
tation in more depth. We compare a pure VR condition to Tan-
gibleSphere in two conditions: one that allows actual physical
rotation of the object and one that does not. Our findings show
that physical rotation significantly improves accuracy and task
completion time. These insights are valuable for researchers

designing interaction techniques and interactive visualizations
for spherical displays and for VR researchers aiming to incorporate physical touch into the
experiences they design.

Englmeier, D., O’Hagan, J., Zhang, M., Alt, F., Butz, A., Hollerer, T., and Williamson, J.
(2020). TangibleSphere — Interaction Techniques for Physical and Virtual Spherical Dis-
plays. In Proceedings of the 11th Nordic Conference on Human-Computer Interaction:
Shaping Experiences, Shaping Society, NordiCHI "20, New York, NY, USA. Association for
Computing Machinery, doi:10.1145/3419249.3420101
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2.4 Advanced Interaction Techniques with STUIs

As one of the most interesting findings from the previous two studies [P4], we identified
that user performance was best for the physical rotating display for the alignment task. In
this combination, the STUI did not need to provide a multi-touch surface. In summary the
less complex hardware performed superior in combination with a physical device that let
users feel its rotation. Therefore, we decided to dedicate future studies also to exploring this
phenomenon along mandatory contributions to RQ3.

RQ4: How can STUISs facilitate complex interaction techniques requiring trans-
lation, rotation, and scaling by their shape alone?

2.4.1 A Spherical Interface for Object Manipulation

According to the aforementioned properties of TAR (Section 1.5), we decided to test an
STUI for object manipulation in AR. Opposed to previous papers, we coupled the STUI
with arbitrarily shaped objects that did not necessarily embody the sphere’s outline.

[P5] A Tangible Spherical Proxy for Object Manipulation in Augmented Reality

Summary. In this paper, we explore how a familiarly shaped
object (a sphere) can serve as a physical proxy to manipu-
late virtual objects in AR environments. Using the example
of a tangible, handheld sphere, we demonstrate how irregu-
larly shaped virtual objects can be selected, transformed, and

released. After a brief description of the implementation of
the tangible proxy, we present a buttonless interaction tech-
nique suited to the characteristics of the sphere. Users can se-
lect from two different interaction modes that allow for trans-
lation and rotation and for scaling the picked up object. In a
user study (N=30), we compare our approach with three differ-
ent controller-based methods that increasingly rely on physical
buttons. As a use case, we focused on an alignment task that
had to be completed in mid-air as well as on a flat surface.
Results show that our concept has advantages over two of the
controller-based methods regarding task completion time and

user ratings. Our findings inform research on integrating tan-
gible interaction into AR experiences.

Englmeier, D., Dorner, J., Butz, A., and Hollerer, T. (2020a). A Tangible Spherical Proxy
for Object Manipulation in Augmented Reality. In 2020 IEEE Conference on Virtual Reality
and 3D User Interfaces (VR). doi:10.1109/VR46266.2020.00041
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2.4.2 Spherical Interfaces for VR Locomotion

For the final use cases, we have chosen the problem of VR locomotion. As discussed, we
contribute one study to each sub-domain (continuous/discrete). While first-person locomo-
tion is a challenging topic in VR, we dedicated our approach to finding a viable method for an
STUI that would provide a convincing metaphor. Consequently, we only used two rotation
axes for locomotion and the transitional DOFs for positioning the sphere in the virtual space.
We decided against using the up-axis for rotating the user’s camera mainly because contin-
uous locomotion in VR is prone to cybersickness [103, 34, 18]. This phenomenon describes
an unpleasant feeling caused by a perceived disparity of virtual and real motion [61, 20]. It
can be occur when virtual and real movement do not match but also by the virtual camera
rotating, for instance, by additional controller input.

Accordingly, locomotion techniques often struggle on the one hand with limited physical
space and on the other hand with cybersickness. While scholars have addressed both issues
in multiple ways, a controller technique can mitigate these problems to some degree. Our
main motivation from the user perspective lies in the self-explanatory character that an STUI
could provide in this field. If the sphere is rotated in one direction and the user’s avatar moves
accordingly, this may provide an accessible technique that may appeal in particular to novice
VR users.

[P6] Rock or Roll — Locomotion Techniques with a Handheld Spherical Device
in Virtual Reality

Summary. In this work, we investigate the use of a handheld
spherical object as a controller for locomotion in VR. Rotat-
ing the object controls avatar movement in two different ways:
As a zero order controller, it is continuously rotated to the tar-
get position as if rolling a ball on the floor. As a first order

controller, it is tilted like a joystick to determine the direction
and speed of movement. We describe how our prototype was
built from low-cost commercially available hardware and dis-
cuss our design decisions. Then we evaluate both locomotion
techniques in a user study (N=20) and compare them to estab-
lished methods using handheld VR controllers. Our prototype
matched and in some cases outperformed these methods re-
garding task time and accuracy. All results were obtained with-
out any usage instructions, indicating easy learnability. Some
of our insights may transfer to interaction with other naturally
shaped objects in VR experiences.

Englmeier, D., Fan, F., and Butz, A. (2020b). Rock or Roll — Locomotion Techniques with
a Handheld Spherical Device in Virtual Reality. In 2020 IEEE International Symposium on
Mixed and Augmented Reality (ISMAR). doi:10.1109/ISMARS50242.2020.00089

22


http://dx.doi.org/10.1109/ISMAR50242.2020.00089

Publications

The seventh publication [P7] tackles the problem of discrete VR locomotion and implements
a system for avatar teleportation. Building on previous insights, we see the potential of a
spherical device embodying a topologically matching miniature world. By simple rotation
and translation of the device, we aim at naturally conveying more complex types of interac-
tion to users that otherwise would, as in the compared controller-based methods, needed to
be learned, e.g., by studying a button layout. This idea is particularly related to the scrolling
interaction that at first sight appears as a naturally rotating spherical object when in reality,
a viewport is scrolled along a planar WIM wrapped around a sphere.

In contrast to [P5], this implementation may allow for simultaneously 7-DOF interaction
mainly due to the fact that the SWIM can always be coupled with the tangible device since
it does not need to be placed at a specific position in the VE. As a result, we may be able
to support scrolling and scaling with an STUI that can only provide its own shape. Overall,
this would create the impression of a tangible interactive tiny planet that may present a
compelling tool for VR locomotion.

[P7] Spherical World in Miniature: Exploring the Tiny Planets Metaphor for
Discrete Locomotion in Virtual Reality

Summary. In the last presented paper, we explore the con-
cept of a Spherical World in Miniature (SWIM) for discrete
locomotion in Virtual Reality (VR). A SWIM wraps a planar
WIM around a physically embodied sphere and thereby imple-
ments the metaphor of a tangible tiny planet that can be rotated

and moved, enabling scrolling, scaling, and avatar teleporta-
tion. The scaling factor is set according to the sphere’s distance
from the HMD, while rotation moves the current viewing win-
dow. Teleportation is triggered with a dwell time when look-
ing at the sphere and keeping it still. In a lab study (N=20),
we compare our SWIM implementation to a planar WIM with
an established VR controller technique using physical buttons.
We test both concepts in a navigation task and also investigate
the effects of two different screen sizes. Our results show that
the SWIM, despite its less direct geometrical transformation,
performed superior in most evaluations. It outperformed the

planar WIM not only in terms of task completion time and ac-
curacy but also in subjective ratings.

Englmeier, D., Sajko, W., and Butz, A. (2021). Spherical World in Miniature: Exploring the
Tiny Planets Metaphor for Discrete Locomotion in Virtual Reality. In 2021 IEEE Conference
on Virtual Reality and 3D User Interfaces (VR). doi:10.1109/VR50410.2021.00057
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3

Discussion and Future Work

This thesis aims to explore STUIs to provide easily understood but yet effective input de-
vices that leverage the advantages of tangible interfaces. First, we presented the technical
concept that at low cost allows for constructing such devices and then demonstrated a total
of five implementations [P3 - P7]. In the course of these, we explored the applicability of
STUIs each in four different contexts: embodied visualization, display simulation, and more
complex interaction techniques required for object manipulation and avatar locomotion.

For all application areas, we found various results that contribute to spherical devices as
usable and self-explaining tools that could ultimately provide greater access to the MR space.
In this concluding chapter, these findings are reflected upon in detail, and implications and
future possibilities are discussed in light of the research questions outlined previously.
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3.1 Protoyping STUIs in Mixed Reality

To answer RQ1, we can state that as for now, our approach of placing a Vive tracker inside
an acrylic glass sphere constitutes a cost-effective and overall very performant solution to
transfer spherical devices to MR. If we recall Fishkin’s taxonomy [37] and the heuristics of
Sharlin et al. [91] our devices qualify as TUIs (as long as we accept the fact of HMD output)
and also for embodiment and metaphor levels that may help in explaining some of our results.
Therefore, as a reflection on prototyping STUIs, we classify our implementations according
to the above taxonomy (Table 3.1) as this may not be as straightforward as the fulfillment of
the heuristics.

Embodiment Metaphor Description

(P3]  full Sfull / Visually fully embodied, but the globe visualiza-
noun & verb  tion offered extended functionality (selection).
(P4]  full noun / Visually fully embodied, but only the rotating dis-
noun & verb  play builds an analogy to the behavior of a sphere.
[P5]  nearby noun & verb Embodiment of arbitrary objects that still behave
largely analogous to the real world.
(P6]  full noun & verb Visually fully embodied, yet extended functional-

ity (movement by rotation).

Visually fully embodied only when zoomed out

(P71 full / nearby noun & verb and extended functionality to manipulate a WIM.

Table 3.1: Embodiment and metaphor levels according to Fishkin [37] for papers [P3 - P7].

As outlined in Section 1.2 a simple spherical object such as a globe transferred to VR that
acts just like its real counterpart would qualify for both full levels. However, if we extend the
virtual representation both in functional and visual ways, we likely diminish both levels. If
we again look at the example of a globe that we presented in [P3] and extend its functionality
by adding a touch-sensitive surface, the requirement for verb would be no longer met since
the real object does typically not support this kind of interaction.

One could argue that such a virtual sphere acts as a simulation of a theoretically existing
display, and thus, the criteria for full metaphor are satisfied. However, this would presup-
pose users to recognize the display as such. While it may be an interesting thought to see a
display as a metaphor itself and thereby convey functionality (for example, by building on
visual concepts users might have of a certain kind of display), we discard the idea. We argue
that the extension of functionality (visual and interactive) most likely results in a reduction
of embodiment and metaphor levels since users would associate a virtual sphere more likely
with its presented content than recognize it as a display. While this might change in the
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future, all of our demonstrated TUIs support a sphere’s natural properties, for example, rota-
tion. Therefore, regarding metaphor, a part of the verb level is met. Hence, we classify this
case to diminish the full level to verb and noun. In the following discussion of the results,
we include a short explanation of the taxonomic classification for each paper.

3.2 Embodied Spherical Information Visualization

As discussed, the reason that the outlined prototype of [P3] does not completely qualify for
the full metaphor level is rooted in the possibility to select targets on the virtual globe. The
other visualizations, however, exclusively provided 6-DOF interaction hence qualifying for
full embodiment and metaphor. We tested the spherical prototypes in one exploratory and
two analytical tasks and found advantages for the physically embodied visualizations for the
spherical graph (RQ2). Users more often recognized a hidden pattern when analyzing the
graph while generally rating the STUIs higher in perceived learnability and overall subjective
feedback. To solve the exploratory task, users had to select a succession of countries on a
globe. For the sphere conditions, we implemented a simulated multi-touch surface based on
tracking gloves. Simultaneously, controller selection worked by pointing a ray at the desired
spot before pulling a trigger. For this task, we neither found advantages for the sphere-based
technique nor the controller.

The results regarding the spherical graph showed clear advantages for the tangible virtual
spheres, leading to the question of what properties of the spherical device these might have
been caused. The data from the exploratory task hinted that a simulated multi-touch surface
is a viable approach, but other methods that may, in a greater sense, adept to the properties
of a sphere appear as worth exploring. While we found a slight preference and faster task
completion times for the smaller sphere, users would provide unconventional strategies for
operating with the larger one. Some users placed the spheres on the floor and rotated them.
Others sat down and placed the STUIs on their lap, subsequently exploring the physical
space. This trial-and-error activity clearly demonstrates how a tangible object in VR can
fulfill the eponymous heuristic. It is also interesting to note that users did not conduct any
comparable actions with the VR controllers.

As a consequence, we can record a clear benefit for the VR simulated STUI, while compa-
rable effects have been found for physical visualizations [49]. However, a future experiment
could tackle the problem to what degree shape or embodiment have caused this advantage
in perception. Another productive extension may be a further combination of previous work
regarding spherical visualizations. For instance, Vega et al. [100] showed that virtual globes
presenting statistical data [83] could communicate complex scientific concepts to a wider
audience due to linking phenomena to a recognizable system (globe). A surrounding visual-
ization based on previous research on immersive spherical visualizations [59, 107] may also
be arich research topic. Lastly, a comparison to systems requiring less [65] or no user instru-
mentation may be promising, yet the technical progress of movable displays with non-planar
shapes [63] currently appears as the main hurdle.
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3.3 Simulating Spherical Displays

For the fourth publication [P4], we conducted two studies, and the taxonomic classification
is also twofold. In the visual sense, all tested prototypes fully embodied matching spherical
content. The difference in classification for the metaphor is a result of the fixed conditions in
contrast to the rotating ones not being able to provide this very property naturally associated
with a sphere.

.. (P)

Figure 3.1: This illustration from [P4] describes the construction of our rotatable VR simulated
display prototype. As with the other implementations, a Vive tracker (c) is mounted to the center
of an acrylic glass sphere that, due to its diameter (60 cm), required a stabilization scaffold (a)
and sat on a socked equipped with interchangeable ball-bearings (b).

We formulated RQ3 based on the motivation derived from the positive results for the spheri-
cal embodied visualizations. We answer this question by means of the second study. The first
experiment’s goal was to test for the general validity of a VR simulated spherical multi-touch
display. While the positive effects for user performance and accuracy clearly substantiate the
second study, the first study makes a clear point for VR as a useful prototyping tool. Follow-
ing this principle, we constructed a prototype that resembled the outline and extended the
capabilities (by physical rotation) of a real spherical display (Figure 3.1).

From the results of our second study comparing three levels of tangible feedback (no tan-
gible feedback, simulated rotation on a static display, physical rotation) we can derive that
despite users having to rotate a large device (diameter of 60 cm) they achieved significantly
lower task completion times and higher accuracy than with both variants that only simulated
rotation. These findings make a strong case for VR as a tool to simulate (tangible) dis-
plays in general and again emphasize the importance of physical feedback that allows users
to sense weight, inertia, momentum, and rotation. In addition, we compared two selection
techniques. One required users to simply tap on a target and another for which users had
to align a fixed interface element with the desired target. Then, the selection was triggered
with a dwell-time of one second. When supplied with the rotatable display, users were sig-
nificantly faster but also more precise, while the alignment technique that did not require a
multi-touch surface achieved the best results.
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These unambiguous results lead to the conclusion that this selection technique, in combina-
tion with a movable spherical device, constitutes a viable approach that interestingly needs
less complex hardware (no multi-touch surface) than the tapping technique. A compari-
son between the tangible and non-tangible conditions, both simulating rotation, showed no
significant differences. This finding emphasizes our assumption that the advantages of the
rotatable display are mainly rooted in the experienced and actively executed rotation of the
device and not just its physical presence and felt passive haptic feedback. Therefore, the
results from [P4] contribute to answering RQ3 by clearly exposing a positive impact on
task completion time, accuracy, and subjective perception when the spherical device can be
touched and physically rotated.

From an academic perspective, these conclusions substantiate VR as a prototyping tool [81,
57] allowing us to experience TUIs that can yet only exist in MR. Regarding spherical de-
vices, the selection-by-alignment technique appears promising for further exploration since
it can be facilitated by a sphere’s properties alone. We also have to leave a further investiga-
tion of a multi-touch surface combined with physical interaction to future research. However,
concluding from both studies, a VR simulation may facilitate such a project.

3.4 Advanced Interaction Techniques with STUIs

As mentioned, we formulated RQ3 based on these previous results and related work dis-
cussed in Section 1.5. This question of how STUIs can leverage a sphere’s shape alone
without implementing additional input options presents an overarching and important guide-
line that significantly influenced the design and use cases for publications [P5 - P7].

A Spherical Interface for Object Manipulation

A quick recapitulation: Tangible AR applications often rely on input devices that establish
functionality by their shape. For example, a controller shaped like a shovel or a scoop [54,
42] indicates that it can be used to pick up a virtual object. However, our approach of
picking up arbitrary objects with a sphere and manipulating them in RTS only constitutes
nearby embodiment. Yet, we see the metaphor level of noun and verb still being met due to
spatial 6-DOF interaction and the spherical shape clearly indicating rotation. The full level
can not be reached because of the extended ability allowing for object scaling.

As a critical property of our technique, we have to emphasize that we implemented object
manipulation based on two separate modes that had to be selected from a menu. We made
this decision because we needed to enable object-scaling at the current object position and
therefore only had a maximum of six degrees of freedom at our disposal per interaction mode
(while simultaneous RTS would have required at least seven degrees of freedom). Following
the constraint of only using the sphere we based the pick-up and menu interaction as before
on the selection-by-alignment technique with a dwell-time of one second. We compared
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our approach to three controller techniques that would i) provide similar functionally at a
different shape, ii) integrated a button to switch between modes and iii) enable full 7-DOF
interaction utilizing buttons and a touchpad. While a comparison to the first condition would
allow for conclusions regarding the shape alone, the second and third conditions would again
generate insights on the benefits of more complex hardware.

The spherical device was faster than two controller conditions but was outperformed by
the controller condition that supported simultaneous 7-DOF interaction and made use of
buttons and a touchpad. The same picture showed for subjective user ratings. These results
undoubtedly make a strong point for the spherical shape as a manipulation interface in AR
but also for simultaneous RTS. An analysis of what interaction types caused the advantages
for the spherical controllers revealed that most users achieved lower task times by the scaling
interaction that we based on rotation around a central axis.

In summary, we again found solid evidence for a positive influence of the spherical shape
on user performance and subjective ratings (RQ3) even with a more distant level of embodi-
ment. Therefore, our approach solely based on a tangible sphere constitutes a viable solution
for object manipulation in AR (RQ4). We can further confirm the usability of the selection-
by-alignment technique that we used to select menu items and pick up objects. However, the
switching between modes caused a significant disadvantage in task completion times that
the surprisingly well-performing scaling-by-rotation strategy could not mitigate.

Consequently, the most crucial additional feature for our proxy solution [16, 23] would be
an extension that would unify both interaction modes. This could be achieved either by
implementing another interaction level such as buttons or touch sensitivity or by finding
a viable gesture-based technique [84]. A multi-touch surface would generally enable the
support of additional interaction techniques such as the selection of objects at a distance as
recently explored by Louis et al. [66] in an AR setup.

Spherical Interfaces for VR Locomotion

While VR locomotion presents a challenging topic itself (Sections 1.5 and 2.4.2) for us,
it provided an interesting opportunity to test novel spherical devices and to gain insights
mainly regarding the research questions RQ3 and RQ4.

Implications from Continuous VR Locomotion

In the course of [P6], we tested an STUI supporting two different paradigms. For the zero-
order system, it is continuously rotated towards a target, while for the first-order system, the
angular tilt would set a constantly executed velocity. Both paradigms enabled movement in
four directions, which we mapped to pitch and roll angles, while the yaw angle regarding
locomotion remained unused. We transferred all six degrees of freedom to a matching visu-
alization but only utilized two for actual first-person locomotion. Consequently, the visual
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representation (a spherical grid that, in analogy to a snowglobe, contained a WIM as a navi-
gation aid) qualifies for full embodiment. Likewise, the functionality of movement prevents
a similar level for the metaphor classification. While we again see a clear resemblance to the
real-world properties of a rotating sphere, we can set this level to noun and verb.

Despite the lower scores that both sphere-based paradigms received in terms of subjective
ratings, we found significant advantages for the zero-order system (in comparison to the
first-order system and two matching controller conditions). Still, the subjective ratings were
clearly in favor of a position-control technique that made use of the VR controller’s di-
rectional touchpad. However, users were more precise and faster when using the STUI
in combination with the zero-order paradigm. Additionally, we emphasize the easy learn-
ability of this paradigm. Users were able to execute avatar movement without any given
instructions. As with other approaches, for instance, requiring the constant execution of a
gesture [56] study participants subjectively disliked the constant activity while some also
reported a greater feeling of involvement.

Overall, these findings answer RQ3 in showing the potential of an STUI to embody an
efficient first-order system. As for answering RQ4, we again find evidence that an STUI
can support complex interaction by its shape if applying the right paradigm, in our case, the
direct translation of rotation to movement. Future research could provide further insights
on a possible use case for the yaw angle, while additions, for example, allowing to switch
between a zero- and a first-order system a multi-touch surface could reduce physical demand
or provide more refined interaction with the VE.

Implications from Discrete VR Locomotion

The taxonomic classification for our SWIM technique may be less straightforward than for
the others. At first, in terms of embodiment, the virtual content is only fully embodied as
long as possible elevations (e.g., mountains, buildings) are not, due to the current zoom-
level, protruding visibly from the surface. Second, for the metaphor, a SWIM may appear as
a handheld globe or tiny planet but does not exactly behave like one. At the same time, we
use this effect to convey interaction techniques. The scrolling functionality only looks like
a rotating sphere, but in fact, the miniature world is scrolled, which may eventually require
many full rotations to get back to a starting point compared to just one with a simple globe.
As shown in [P3], such would qualify for full embodiment. The SWIM, however, provides
a strong resemblance to a sphere but extends its capabilities by scrolling and scaling.

In total, the SWIM technique built on a sum of advantages that we found for STUISs: it makes
use of a strong metaphor that allows the sensation of rotation, thereby communicates more
complex interaction, and utilizes the selection-by-alignment technique for teleportation. We
mapped the scrolling interaction linearly to the yaw and pitch angles of the handheld sphere.
Since only these two degrees of freedom are needed for scrolling the viewport, the roll angle
remained unused. However, we found that for natural behavior, it is important to map the
rotation of the plane in which we placed the planar WIM to this angle. This means that if
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the sphere is rolled, we rotate the WIM around a pivot point defined by the intersection of
the user’s camera vector and the WIM plane. The general working principle is shown in
Figure 3.2.

After analyzing the results from [P7], a clear picture showed: the SWIM concept clearly
outperformed a controller method inspired by the classical WIM implementation. The con-
troller method was based on two separate VR controllers, one for holding the map and one
for pointing and teleportation. Particularly noteworthy herewith is the fact that users did not
rate the spherical distortion as negative. On the contrary: some even found the distortion
helpful for spatial orientation. Therefore, we can conclude that for a spherical miniature
world, a tangible spherical device is capable of communicating complex interaction such
as scrolling and zooming to users (RQ4) while providing advantages in terms of task com-
pletion time, accuracy, and subjective ratings (RQ3) and maintaining a simple and easily
understood interaction metaphor.

Figure 3.2: This sketch from [P7] illustrates the working principle of the SWIM technique.
Pitch and yaw angles scroll the viewport while the roll angle rotates the WIM in place. After
projecting the planar WIM to the sphere, it convincingly represents a handheld planet.

As flawless as discrete locomotion with the SWIM technique performed, an extension in
the direction of a multi-touch surface appears as meaningful to additionally support object
manipulation. Future work could also provide further insights into the advantages of the
spherical shape by comparing it to a tangible planar WIM [77, 105] utilizing similar in-
teraction. We also want to emphasize the usability of the applied selection-by-alignment
technique that we again could demonstrate. Lastly, an application and evaluation in the en-
vironment of an actual geographic application seems exciting and could further substantiate
the concept based on a spherical shape conveying complex interacting by a catchy metaphor.
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3.5 Closing Remarks

“Everything in nature takes its form from the sphere, the cone and the cylinder.”

Paul Cezanne

This thesis has presented a first exploration of the capabilities of STUIs completely simulated
in MR. Following the initial finding of the spherical devices’ positive effect on information
perception, we investigated STUIs by simulating spherical displays as well as studying their
capability to support object manipulation and two paradigms for VR locomotion. Our results
have shown that STUIs can often support these demanding use cases by only relying on their
shape while eventually outperforming established and more complex controller techniques.

The crucial finding from our fourth publication that not the physical shape of a sphere may
constitute an interactive benefit but its property to communicate a self-inflicted feeling of
mass, inertia, and momentum to the user’s fingertips has significantly shaped the course of
this dissertation. This result adds to the assumption that STUIs can afford the possible prop-
erty of TUISs to experience a given input directly at fingertips and palms by means of rotation
like hardly any other device. Due to VR simulation, we have shown that they also lever-
age the advantages of low weight and display simulation in general. By the demonstrated
high levels for embodiment and metaphor and insights such as the convincing performance
of the selection-by-alignment technique, this dissertation may inspire further research ef-
forts to contribute to the overarching goals of enriching interaction in a subsequently more
accessible user experience.

As a natural property of the MR space, our findings may transfer to other virtual spaces, and
thus the discussed techniques could be applied in different contexts. As we have shown with
the SWIM technique, this context could be a reiteration of a classical interaction technique
that may eventually profit from a tangible spherical shape or challenging fields such as VR
locomotion in general. The simplicity and cost-effectiveness of the demonstrated prototypes
strongly facilitate such a future exploration. Our results have uncovered profound evidence
for VR as a prototyping tool for novel displays and input devices and as a space for expe-
riencing capabilities that can yet not be realized outside MR. These findings clear the path
to manifold future studies. Be it the implementation of a multi-touch surface in conjunction
with an STUI, the exploration of simulated holographic content, or the subsequent extension
of the evaluated use cases; this work may form the basis for many opportunities to deepen
our understanding of elemental geometric shapes acting as tangible interfaces in MR.

STUIs are not only transitioning from technology demonstrators such as spherical displays
to versatile input devices [66] but, as demonstrated, undoubtedly have the potential of con-
stituting viable input devices that may, in the right context, provide the best possible solution
for interaction. Even if the vision of Sutherland [97] and Ishii [51] of displays forming mat-
ter creating completely tangible bits might come true someday, users will most likely still
benefit from a simple and yet natural interaction metaphor such as a tangible sphere.
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