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ABSTRACT

Augmented Reality (AR) can create the illusion of virtual objects being integrated into the viewer’s physical environment. Researchers have identified numerous application areas that can benefit from AR. Moreover, they
have suggested AR displays as tools to support co-located and distributed
collaboration. Usually, collaboration requires the collaborators to coordinate
their joint actions through conversation. Today, an increasing number of ARcapable smartphones and tablets contributes to the dissemination of AR technology. Yet, research has not widely investigated the question of how ARs can
be designed to support conversation and collaboration.
With the goal of informing interaction designers, this thesis studies how
the design of ARs can facilitate collaborative, spatial activities. It builds on
the assumption that spatial activities require the collaborators to exchange
spatial information through conversation, e. g., to guide each other’s attention to a task object in the AR environment. To specify the location of a specific task object, speakers often utilize visually outstanding objects—so-called
landmarks—as reference objects. Collaborative ARs, however, do not necessarily provide as many landmarks as some spatial activities would require.
Moreover, distributed ARs may only offer physical landmarks that exist in
one of the collaborator’s environment exclusively. Such landmarks are, therefore, useless for spatial conversations with a remote AR-collaborator. This
work makes two propositions to overcome this issue of missing referencing
options during co-located and distributed, collaborative spatial activities. The
first proposition consists in adding shared, virtual landmarks to the collaborators’ AR. The second proposition consists in embedding both the task objects
and the virtual landmarks into a shared, virtual environment.
Within three controlled lab studies, this thesis evaluates the two propositions and makes three contributions. First, it provides a better understanding
of how the propositions shape synchronous, co-located, and distributed spatial referencing. Second, it provides a set of design guidelines on how to
support collaborative activities in AR that involve spatial referencing. Third,
it informs future research to support AR-based, collaborative spatial activities.
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Z U S A M M E N FA S S U N G

Augmented Reality (AR) Technologien ermöglichen die Darstellung virtueller
Objekte und die Integration dieser Objekte in die Umgebung eines Betrachters. Forscher konnten bereits zahlreiche Anwendungsbereiche identifizieren,
die von AR profitieren. Darüber hinaus haben bisherige Arbeiten gezeigt, dass
AR zur Unterstützung von kollaborativen Tätigkeiten geeignet ist. Solche Tätigkeiten erfordern häufig, dass sich die Kollaborateure absprechen, um ihre
gemeinsamen Aktionen zu koordinieren. Derzeit trägt eine wachsende Anzahl an AR-fähigen Smartphones und Tablets zur Verbreitung von AR Technologie bei. Allerdings hat sich die Forschung seither wenig mit der Frage
auseinandergesetzt, inwiefern die Gestaltung von ARs die Kollaborateure bei
Absprachen – und letztlich auch bei deren Zusammenarbeit – unterstützen
kann.
Mit dem Ziel, Interaktionsdesignern eine Entscheidungsgrundlagen zu liefern, untersucht diese Arbeit, inwiefern die Gestaltung von ARs kollaborative,
räumliche Aufgaben unterstützen kann. Betrachtet werden hierbei zwei Fälle
der Kollaboration: Im ersten befinden sich die Kollaborateure am gleichen
Ort (co-located) und im zweiten befinden sie sich an unterschiedlichen Orten (distributed). Des Weiteren basiert diese Arbeit auf der Annahme, dass
kollaborative, räumliche Aufgaben das Kommunizieren räumlicher Informationen erfordern. Um beispielsweise den Ort eines bestimmten, aufgabenbezogenen Objektes zu identifizieren, verweisen Sprecher oftmals auf markante
Objekte – sogenannte Landmarken – in dessen Nähe. AR Umgebungen stellen jedoch nicht notwendigerweise genügend Landmarken bereit. Darüber
hinaus eignen sich physische Landmarken in verteilten ARs oftmals nicht
als Referenzobjekte, da sie – anders als die virtuellen, aufgabenbezogenen
Objekte – nicht zwingend in den ARs aller Kollaborateure existieren. Diese
Arbeit stellt zwei mögliche Ansätze vor, die das Problem der unzureichenden Möglichkeiten des Referenzierens adressieren. Der Erste Ansatz besteht
in der Bereitstellung gemeinsamer, virtueller Landmarken innerhalb der AR
der Kollaborateure. Der zweite Ansatz besteht darin, sowohl die virtuellen,
aufgabenbezogenen Objekte als auch die virtuellen Landmarken in eine gemeinsame, virtuelle Umgebung zu integrieren
Anhand von drei kontrollierten Laborstudien evaluiert diese Arbeit die
beiden Ansätze und leistet drei wissenschaftliche Beiträge: Erstens vermittelt sie ein besseres Verständnis für den Einfluss der beiden Ansätze auf das
räumliche Referenzieren. Zweitens liefert sie Leitlinien für die Gestaltung
von ARs zur Unterstützung kollaborativer Aktivitäten, die räumliches Referenzieren einschließen. Drittens generiert sie neue Forschungsfragen, deren
Adressierung für die Unterstützung kollaborativer, räumlicher Aktivitäten
mit AR Technologien erforderlich sind.
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INTRODUCTION

In the 16th century, Neapolitan scientist Giambattista della Porta described
an optical illusion technique, which was later translated into “How we may
see in a Chamber things that are not” [230, p. 370]. In the 19th century, British
engineer John Dircks developed a working concept of the technique for London’s horror theaters, the so-called Phantasmagorias. But he failed to establish his idea into theaters because the required modifications to the theaters
would have been too extensive and hence too costly. British scientist John
Henry Pepper saw that he could improve Dircks’ method in this respect. In a
stage performance of Charles Dickens’ novella “The Haunted Man,” Pepper
demonstrated his improved version of the technique by creating an optical
illusion of a ghost appearing on stage. Figure 1.1 shows the components that
are necessary for the illusion to work: The ghost to be created onstage requires a physical model in a room which is hidden from the audience. The
physical model is illuminated so that it casts a reflection on a glass plate. The
audience, the glass plate, the stage, and the hidden room need to be arranged
in such a way that the audience experiences the reflection as being part of the
scenery.

Figure 1.1: “Comment on produit les spectres” [176, p. 377], an early illustration by
Marion [176] from 1867 which shows how to create the ghost.
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Theaters featuring Pepper’s illusion technique were received with great enthusiasm, and the technique was popularized as “Pepper’s Ghost.” A historical quote from The Times (as cited in Dircks [69]) allows us to get an
impression of the atmosphere that the illusions created:
The spectres and illusions are thrown upon the stage in such a perfect embodiment of real substance, that it is not till the Haunted
Man walks through their apparently solid forms that the audience
can believe in their being optical illusions at all.
Since then, the idea of augmenting the real world with optical illusions has
not only inspired art directors and artists; it has also sparked the imaginations of computer scientists of the 20th century—for such computer-generated, virtual objects would enable humans to experience and interact with
digital information in entirely novel ways. Moreover, as the virtual objects
would not require a physical model, neither their shape nor their behavior
would be limited by the laws of physics. In the late 1960s, Ivan Sutherland
came a decisive step closer to this objective. He presented a Head-Mounted
Display (HMD) [288] which was able to blend a computer-generated object
with the image of the viewer’s physical environment (Figure 1.2).
Meanwhile, Sutherland’s work is recognized as a cornerstone in the history
of Augmented Reality (AR) displays. His invention was particularly remarkable in that the dominant user interface paradigm was the command-line,
which limited computer operation to text input and output using a keyboard
and computer screen (Figure 1.3a). In those days, however, computer technology was comparatively expensive. Moreover, his display design was somewhat bulky. Thus, considering practical applications, his innovation remained

(a) Sutherland [288] wearing his HMD, the
“Sword of Damocles.”

(b) First-person view of Sutherland’s HMD
showing a virtual cube as part of the
viewer’s physical environment [145].

Figure 1.2: The “Sword of Damocles” by Sutherland [288], a first attempt in augmenting the real world with computer-generated objects.
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insignificant at first, as was Dircks’ forerunner version of Pepper’s Ghost. In
the following decades, AR displays could primarily be found in Government
and Academic research labs [19]. In the meantime, computers became faster,
smaller, and affordable for the public, and the Graphical User Interface (GUI)
was introduced. The new interface allowed for a less abstract dialog between
the human operator and the computer following the Windows, Icons, Menus,
Pointer (WIMP) paradigm (Figure 1.3b).
Unlike command-line interfaces, which require the user to learn commands,
parameters, and their syntax to initiate computer operations, WIMP GUIs offer
the user visual metaphors of real-work objects. The virtual “Desktop,” for
example, represents and organizes computer programs and data in the style
of a physical desktop. This metaphor allows the user to refer to their experiences with the associated real-world objects. In 1997 van Dam [64] notes a
stagnation in the development of WIMP interfaces: “the third generation of
WIMP user interfaces has been so dominant for more than two decades; they
are apparently sufficiently good for conventional desktop tasks that the field
is stuck comfortably in a rut.” [64, p. 63] Even today the WIMP GUIs seem to
be sufficiently useful for many tasks and are still widely used.
Nevertheless, a new generation of interfaces has diverged from the WIMP
paradigm since the 1990s. According to van Dam [64], these “post-WIMP” interfaces contain “at least one interaction technique not dependent on classical
2-D widgets such as menus and icons” [p. 65]. Jacob et al. [129] added that
they “draw strength by building on users’ pre-existing knowledge of the everyday, non-digital world to a much greater extent than before. They employ
themes of reality such as users’ understanding of naïve physics, their own
bodies, the surrounding environment, and other people” [129, p. 201]. This
characterization applies to a multitude of interaction styles, such as speech

(a) Command-line interface “VT100 terminal” (b) Xerox Star 8010, providing a WIMP GUI.
providing text-based input via a computer
(Image by the Digibarn Computer Mukeyboard. (Image by Jason Scott [260].)
seum [208].)

Figure 1.3: User interface paradigms; left: pre-WIMP, right: WIMP.
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and gestures recognition [64], which manifest in a diversity of post-WIMP interfaces. One such type is an indirect descendant of Sutherland’s HMD: modern AR displays (Figure 1.4).
For several decades AR technology has advanced in research labs until it
finally surfaced amidst the diverse family of post-WIMP interfaces. The first
presentations of Microsoft’s HoloLens in 2015 can be seen as a commercial
milestone in AR history, in the sense that it yielded similar reactions to the
ones by the first Peppers’ Ghost performances in the 19th century:
“The experience was nothing short of magical.” Bright [30]
“It’s the real world, but not as we know it. It’s a kind of magic.” Thinkbusiness [295]
“It’s true innovation.” Bohn and Warren [21]
“[S]omething that projects whatever you want, when you want it, right
in front of your peepers.” Kovac [149])
“This combination of reality and unreality is amazing, and potentially
incredibly useful . . . ” Rosoff [245]
A central question related to novel interaction technology refers to its operational fitness. Since the 1990s [19] AR research has identified several application areas that can benefit from AR technology, e. g., education [18, 74],
collaborative modeling and design [48, 237, 319], remote assistance [87, 225],
computer-aided instructions [87, 191], navigation [9], construction and architecture [24, 105], training and maintenance [191], and medical visualizations
[7, 210]. AR has also been identified as a particularly suitable tool to support
collaborative activities [15, 98, 168] and promoted as “the next generation collaborative interfaces” [98, p. 90]: During co-located collaboration, augmentation can enhance face-to-face communication (e. g., by providing spatial vi-

(a) Co-located collaboration using Google’s
Project Tango Tablet [67].

(b) Distributed collaboration using the Microsoft HoloLens [61]. (Image by Youtube
Channel “Captain Gizmo” [46].)

Figure 1.4: Collaboration based on recent AR technologies.
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sual and audio cues [16, 17] and facilitating seamless interaction between
collaborators’ communication and task space [15, 253]). During distributed
collaboration, augmentation can provide shared, virtual artifacts that serve
the collaborators as a mechanism to coordinate joint actions [1, 15, 71, 310].
Meanwhile, AR technology has been commercialized and is used in several application areas that involve co-located and distributed, collaborative
activities, such as education [44, 108, 223, 305], architecture [63, 66], and
the medical sector [167]. And yet, the question of how AR interfaces can
be used to enhance face-to-face and distributed collaboration has not been
widely investigated. In a survey on AR from 2015, Billinghurst et al. [19]
conclude that “there have been very few user studies with collaborative AR
environments and almost none that examined communication process measures.” [19, p. 199] Communication, however, is central to successful collaboration, because it allows group members to coordinate their actions and prevent a potential process loss [283]. Such coordination often involves spatial
referencing, the communication and confirmation of an object’s location [211].
Thus, supporting spatial referencing contributes to the coordination process.
As an example of coordination through spatial referencing consider the learning scenario illustrated in Figure 1.5:
Students of a learning group use their handheld AR devices to
explore the constellation of animal cells. The cells are presented

I think we sould concentrate on
the cell next to your coffee cup.

Figure 1.5: Collaborative exploration of animal cells. Objects such the coffee cup can
serve as reference objects that help the collaborators guiding each other’s
attention to a particular cell (e. g., to inspect it more closely). Such reference objects are particularly helpful when the objects of interest look
similar. (3-D cell model courtesy of Björn Sommer et al. [274])
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as virtual objects on a table and constitute the “task objects” of
this scenario. Using AR displays, the students can benefit from a
shared learning space which they can explore individually. One of
the students wants to guide the others’ attention to a specific cell,
for example for a closer, collaborative inspection. To initiate this
joint action, he uses a nearby object, the coffee cup, as a spatial
anchor to refer to the cell of interest.
This example illustrates that such reference objects can play a vital role in
successful coordination and collaboration; especially when the objects of interest—the cells—look similar and can not be identified explicitly by visual
features such as color, size or shape. Then, reference objects can become vital
for the identification of a specific object of interest. Effective reference objects,
such as the cup in the example, however, may not always be available. Such
a situation can occur, for example, when virtual objects are located in midair, because physical objects inherently follow the law of gravity. Another
potential problem arises when collaborators work in different physical environments. In this case, physical objects may not exist in all collaborators’
environments and therefore do not represent effective reference objects.
Two approaches may help to overcome this issue of lacking referencing
options—the first consists in the provisioning of additive, shared, virtual reference objects and the second in embedding the task objects into a shared, virtual environment. This thesis investigates how these two propositions affect
the spatial referencing behavior of co-located and distributed conversational
partners.
1.1

research goal and scope

In 1969, Urban Design Professor Donald Appleyard [3] studied how the structural elements of peoples’ living environments shape their experiences and
interactions. The goal of Appleyard’s analysis was to provide a predictive
tool for architects and planners:
If we could predict how well buildings and structures in the city
were known, planners and architects would be in possession of
a powerful design tool, for we could begin to gain some control over that elusive communications medium, the urban environment. [p. 131]
Today, interaction designers may benefit from such a predictive tool in a similar way because interactive technology—such as AR—increasingly permeates
our living environments. This thesis, therefore, follows a similar, superordinate goal, focusing on collaborative AR as work environments:
With the goal of informing interaction designers, this thesis studies how the design of ARs can facilitate collaborative, spatial activities.

1.1 research goal and scope

To address this goal, this thesis evaluates two propositions that address the
identified problem of lacking referencing options during collaborative activities in AR within a defined research scope. This scope is defined by the collaborative activity considered, the technology that is used, and two propositions
themselves.
Regarding the collaborative activity, this thesis focuses on spatial referencing,
“the communication and confirmation of an object’s location” [211, p. 718]. It
is an integral part of humans’ interaction with the world [211], for example
when guiding someone’s attention to an object of the environment [42, 43].
Spatial referencing occurs in different situations as a “critical component” of a
greater task, for example as part of a joint attention task of search-and-rescue
teams monitoring a dynamic environment [211]. Thus, spatial referencing is
a task element, as it represents one of the “procedural steps by which a task
is accomplished” [227, p. 843]. Understanding spatial referencing as a task
element is crucial as it implies that the applicability of associated research
findings is not restricted to only a particular application domain but to any
that involves spatial referencing. As a collaborative task element, spatial referencing can be further specified concerning the temporal and spatial dispersion
of the collaborators [131]. Within this work, spatial referencing is studied
within synchronous, co-located and distributed, collaborative situations (Figure 1.6). A further relevant aspect related to the study of collaboration refers
to the group size [151]. This work studies spatial referencing between dyads,
i.e., two collaborators.
As for the technology, this work focuses on AR tablets (such as illustrated in
Figure 1.4a). AR tablets are handheld AR displays which represent a “window
into an information space” [19]. Such handheld displays offer familiar directtouch input, which users can benefit from when interacting with virtual AR
objects. Handheld displays have become ubiquitous access points to computational power, the Internet, and personal data. Also, an increasing number
of vendors of handheld devices provide AR functionality.

(a) Synchronous, co-located collaboration

(b) Synchronous, distribution collaboration

Figure 1.6: Different spatial dispersion of synchronous, AR-supported collaboration.
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The two propositions which were designed, implemented, and evaluated in
this thesis address the problem of missing reference options in co-located and
distributed, collaborative ARs. The first proposition consists in the provisioning of shared, virtual landmark objects. Providing such landmarks increases
collaborators’ referencing options, for example when guiding each other’s attention to specific task objects (Figures 1.7a, 1.7b). Proposition 1 can then be
formulated as:
P1 Provide additive, shared virtual landmarks.
The second proposition considers the display configuration: Using an AR configuration, the display integrates virtual objects within a digitized representation of the collaborators’ physical environment (Figure 1.7c). Especially during distributed, spatial referencing, this can become problematic when collaborators refer to objects in their individual, physical environment. Thus, in
such situations, using a Virtual Reality (VR) configuration that integrates the
virtual objects into a shared, virtual environment, might be more beneficial
(Figure 1.7d). Proposition 2 can then be formulated as:

(a) Initial situation of P1 : the display only
presents the task objects (represented as
virtual cubes) in AR.

(b) P1 : the display presents shared, virtual
landmarks in addition to the task objects.

(c) Initial situation of P2 : the display uses an
AR configuration that integrates virtual
objects into the viewer’s physical environment.

(d) P2 : the display uses a VR configuration that integrates virtual objects into a
shared, virtual environment.

Figure 1.7: Juxtaposition of the two propositions (right) and their initial situations
(left).

1.2 research questions and approach

Table 1.1: Research scope.
research dimension

specifics

Collaborative activity

spatial referencing

temporal dispersion

synchronous

spatial dispersion

co-located and distributed

group size

dyads

Technology

handheld AR displays

Propositions
P1

adding shared, virtual landmark objects to the AR

P2

embedding the task objects in a shared, virtual environment.

P2 Use a VR display configuration that integrates the task objects into a
shared, virtual environment.
In summary, with the goal of providing design guidelines for interaction designers, this thesis evaluates two propositions that address the issue of missing referencing options during collaborative, AR-supported activities. The
scope of this work is defined by the specifics related to the collaborative activity considered, the technology that is used, and the propositions (Table 1.1).

1.2

research questions and approach

This thesis is motivated by a comprehensive, superordinate research question:
How do we design collaborative ARs to support co-located and
distributed activities that involving spatial referencing?
To address this research question, this thesis follows the validated solution pattern by Turnhout et al. [298]. The starting point of this pattern refers to “an
unsolved problem, deficiencies in existing solutions, or the need to illustrate
a novel vision or idea with concrete examples.” [p. 366] The starting point
of this thesis refers to the illustrated problem of lacking referencing options
during collaborative activities in AR that involve spatial referencing. The validated solutions are the two propositions presented in Section 1.1. To evaluate
the propositions by means of empirical research, a research question was
formulated for each proposition. In combination with the two spatial distributions considered, this creates a research map consisting of four research
questions (Figure 1.8). For addressing these research questions, the parameters collaborative activity and technology were kept constant.
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The first research question addresses Proposition 1, the provisioning of
shared, virtual landmarks, during co-located spatial referencing. Proposition 1
represents the independent variable which is manipulated in the corresponding study. The investigation of this research question assumes that co-located
collaborators use an AR display configuration.
RQ1 How does Proposition 1 (additive, shared, virtual landmarks) shape colocated spatial referencing?
The second research question also addresses Proposition 1, too, yet during distributed spatial referencing. Proposition 1 represents the independent variable
which is manipulated in the corresponding study. The investigation of this
research question assumes that distributed collaborators use an AR display
configuration.
RQ2 How does Proposition 1 (additive, shared, virtual landmarks) shape
distributed spatial referencing?
The third research question addresses Proposition 2, the provisioning of a VR
display configuration (as an alternative to the AR configuration), during colocated spatial referencing. Proposition 2 represents the independent variable
which is manipulated in the corresponding study.
RQ3 How does Proposition 2 (a VR display configuration) shape co-located
spatial referencing?
The fourth research question also addresses Proposition 2, yet during distributed spatial referencing. Proposition 2 represents the independent variable
which is manipulated in the corresponding study.

co-located

RQ1

RQ3

distributed

RQ4 How does Proposition 2 (a VR display configuration) shape distributed
spatial referencing?

Spatial referencing
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RQ2

RQ4

P1: virtual landmarks
(deactivated vs. activated)

P2: VR display configuration
(AR vs. VR)

Proposition
Figure 1.8: Research map showing the research question of the propositions being
evaluated within this thesis.

1.2 research questions and approach

This thesis follows the subsequent stages of validated solution pattern [298].
The outcome of each stage is operationalized as a research objective. The find
stage analyzes the parameters related to the research questions. This stage
aims at providing a theoretical foundation that informs the design of concrete
propositions to be implemented and evaluated. The objective of the find stage
can then be summarized as the
O1 Establishment of a theoretical foundation that informs the design of
concrete propositions.
The build stage aims at implementing the concrete propositions in the shape
of study prototypes. To enable efficient validation of multiple solutions a
testbed evaluation approach based on Bowman et al. [25] is chosen. The objective of the build stages, therefore, refers to the:
O2 Design and implementation of an evaluation testbed that implements
the propositions to be validated.
The subsequent validate stage consists of several lab studies. The studies evaluate the propositions and address their associated research questions with
the goal of identifying future research questions and extracting design guidelines:
O3 Validation of propositions.
O4 Derivation of implications for future research and the design of ARs to
support spatial referencing.
The final stage, synthesize, summarizes the findings from the validate stage
and discusses them in the context of the superordinate research question.
The stated goal of this thesis was to provide design guidelines for interaction
designers to support spatial referencing in AR. In addressing the research
objectives, this thesis will be able to meet this goal and make three research
contributions to the field of Human-Computer Interaction:
C1 Provide a better understanding of how the propositions shape synchronous, co-located, and distributed spatial referencing.
C2 Provide a set of design guidelines on how to support collaborative activities in AR that involve spatial referencing.
C3 Inform future research to support AR-based, collaborative activities that
involve spatial referencing.
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1.3

thesis outline

This thesis is composed of three parts (Figure 1.9), which correspond to the
stages of the validated solution research pattern according to Turnhout et
al. [298]:
part i aims at establishing a theoretical foundation that informs the design of concrete propositions (Research Objective 1). The individual chapters
result from the scope of this thesis as defined in Section 1.1. Chapter 2 analyzes
the collaborative task, spatial referencing, its associated cognitive and linguistic
processes, and landmarks as reference objects. The goal of this chapter consists of the extraction of requirements related to the propositions. Chapter 3
introduces Augmented Reality (AR), the technology considered in this thesis
and serves as a basis for the discussion of results of the Empirical Studies. It
classifies AR as an interaction style, discusses the technological characteristics
of handheld AR displays and how they relate to the quality of the AR experience, and presents several applications that involve spatial referencing in
conjunction with handheld AR displays. Chapter 4 consults design-sensitizing
theories in Human-Computer Interaction (HCI) with the goal of analyzing the
design space of AR displays concerning spatial referencing, and informing the
design of the propositions.
part ii represents the empirical part. It introduces the evaluation testbed
that implements the concrete propositions (Research Objective 2). Furthermore, it presents the three controlled lab studies that evaluate the propositions by addressing associated research questions (Research Objective 3 and
Research Objective 4). Chapter 5 first introduces the design and implementation of the evaluation testbed. The subsequent chapters address the research
questions and validate the proposition in terms of three experimental studies:
Chapter 6 addresses RQ1 , Chapter 7 addresses RQ2 , and Chapter 8 addresses
RQ3 and RQ4 . The studies each use a similar design which was enhanced
over time and adapted to the study-specific research question (RQs).
part iii concludes this thesis. Chapter 9 provides a thesis summary and
an overview on the research contributions. Chapter 10 reflects on the assumptions and decisions on which this reserach is based and how they limit the
generalizability of research findings. Besides, this chapter expands on the
conducted research and discusses future research directions to support collaborative activities in ARs.

1.3 thesis outline

Activity

Technology

HCI Theory

Chapter 2

Chapter 3

Chapter 4

O1

find & analyze

PART I: Theoretical Foundations

Evaluation Testbed
Chapter 5

Study 1

Study 2

Study 3

(RQ1)

(RQ2)

(RQ3 and RQ4)

Chapter 6

Chapter 7

validate

O2

build

PART II: Empirical Studies

Chapter 8

O3, O4

PART III: Conclusion

Chapter 9
Reflection & Research Directions

synthesize

Thesis Summary & Research Contributions

Chapter 10

Figure 1.9: Structure of this document. Parts are organized according to the four
stages find, build, validate, and synthesize of the validated solution research
pattern [298].
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1.4

research path

My fascination with AR displays originates from my first experiences with
spatially-aware, hand-held displays. Such displays provide the user with a
movable viewport into an information space. Navigating to off-screen content, traditional, and spatially unaware devices requires the user to transform
the information space (e. g., through a panning gesture as illustrated in Figure 1.10a). Spatially-aware devices, on the contrary, allow the user to navigate
digital information spaces by moving the device in physical space. Thus, they
allow for egocentric navigation (Figure 1.10b).

(a) Non-egocentric navigation: user applies a
panning gesture to navigate.

(b) Egocentric navigation: user moves the
tablet in physical space to navigate.

Figure 1.10: Different navigation styles to navigate to off-screen content. (Map content taken from Openstreetmap [221])

That moment marked the beginning of my fascination with egocentric navigation and its enabling interfaces. In my first research projects, I focused on
egocentric navigation of 2-D information spaces (Figure 1.11a) and eventually
solidified around collaboration using AR displays, which allow for egocentric,
3-D navigation (Figure 1.11b).

(a) Egocentric, 2-D navigation of an information canvas.

(b) Egocentric, 3-D navigation during collaboration using AR displays.

Figure 1.11: Different scenarios that involve egocentric navigation.

1.4 research path

The following listing illustrates this development: it presents the publications
that have contributed to this thesis, puts them into my research context, and
discusses their contribution to this thesis. Note that some of my research
has not been published immediately, which is why the dates of associated
publications do not necessarily follow the chronological order of my research
path. Miscellaneous publications, which turned out to be of less relevance to
this thesis and form my parallel research path, are listed in Appendix A.1.
During my first research activity in the field of egocentric navigation, we
investigated the effects of display size on users’ navigation performance, task
load, and navigation behavior. As a result, from the studied display sizes,
the tablet size turned out to be the optimal compromise between display size
and both user task load and user navigation performance. This work was
published at the CHI conference 2014 as:
Session: Interactive Surfaces and Pervasive Displays

CHI 2014, One of a CHInd, Toronto, ON, Canada

Bigger is not always better: Display Size, Performance,
and Task Load during Peephole Map Navigation
Roman Rädle1*, Hans-Christian Jetter2*, Jens Müller1, Harald Reiterer1
1
Human-Computer Interaction Group, University of Konstanz, Germany
{Roman.Raedle,Simon.Butscher,Harald.Reiterer}@uni-konstanz.de
2
Intel ICRI Cities, University College London, London, United Kingdom
h.jetter@ucl.ac.uk
*
The first two authors contributed equally to this work.

Figure 1. Dynamic peephole navigation of a map was simulated on a large vertical screen (left). The peephole was always displayed
next to a handheld Presenter device (center) with buttons and a passive IR marker for 3D tracking (right).
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Dynamic peephole navigation is an increasingly popular
technique for navigating large information spaces such as
maps. Users can view the map through handheld, spatially
aware displays that serve as peepholes and navigate the
map by moving these displays in physical space. We
conducted a controlled experiment of peephole map
navigation with 16 participants to better understand the
effect of a peephole’s size on users’ map navigation
behavior, navigation performance, and task load.
Simulating different peephole sizes from 4″ (smartphone)
up to 120″ (control condition), we confirmed that larger
peepholes significantly improve learning speed, navigation
speed, and reduce task load; however, this added benefit
diminishes with growing sizes. Our data shows that a
relatively small, tablet-sized peephole can serve as a “sweet
spot” between peephole size and both user navigation
performance and user task load.
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INTRODUCTION

Dynamic peephole navigation [11] is an increasingly
popular technique for navigating large information spaces
using small, spatially aware displays [4]. Typically, the
display of a handheld computer [4,12,22,23], mobile phone
[12,13,16,19], tablet [14], tangible display [21], or handheld
projector [2,8,9,10,20] acts as a window or peephole to a
much larger information space, such as a map [9,12,19,23].
Users can control the mobile display’s content by
physically moving it up, down, and sideways. By this, they
can pan their view to move invisible off-screen content into
the display and access the entire information space as if it
was situated in physical space. This physical way of
navigation provides users with more proprioceptive cues
which are assumed to improve their orientation and
understanding of the information space [4] and their spatial
memory [9]. Ideally, peephole users are able to navigate
quickly (short navigation time) and directly (short travelled
path length) from their current location to any destination in
the information space without an extensive task load, even
if the location is off-screen or yet unknown.

“Bigger is not always better: Display Size, Performance, and Task Load during Peephole Map Navigation.” Roman Rädle, Hans-Christian Jetter, Jens
Müller, and Harald Reiterer. In: Proceedings of the 32nd Annual ACM Conference on Human Factors in Computing Systems, 2014.
Chapter 5
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From this study I drew two central conclusions that should shape my further
research activities: First and most obviously, tablets represent an adequate
form factor for future studies, and secondly, human behavior and performance during egocentric interaction is most likely not only influenced by
device parameters (such as display size) but also by the nature of the underlying information space. Surprisingly, a literature survey indicated that
the aspect of “canvas orientation” (vertical vs. horizontal), was not widely
explored. Most research in that area used a vertical canvas orientation even
though a horizontal one might be more beneficial in some situations. Based
on the code fragments of the prior study, I implemented a prototype to study
the aspect of canvas orientation. An experimental comparison between vertical and horizontal canvas orientation revealed that a horizontal canvas orientation causes a lower physical demand while a vertical orientation results
in a lower mental demand. This work was published later at the ACM CHI
conference 2015 as:
Grip, Move & Tilt: Novel Interaction

CHI 2015, Crossings, Seoul, Korea

An Experimental Comparison of Vertical and Horizontal
Dynamic Peephole Navigation
Jens Müller1, Roman Rädle1, Hans-Christian Jetter2, Harald Reiterer1
1
Human-Computer Interaction Group, University of Konstanz, Germany
{Jens.Mueller,Roman.Raedle,Harald.Reiterer}@uni-konstanz.de
2
Intel ICRI Cities, University College London, London, United Kingdom
h.jetter@ucl.ac.uk
ABSTRACT

Dynamic peephole navigation represents a technique for
navigating large information spaces in an egocentric way.
Studies have shown cognitive benefits for a vertical
peephole orientation, when compared to non-egocentric
interaction styles. To see how the aspect of canvas
orientation effects user performance, we conducted a study
(N=16) which revealed that canvas orientation has no
significant effect on either navigation performance or
spatial memory. We also found a significantly lower
physical demand and a higher mental demand in the
horizontal orientation. For short-term activities we therefore
propose a vertical orientation, while for long-term activities
horizontal dynamic peephole navigation is more suitable.
Author Keywords

Figure 1. Navigating a virtual map on a vertical (left) and a
horizontal (right) peephole canvas. A tablet serves as a
peephole which can be moved to explore off-screen content.

Dynamic peephole navigation; canvas orientation; spatial
memory; subjective workload; navigation performance.
ACM Classification Keywords

H.5.2. User Interfaces: input devices and strategies.
Evaluation/methodology.
INTRODUCTION

One way to handle large datasets is by provisioning
movable viewports, so-called dynamic peepholes, which
allow the user to explore information spaces in an
egocentric way. Instead of panning the screen content (e.g.
a city map), the user physically moves to off-screen content
(e.g. a neighboring city) as if it were situated in physical
space (Figure 1). Studies on this technique (e.g. [3,4,5])
show cognitive benefits for a vertical peephole canvas when
compared to non-egocentric interaction styles. In some
situations, however, a horizontal orientation may be more
practical. Consider the following scenario:
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A multidisciplinary team of urban planners1 meets in an
office to work on a large project. The meeting is supported
by a horizontally oriented, large-scale peephole canvas
which shows the construction site. Via a tablet, each team
member navigates the site and works on their individual
spot. The architect privately evaluates their drafts of a
barrier-free entrance of a particular building on their
tablet. The architect then publishes one design on the
canvas so that others can see it. The civil engineer, who is
dependent on the architect’s design, now sees the published
design on the peephole canvas and picks it up to work on it
later at the office. At the end of the meeting, all
modifications are highlighted on the canvas and are
discussed by the team.
Scenarios like the one above may require a large peephole
canvas. In this case, a horizontal canvas orientation seems
more practical than a vertical one, because the canvas size
is not restricted by the persons’ reach height (Figure 1, left).
In addition, a horizontal canvas orientation does not
occlude as much of the interaction space as a vertical
orientation does (compare Figure 1, left and right).

1

1523

https://www.planning.org/aboutplanning/

“An Experimental Comparison of Vertical and Horizontal Dynamic Peephole Navigation.” Jens Müller, Roman Rädle, Hans-Christian Jetter, and Harald Reiterer In: Proceedings of the 33rd Annual ACM Conference on Human Factors in Computing Systems, 2015.
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Motivated by the insight that the information space itself is an exciting area
worth studying, I began to elaborate on my research agenda accordingly. Although I saw the vast potential of egocentric navigation in computer-supported collaborative activities, I decided to exclude the theme of “collaboration”
due to the technological limitations of the marker-based tracking system I
had at hand—I would just not have been able to address my research questions. Therefore, I decided to keep focusing on single-user scenarios. I designed and assigned several final theses topics concentrating on egocentric
navigation. One of the issues illustrated the advantages and disadvantages
of egocentric navigation in the context of in situ learning and was published
later as:
“Loci Spheres: A Mobile App Concept Based on the Method of Loci.”
Jonathan Wieland, Jens Müller, Ulrike Pfeil, and Harald Reiterer. In: Mensch und Computer 2017 - Tagungsband: Spielend einfach interagieren, 2017.
Chapter 3

This supervising process included the design and execution of four user studies which included 53 participants in total. These studies gave me the opportunity to observe others performing egocentric navigation and reflect on potentially relevant design aspects. The central part of my agenda dealt with the
composition of information spaces concerning landmarks and whether their
representation (virtual vs. physical) affects human wayfinding skills during
egocentric navigation. I published my research agenda and presented it at
the Doctoral Symposium of the ITS conference:
ITS 2014 • Doctoral Symposium

November 16-19, 2014, Dresden, Germany

“Exploiting Spatial Memory and Navigation Performance in Dynamic
Peephole Environments.” Jens Müller. In: Proceedings of the 9th ACM
International Conference on Interactive Tabletops and Surfaces, 2014.

Exploiting Spatial Memory
and Navigation Performance
in Dynamic Peephole Environments
Jens Müller
HCI Group, University of Konstanz
Universitätsstraße 10
Konstanz, 78457, Germany
Jens.Mueller@uni-konstanz.de

Abstract
One way to handle the representation of (and the
navigation in) datasets that exceed the available
display space is by provisioning movable viewports
which display a subset of the entire space. Unlike static
viewports, where the information space is moved (e.g.
by panning), dynamic viewports – so-called dynamic
peepholes – allow the user to move the viewport in
physical space and thereby enable egocentric
navigation in digital information spaces.
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that copies bear this notice and the full citation on the first page.
Copyrights for third-party components of this work must be honored.
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In my research I investigate how information spaces
and the navigation with peepholes need to be designed
in order to exploit spatial memory and navigation
performance. In particular I focus on the interplay
between the physical and the digital aspects and how
they affect user performance. For study purposes I use
a tablet as a dynamic peephole. I will conduct
controlled studies in our research lab, which is
equipped with 24 infrared cameras and enable a precise
tracking of the lab environment.

Author Keywords
Information spaces; Dynamic Peephole Navigation;
Egocentric Navigation; Spatial Memory; Navigation
Performance; Mobile computing

ACM Classification Keywords
H.5.2. User Interfaces: Interaction styles. Input devices
and strategies. Evaluation/methodology.

Research Situation
I hold a Bachelor’s degree in Computer Science in
Media (Furtwangen University) and a Master’s degree in
Information Engineering (University of Konstanz). As
part of a research project on the design of control
rooms (see e.g. [1][10][14][15]) my master thesis
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While the symposium panel valued my research approach, it also pointed
out that there might be very few areas in life that could benefit from my
research on egocentric 2-D navigation within single-user scenarios. Fortunately, Google released a developer version of an AR tablet referred to as
“Project Tango” shortly after the symposium, and, fortunately, my friend and
colleague Roman obtained two developer kits. The tablet provided a markerless, yet remarkably accurate tracking. Moreover, using these devices, I could
freely define the composition of virtual and physical elements that are presented to the viewer. After my first experiences with the tablets, I started
adjusting my research agenda in two ways: from single-user scenarios to collaboration, and from 2-D interaction on information canvases to egocentric,
3-D interaction. As the first step, I outlined a walk-up-and-use scenario that
enabled collaborators to exchange and collaboratively explore their data in

1.4 research path

AR.

Additionally, I discussed associated research directions and open questions to be addressed to make such scenario possible. Eventually, I presented
these ideas at “Cross-Surface: Workshop on Interacting with Multi-Device
Ecologies in the Wild” at the ITS 2015:
“Mixed Reality Environments as Ecologies for Cross Device Interaction.” Jens Müller and Harald Reiterer. In: Workshop Series on Interacting
Across Devices and Surfaces (in conjunction with 10th ACM International
Conference on Interactive Tabletops and Surfaces), 2015.

Mixed Reality Environments as
Ecologies for Cross Device Interaction
Jens Müller
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University of Konstanz
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ACM Classification Keywords
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Abstract
In Mixed Reality (MR) environments, virtual objects can
be represented as if they were situated in the viewer’s
physical environment. While the potentials of MR have
been recognized and extensively researched for single
user scenarios (e.g. in perceptual studies), MR for
collaborative scenarios is still widely uninvestigated. In
this paper we propose MR environments as ecologies
for collaborative cross device interaction. Based on a
scenario we illustrate its potentials and discuss possible
research directions. We then present intermediate
results of our research.
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Introduction
Mixed Reality (MR) describes the combination of the
representation of a physical environment (e.g. a room)
and virtual objects (e.g. a virtual plant in a corner of
that room) on a single display [6]. Because the virtual
objects have a distinct position in the real world
coordinate system, they are perceived as if they were
situated in the real world. This allows the user to
interact with the real world and the digital world at the
same time [1]. Thereby, MR environments leverage our
natural abilities and skills that refer to the interaction
and navigation in the real world. This includes the
perception of spatial relationships of the objects in our
environment, but also the social skills we’ve developed
in the physical world (e.g. social protocols). In addition,
in MR our physical environment can be considered as
an information space in which we can lay out, navigate,
and share digital data. This is particularly relevant for
collaborative scenarios, as it allows for seamless
computer supported collaborative work [2].

Chapter 10

The central question of my agenda still referred to the design of information
spaces to support the collaborators in coordination their actions. I widened
my literature search to the influence of a shared visual context on collaboration and proposed shared, virtual landmark objects as a means to increase it.
At the same time, I began designing an evaluation testbed that would allow
me to conduct the studies to evaluate the proposed solutions. After its first
stage of extension, I was able to run the first study addressing RQ1 . The study
has been published at CHI 2016 conference as:
Augmented AR and VR Experiences

#chi4good, CHI 2016, San Jose, CA, USA

Virtual Objects as Spatial Cues in Collaborative Mixed
Reality Environments: How They Shape Communication
Behavior and User Task Load
Jens Müller, Roman Rädle, Harald Reiterer
Human-Computer Interaction Group, University of Konstanz
{Jens.Mueller,Roman.Raedle,Harald.Reiterer}@uni-konstanz.de
ABSTRACT

In collaborative activities, collaborators can use physical
objects in their shared environment as spatial cues to guide
each other’s attention. Collaborative mixed reality
environments (MREs) include both physical and virtual
objects. To study how virtual objects influence
collaboration and whether they are used as spatial cues, we
conducted a controlled lab experiment with 16 dyads.
Results of our study show that collaborators favored the
virtual objects as spatial cues over the physical environment
and the physical objects: Collaborators used significantly
less deictic gestures in favor of more disambiguous verbal
references and a decreased subjective workload when
virtual objects were present. This suggests adding
additional virtual objects as spatial cues to MREs to
improve user experience during collaborative mixed reality
tasks.

Figure 1. Dyads solving an object identification task in a
mixed reality environment with additive virtual objects (e.g.,
armchairs and a vending machine) that serve as spatial cues.

Author Keywords

collaborative work. Billinghurst [3], for instance, refers to
two inherent qualities of MREs that are crucial to
collaboration: First, MREs provide seamless transitions
between the shared workspace (the task area in which
collaborators are situated) and the speakers’ interpersonal
space (the communication space which allows for social
interactions). Second, MR can enhance reality and may
thereby “satisfy the needs of communication.” [3] Closely
related to the question of how to enhance reality in MR is
the aspect of artificiality, which can be described as “the
extent to which a space is either synthetic or is based on the
physical world”. [1]

Mixed reality; collaboration; virtual spatial cues.
ACM Classification Keywords

H.5.2. Information interfaces and presentation (e.g., HCI):
User Interfaces.
INTRODUCTION

Mixed reality (MR), as introduced by Milgram and Kishino
[11], describes the blending of physical and virtual objects
on a single display. Virtual objects are rendered on top of a
video see-through display which creates the illusion as if
they were situated in the same physical space (see
Figure 1). Users can benefit from such MR applications
when viewing and manipulating virtual objects becomes a
familiar physical interaction. MR has been proven not only
to be beneficial for single user applications such as
education, manufacturing, and architecture [2], but has also
been proposed as a tool for computer supported

“Virtual Objects as Spatial Cues in Collaborative Mixed Reality Environments: How They Shape Communication Behavior and User Task Load.”
Jens Müller, Roman Rädle, and Harald Reiterer. In: Proceedings of the 34th
Annual ACM Conference on Human Factors in Computing Systems, 2016.

For collaboration, shared visual information such as spatial
cues are known to play a crucial role to coordinate
collaborators’ actions (see [5–7,13]). Given that virtual
objects are highly customizable in their appearance and
their behavior (e.g., they do not represent physical
obstacles), it raises the question whether spatial cues can be
synthesized in MREs. In this note we investigate how
additive virtual objects shape communication behavior and
user task load in co-located MREs.
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RELATED WORK

Our work is based on two strains of research: influence of
visual cues on individual cognition and influence of visual
cues on group coordination. For each strain, we introduce
related work and summarize with the formulation of a
hypothesis.
1245

After the CHI conference, I began working on an interdisciplinary research
project “SMARTACT” [148] which investigated how people’s long-term health
behavior can be improved by using mobile wellness apps. As part of our research agenda, we conducted a focus group to identify limitations of current
data analysis technologies and practices. Also, we discussed the possible uses
of AR displays and associated open questions to leverage their potential in the
given domain. Within the focus group, we outlined several scenarios that involve AR displays for both single-user tasks (immersive analysis of personal,
health-related data such as physiological activity and nutritional information)
and scenarios to support collaborative analysis of health-related data between
patients and medical practitioners. The results of our focus group were presented at the workshop “Immersive Analytics: Exploring Future Interaction
and Visualization Technologies for Data Analytics” at the ISS conference as:
Immersive Analysis of Health-Related
Data with Mixed Reality Interfaces:
Potentials and Open Question
Jens Müller

Abstract

University of Konstanz

In this paper we propose Mixed Reality (MR) interfaces
as tools for the analysis and exploration of healthrelated data. Reported findings originate from the
research project “SMARTACT” in which several
intervention studies are conducted to investigate how
participants’ long-term health behavior can be
improved. We conducted a focus group to identify
limitations of current data analysis technologies and
practices, possible uses of MR interfaces and associated
open questions to leverage their potentials in the given
domain.
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H.5.2. Information interfaces and presentation (e.g.,
HCI): User Interfaces.

“Immersive Analysis of Health-Related Data with Mixed Reality Interfaces: Potentials and Open Questions.” Jens Müller, Simon Butscher,
and Harald Reiterer. In: Proceedings of the 2016 ACM Companion on Interactive Surfaces and Spaces, 2016.

Introduction
Mixed Reality (MR) is defined as the “merging of real
and virtual worlds” on a display [17]. Thereby MR
displays create the illusion as if virtual objects were
situated in the same physical space [18] (Figure 1).

71

Chapter 3

17

18

introduction

Meanwhile, two of the students I had been supervising finished their work
on the evaluation testbed so that it was ready to address RQ2 . Results of the
study provided several practical implications considering the use of shared,
virtual landmarks to support distributed, AR-based collaboration. The first
part of this study resulted in my third first-authored publication at the following CHI conference:
Spatial & Temporal Design

CHI 2017, May 6–11, 2017, Denver, CO, USA

Remote Collaboration With Mixed Reality Displays: How
Shared Virtual Landmarks Facilitate Spatial Referencing
Jens Müller
HCI Group
University of Konstanz
jens.mueller@uni.kn

Roman Rädle
DDIS
Aarhus University
roman.raedle@cc.au.dk

Harald Reiterer
HCI Group
University of Konstanz
harald.reiterer@uni.kn

ABSTRACT

HCI research has demonstrated Mixed Reality (MR) as being beneficial for co-located collaborative work. For remote
collaboration, however, the collaborators’ visual contexts do
not coincide due to their individual physical environments.
The problem becomes apparent when collaborators refer to
physical landmarks in their individual environments to guide
each other’s attention. In an experimental study with 16 dyads,
we investigated how the provisioning of shared virtual landmarks (SVLs) influences communication behavior and user
experience. A quantitative analysis revealed that participants
used significantly less ambiguous spatial expressions and reported an improved user experience when SVLs were provided.
Based on these findings and a qualitative video analysis we
provide implications for the design of MRs to facilitate remote
collaboration.
ACM Classification Keywords

H.5.2. Information Interfaces and Presentation (e.g., HCI):
User Interfaces.
Author Keywords

Mixed Reality; remote collaboration; virtual landmarks.
INTRODUCTION

Mixed Reality (MR) describes the “merging of real and virtual
worlds” on a display [23]. MR displays can create the illusion
of virtual objects being situated in the user’s physical environment. MR has been proposed for a variety of application
domains such as architecture [20], education [6, 11], computeraided instruction [12], medical visualizations [1] as well as a
tool for computer-supported cooperative work (CSCW) [15,
27, 19, 5, 3, 28, 30, 25]. Recent technological advancements
show that this belief is not far from reality with technologies
like Microsoft HoloLens [22] and Google’s Project Tango
Tablet [10]. They are about to find their way into our everyday
lives and will provide novel collaborative experiences such
as MR remote assistance (e.g., [22]). Despite their potentials
as collaborative interfaces, research on how MR interfaces
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Figure 1. Remote collaboration with MR displays. Virtual work objects
(cubes) are integrated into collaborators’ physical environment. Physical objects can not serve as reference objects to guide each other’s attention to specific work objects as they are individual to each collaborator.

can be used to enhance face-to-face and remote collaboration
has not been widely investigated [4]. Especially the design
of distributed groupware systems have to account for sufficient information resources to keep the collaborators aware
of each other’s actions and thereby maintain “the fluidity and
naturalness” of face-to-face collaboration [16]. This work addresses this research area by focusing on remote collaboration
with MR displays and one of its inherent issues: collaborative
spatial referencing with different visual contexts (Figure 1).
Collaborative activities require group members to coordinate
their actions to prevent from a potential “process loss” [31].
For that reason, Benford et al. suggest the provisioning of a “persistent context” for successful group activities [3]. Studies (e.g., [5, 13, 24]) show that such a
“shared visual context” [13] can positively influence group
conversation and help to establish a mutual understanding
of the shared workspace. This becomes apparent when remote
collaborators use spatial references to guide each other’s attention to particular work objects. For such spatial referencing,
visually outstanding features in the environment–so-called
landmarks–can play a vital role [17] as they can serve as
“spatial anchors” by which locations of other objects can be
expressed [26, 29]. This, however, implies that for tasks that
contain similarly looking work objects (e.g., work notes in
affinity diagramming or atoms in molecular modeling), the
work objects themselves may not serve well as landmarks.
Furthermore, and with respect to remote collaboration, successful spatial referencing assumes that the landmark that is
used by the addresser is also visible by the addressee. With
MR displays as tools for remote collaboration, however, the addresser may refer to physical landmarks within their individual
environment. This can result in communication ambiguities
[7] as the addresser’s physical landmarks are not necessarily
available in the addressee’s physical environment (Figure 1).

“Remote Collaboration With Mixed Reality Displays: How Shared Virtual
Landmarks Facilitate Spatial Referencing.” Jens Müller, Roman Rädle, and
Harald Reiterer. In: Proceedings of the 35th Annual ACM Conference on Human
Factors in Computing Systems, 2017.
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The second part of this study was published at the 16th International Conference on Mobile and Ubiquitous Multimedia (MUM) as:
Studying Collaborative Object Positioning in Distributed
Augmented Realities
Jens Müller, Simon Butscher, Stefan P. Feyer, Harald Reiterer
Human-Computer Interaction Group, University of Konstanz, Germany
{jens.mueller,simon.butscher,stefan.feyer,harald.reiterer}@uni-konstanz.de
ABSTRACT

Augmented Reality (AR) displays have been suggested as
shared-space technology to support remote collaboration, e.g.,
in design and building tasks. But with AR displays, the shared
space typically consists of only the virtual work objects (e.g.,
design artifacts) while collaborators’ interaction is grounded in
their individual, physical environment. This can become problematic during activities that involve the positioning of virtual
objects because the collaborators may require shared spatial
references to coordinate their actions. In a lab experiment with
16 dyads, we studied how collaborators deal with that issue,
and whether the provisioning of additive, virtual landmarks
influences collaboration. As a result the landmarks improved
user experience and decreased the reported temporal demand.
In addition, we identified task-specific problem situations and
provide implications for the design of distributed ARs to facilitate the collaborative positioning of virtual objects.
ACM Classification Keywords
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Author Keywords
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virtual landmarks; user experience.
INTRODUCTION

Research has identified several application areas in which colocated collaboration can benefit from Augmented Reality
(AR) technology, e.g., collaborative geometric modeling [14]
and collaborative construction simulations [13] (see Lukosch
et al. [18] for an overview). AR has also been suggested as
a technology to create distributed augmented spaces to support building tasks such as those involved in collaborative
design [31, 32] and molecular modelling [7]. Such activities
require the collaborators to position virtual representations of
the application-specific work objects (e.g., atoms for molecular modelling) in their shared work space. To coordinate their
actions, e.g., to collaboratively determine where to position
Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than ACM
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Collaborator II

Collaborator I
Shared virtual object
Figure 1. The potential problem with effective references in AR-based
remote collaboration: To coordinate spatial actions, collaborator I and
II can only rely on shared virtual objects because physical objects (such
as office chairs) may either have different spatial relations to the virtual
objects or do not exist in the other collaborators’ environment.

a particular work object, collaborators must be able to generate effective references [5, 22]. Chastine et al. [5] refer to
this ability as “inter-referential awareness.” But in distributed,
collaborative ARs, only the shared virtual objects can serve as
effective references because the physical objects are typically
unique to each collaborator’s physical environment (Figure 1).
This may lead to problematic situations that make the coordination of actions difficult: For example, when the work space
does not yet contain any shared virtual objects (and therefore does not provide effective references) an initial object
positioning problem may occur. In this case it may become
difficult to collaboratively determine where to position the
first object. Previous work (e.g., [22]) has identified additive,
virtual objects–so-called shared virtual landmarks (SVLs)–as
effective references when collaborators have to guide each
other’s attention to virtual work objects in distributed ARs.
In this work we analyze how to support collaborative positioning of virtual work objects in distributed ARs focusing on
following questions:
• Does the provisioning of SVLs support the positioning of
virtual objects in distributed ARs?
• What possible problematic situations does object positioning entail and how do collaborators deal with them?
• What are the implications for the design of distributed ARs
to facilitate activities that involve the positioning of objects?

“Studying Collaborative Positioning of Virtual Objects in Distributed Augmented Realities.” Jens Müller, Simon Butscher, Stefan P. Feyer, and Harald
Reiterer. In: Proceedings of the 16th International Conference on Mobile and Ubiquitous Multimedia, 2017.
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At this point in time, I had observed 78 participants performing egocentric
navigation. In the course of these studies I had realized that participants paid
only little attention to their physical environment. This was surprising given
that the handheld devices provided only a limited field of view into the AR
space. Moreover, in the recent study, in which collaborators worked in individual physical contexts, the physical environment being displayed on the
devices could even cause conflicts during spatial referencing. While I had
taken the visibility of the physical context on the AR tablets as a helpful feature, I had also ignored the possibility that this feature can also have negative
implications, particularly during remote collaboration. I, therefore, decided
to add Q3 and Q4 to my research agenda, proposing that the provisioning
of a virtual environment being displayed on the tablets may have benefits
for distributed collaboration. Using the testbed environment and a split-plot
design I could address Q3 and Q4 in one study. Results were submitted to
the ACM conference on Interactive Surfaces and Spaces (ISS) 2018 as:
“A Qualitative Comparison Between Augmented and Virtual Reality Collaboration with Handheld Devices.” Jens Müller, Ulrike Pfeil, Jonathan
Wieland, and Harald Reiterer. Submitted to: 13th Conference on Interactive
Surfaces and Spaces (ISS), 2018.
Chapter 8

1.4 research path

Eventually, I had the chance to contribute the knowledge I had gained from
the conducted studies to the field of immersive analytics. Based upon the
results of the prior publication “Immersive Analysis of Health-Related Data
with Mixed Reality Interfaces: Potentials and Open Questions” (see above),
we published work on an AR tool that supports collaborative analysis of
health-related data at CHI conference 2018:
CHI 2018 Paper
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Figure 1. Augmented Reality above the Tabletop (ART) is designed to facilitate the collaborative analysis of multidimensional data. A 3D parallel
coordinates visualization in augmented reality is anchored to a touch-sensitive tabletop, enabling familiar operation.

ABSTRACT

Immersive technologies such as augmented reality devices
are opening up a new design space for the visual analysis of
data. This paper studies the potential of an augmented reality
environment for the purpose of collaborative analysis of multidimensional, abstract data. We present ART, a collaborative
analysis tool to visualize multidimensional data in augmented
reality using an interactive, 3D parallel coordinates visualization. The visualization is anchored to a touch-sensitive
tabletop, benefiting from well-established interaction techniques. The results of group-based expert walkthroughs show
that ART can facilitate immersion in the data, a fluid analysis
process, and collaboration. Based on the results, we provide
a set of guidelines and discuss future research areas to foster
the development of immersive technologies as tools for the
collaborative analysis of multidimensional data.
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H.5.1. Information Interfaces and Presentation (e.g., HCI):
Artificial, augmented, and virtual realities
INTRODUCTION

A large amount of research and productive systems (e.g.,
Tableau or Spotfire) alike show the value of interactive visualizations for analyzing complex data. In terms of interaction style, corresponding systems follow different approaches
ranging from classical desktop systems, to touch interfaces
for small screens supporting support mobile applications, to
large, interactive screens that facilitate co-located collaboration. With the rapid development of new, immersive display,
and input technologies and the recent commodification of virtual reality (VR) and augmented reality (AR) head-mounted
displays (HMDs), the already broad design space for interactive visualizations has been extended once more. Recent
research focused on how VR and AR technologies can be instrumental in supporting complex data analysis scenarios [12].
Unlike traditional desktop systems, these technologies provide the means to visualize complex information in a physical
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“Clusters, Trends, and Outliers: How Immersive Technologies can Facilitate
Collaborative Analysis of Multidimensional, Health-Related Data.” Simon
Butscher, Sebastian Hubenschmied, Jens Müller, Johannes Fuchs, and Harald Reiterer. Submitted to: 36th Annual ACM Conference on Human Factors in
Computing Systems, 2018.
Chapter 3
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Part I
T H E O R E T I C A L F O U N D AT I O N S
This part aims at establishing a theoretical foundation that informs the design of concrete propositions (Research Objective 1).
The individual chapters result from the scope of this thesis as defined in Section 1.1.
Chapter 2 analyzes the collaborative task, spatial referencing, its associated cognitive and linguistic processes, and landmarks as reference objects. The goal of this chapter consists in the derivation
of requirements related to the propositions. Chapter 3 introduces
Augmented Reality (AR), the technology considered in this thesis
and serves as a basis for the discussion of results of the Empirical
Studies. It classifies AR as an interaction style, discusses the technological characteristics of handheld AR displays and how they
relate to the quality of the AR experience, and presents several
applications that involve spatial referencing in conjunction with
handheld AR displays. Chapter 4 consults design-sensitizing theories in Human-Computer Interaction (HCI) with the goal of analyzing the design space of AR displays concerning spatial referencing
and informing the design of the propositions.
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Spatial referencing can be defined as the “communication and confirmation
of an object’s location” [211, p. 718] and thus allows for the expression of
spatial experiences [157]. It is an integral part of humans’ interaction with
the world [211], for example when explaining to someone the location of a
place [157, 160] or when guiding someone’s attention to an object of the environment [42, 43, 211]. Spatial referencing occurs in different situations. Under
certain circumstances, it may even become a critical component of a greater
task; for example as part of a joint attention task of a search-and-rescue team
monitoring a dynamic environment [211]. In this regard, spatial referencing
can be referred to as a task element, as it represents one of the “procedural
steps by which a task is accomplished” [227, p. 843]. Understanding spatial
referencing as a task element is essential because this implies that research
findings related to spatial referencing are not restricted to domain-specific
tasks but can inform the design of interactive technology in application domains that involve spatial referencing in general.
The goal of this chapter consists of the derivation of requirements related to
the propositions. It is organized according to the central elements involved
in spatial referencing: Section 2.1 considers the individual mind as the unit
of analysis and discusses related processes involved in spatial referencing.
Section 2.2 focuses on the social aspect of spatial referencing regarding the
linguistic representations conversational partners use to exchange spatial information. Within linguistic representation, reference objects play a central
role. In Section 2.3 they are therefore reviewed in detail. Section 2.4 discusses
their particular benefits in remote conversation. Section 2.5 summarizes the
key findings of this chapter.
2.1

spatial cognition and spatial reference systems

Cognition is the study of processes involved in the acquisition, processing,
manipulation, storage, and retrieval of knowledge [194]. Spatial cognition
deals with a subset that concerns the study of “knowledge and beliefs about
spatial properties of objects and events in the world” where spatial properties
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refer to “location, size, distance, direction, separation and connection, shape,
pattern, and movement” [194, p. 14771]. Spatial information is acquired by
the sensorimotor system [194] and strongly influenced by the visual sense
[91, 194, 297]. According to Marr [178], visual perception is a three-stage
process: early visual processing includes edge detection, segregation of figure from the background, the detection of basic visual features such as color
and orientation, resulting in a primal sketch. In the intermediate stage, information from the early stage is combined as a 2 1/2-D sketch—a temporary,
viewer-centered representation. The last step matches the temporary representation with previously acquired object information. This third stage results in the creation of a 3-D representation and involves the identification
and recognition of objects. At this time, spatial information is encoded as a
spatial representation, i.e., a “mental representation devoted to encoding the
geometric properties of objects in the world and the spatial relations among
them” [157, p. 217]. Activities that involve reasoning about space draw on
these mental representations [107, 138, 157]. Accordingly, they play a vital
role in spatial language [161, 270, 315].
An early conceptualization of mental, spatial representations defined them
as cognitive maps [296], which refer to “internally represented spatial models
of the environment” [193, p. 14773]. Cognitive maps conceptualize spatial
representations as cartographic maps in the head [193]. More recent research
about the formation and the nature of spatial representations, however, suggests that they store discrete pieces including landmarks, route segments,
and regions [193], that they are “fragmented, schematized, inconsistent, incomplete, and multimodal” [300, p. 12], and that they also store non-spatial
attributes such as emotional associations [193]. Alternative metaphors, such
as cognitive atlas [113], and cognitive collage [299], have therefore been suggested.
Spatial representations cannot encode spatial properties in isolation but
require a reference system [194, 264, 275, 306, 315], which is
. . . a relational system consisting of located objects, reference objects, and the spatial relations that may obtain between them. The
reference objects may be any objects whose positions are known
or assumed as a standard and include the observer; landmarks;
coordinate axes; the planes defined by the walls, floor, and ceiling
of a room; [264, p. 275]
Research in human memory distinguishes between two general classes of
reference systems. In the egocentric system, spatial information is encoded
relative to the viewer [106], i.e., “as seen from the momentary perspective
of the observer” [297, p. 573]. The egocentric system, therefore, is viewerdependent [306] and body-centered [264, 315]. In this system, the projections
of the three body axes (head/feet, front/back, and left/right) form an egocentric frame of reference [301].

2.2 linguistic representations of space

In contrast, allocentric systems encode spatial information in relation to
elements of the environment [264]. Therefore, they are independent of the
viewer’s current position [306]. As a reference system to encode spatial information, the allocentric system uses an allocentric frame of reference, i.e.,
a framework external to the holder of the representation [143]. Humans can
derive allocentric frames of reference from any entity in an environment onto
which axes may be imposed [270]; this applies, for example, to the sides and
walls of a room or the sides of a piece of paper [301]. Thus, referring to the
quote by Shelton and McNamara [264] at the beginning of this section, the
planes defined by the walls, floor, and ceiling of a room can serve as an allocentric frame of reference. Allocentric systems can be further differentiated
depending on whether the reference axes are concrete or abstract: fixed systems encode object locations in relation to concrete objects that are nearby,
recognizable and memorable (such as the planes defined a wall), whereas
coordinated systems encode object locations based on imaginary axes such as
latitude-longitude coordinates or cardinal directions.
Spatial representations and non-linguistic encoding play a central role in
orientation and wayfinding capabilities [193, 194]. But research has also established that there is a strong relationship between non-linguistic and linguistic
representations of space [107, 161, 207, 224, 301] and that spatial representations serve as input for linguistic representations [156, 157].
2.2

linguistic representations of space

Conversation is the primary use of language [56] and an integral part of humans’ interaction with the world [211]. In focused interactions, people gather
and cooperate to sustain a single focus of attention [93]. In such a cooperative context, the goal of conversation is to establish referential identity, i.e.,
the mutual belief that the listeners have correctly identified a referent (such
as persons, places, and things), designated by the speaker [53]. To reach this
goal, conversational partners have to update their common ground, which is
defined by “the sum of their mutual, common, or joint knowledge, beliefs,
and suppositions” [52, p. 93]. Within that process of “grounding” [55], the
speaker tries to contribute to the common ground. Successful grounding requires two central elements: First, speakers have to tailor their contribution to
the assumed needs of their conversational partner [56, 100]. Grice [100] refers
to this presupposition as the cooperative principle. Secondly, conversational
partners have to establish mutual acceptance, i.e., the mutual belief that the
addressee has understood (or appears to have understood) the speaker’s utterance before the conversation goes on with the next contribution [52, 56].
In the course of the grounding process, individual representations converge
into a team mental model [137].
Spatial language provides a flexible tool to talk about the properties of the
perceived environment [111, 161]. Spatial conversations require the conversa-
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tional partners to encode spatial information based on spatial relations that
utilize these environmental properties, as illustrated in the following example
Carlson and Logan [43]:
[W]e can describe the coffee cup as being behind the keyboard
and to the right of the telephone. In this case, successful selection of the coffee cup involves apprehension of the spatial relations that specify its position with respect to nearby objects.
More specifically, for the utterance “The coffee cup is behind the
keyboard,” the object that is intended for selection is the coffee cup (henceforth, the located object), and its location is indicated with reference to the keyboard (henceforth, the reference
object). [43, p. 883]
Such linguistic representations require the conversational partners to adopt
a frame of reference to specify the located object [41, 107, 256], similar to
non-linguistic encoding [207]. Linguistic representations, however, typically
assume a conversational partner who has to know which frame the speaker
is using [315]. The example above, for instance, does not explicitly provide
information about the system that the speaker uses to encode information.
Thus, based on the given linguistic representation, as a listener, one can only
assume that “to the right of the telephone” refers an egocentric perspective,
i.e., as seen from the speaker. The speaker, however, might have also referred
to the (perspective-independent) telephone’s intrinsic right side. Thus, spatial language can be imprecise and has to be interpreted by the listener [193].
Besides, the context of communication is critical for its interpretation [193].
Garnham [86] and Logan and Sadler [165] differentiate between three spatial
relations language uses to encode spatial information: basic, deictic, and intrinsic. Basic relations consist of only one argument such as “this is here” and
“that is there” to specify the located object (Figure 2.1). The information content of basic relations is limited, because the relative location of the located
object may only be available implicitly when conversational partners are in
the same perceptual space [165].

located object
(figure)

viewer
"He's over there."

Figure 2.1: Basic relation: The location of the located object is not described in relation to any reference object. (Illustration based on Levinson [161].)

2.2 linguistic representations of space

reference object
(ground)
located object
(figure)

viewer
"He's to the left of the house."

Figure 2.2: Deictic relation: The located object is indicated relative to a reference
object and from the speaker’s perspective and orientation. (Illustration
based on Levinson [161].)

In contrast, in deictic relations, the location of the located object is encoded
based on its relation to a reference object, and from the speaker’s perspective. Thus, deictic relations take two arguments consisting of the located object and a reference object. For example, the expression “He’s to the left of
the house” (Figure 2.2), implies that the located person is left of the house
from the speaker’s perspective. Like basic relations, deictic relations encode
spatial information relative to the speaker’s perspective. Both systems are,
therefore, viewer-centered [41] and relative [161]. Deictic relations, however,
depend on some reference element to the located object [41]. Considering
the type of reference, Shusterman and Li [270] further differentiates between
“egocentric object-based” when the speaker uses an object as a reference, and
“environment-based,” when the speaker uses an allocentric frame of reference that provides fixed axes as a reference, such as the planes of a room.
Some objects, such as cars, buildings, chairs, and telephones have intrinsic tops and bottoms, fronts and backs, and left and right sides (Figure 2.3).
Therefore, they feature an intrinsic orientation and frame of reference [160,
165]. Such objects can serve as reference objects for intrinsic relations. Like defront

back

reference object
(ground)
located object
(figure)
"He's in front of the house."

Figure 2.3: Intrinsic relation: The located object is indicated in relation to a referent’s intrinsic coordinate system and does, therefore, not assume a specific view point of a conversational partner. (Illustration based on Levinson [161].)
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ictic relations, intrinsic relations take the located object and the reference object as arguments. The relation between the located and the reference object,
however, is encoded from the (intrinsic) perspective of the reference object.
Computationally, intrinsic relations are more complex than deictic relations,
because they require the viewer to adopt the intrinsic frame from the reference object [165]. Because intrinsic relations encode spatial information relative to the intrinsic axes of the reference object and not to the viewer, they
use an allocentric, object-centered frame of reference [41, 270].
Regarding the three spatial relations proposed by Logan and Sadler [165],
Levinson [161] acknowledges that spatial relations are not necessarily relative to a specific point of view (as encoded in basic and deictic relations) nor
object-intrinsic (as encoded in intrinsic relations). Instead, relations can also
be absolute in the sense that they utilize universal bearings like the cardinal
directions north, south, east, and west (Figure 2.4). Thus they make use of an
abstract and viewer-independent reference system similar to the coordinated
system [106].
The different spatial relations used in conversation reveal the flexibility of
language and the human capacity to take different perspectives. Spatial conversation, however, can involve interpretation ambiguities [160]. Such ambiguities result from the fact that listeners need to know which reference frame
the speaker is currently using, and that spatial language does not include
them explicitly [270, 290, 294]. Both aspects become apparent when a speaker
uses basic relations because they do not specify the located object by a reference object. Moreover, even when spatial relations contain a reference object,
spatial language can be ambiguous for the listener. Consider the following example by Levinson: “The ball is in front of the chair (at the chair’s front)’ [161,
p. 136]. Levinson treats this as an example of an intrinsic relation. Without
the specification in the brackets, however, a listener could also interpret the
relation as a deictic one (e. g., that the ball is in front of the chair assuming the
speaker’s perspective). Such expressions require the listener to guess whether
the speaker encoded the location of the located object based on a deictic or
north

south

reference object
(ground)
located object
(figure)
"He's north to the house."

Figure 2.4: Absolute relation; the located objects is indicated by means of a viewerindependent, absolute reference system. (Illustration based on Levinson [161].)
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an intrinsic relation. Thus, as spoken language does not necessarily contain
such specifications may lead to misinterpretation. Moreover, on a conceptual
level, the different classes of spatial relations can not clearly be defined. For
example, there is no categorical distinction between objects with and without intrinsic coordinate axes. Clouds, for example, may take a constellation
in such a way that they are “perceived to have intrinsic fronts” Levelt [160].
This suggests that intrinsic coordinate axes are a gradual feature of an object,
that they can even change over time, and that intrinsicality of objects may be
perceived differently among conversational partners.
Considering the complexity of spatial relations, a study by Logan [164]
revealed that allocentric judgments involve more mental computation when
compared to egocentric judgments, resulting in measurable costs. These costs
can be explained by the “need to infer spatial relations that are not explicitly
represented in perception or in memory” [264, p. 276].
With the exception of basic relations, spatial relations contain spatial attributes. According to an analysis by Clark et al. [57], the attributes “above”
and “below” are easy to interpret because they are determined by gravity and
therefore support vertical bodily asymmetries. In contrast, “left” and “right”
do not relate to gravity. Therefore, they do not support bodily asymmetries
and are dependent on the viewer’s perspective. Thus, when speakers use
such attributes, communicative effectiveness is determined by the conversational partners’ shared knowledge about the appearances of their environment [302]. Logan and Sadler [165] suggest that listeners try to find regions,
so-called spatial templates, based on which they match the speaker’s spatial reference. Depending on the resulting goodness of fit, a listener then determines the located object. Thus, the conversational partners’ environment
can be vital for the correct interpretation of linguistic representations. As
part of the environment, visually outstanding objects, so-called landmarks,
play a central role in human spatial abilities that draw on spatial cognition [160, 250, 264, 302].
2.3

landmarks as reference objects

Landmarks represent a particular type of reference object used in spatial language [247]. They play a vital role in real and electronic places because they
feature “key characteristics that make them recognizable and memorable in
the environment” [275, p. 37]. Therefore they can provide a “spatial structure
in relation to which other locations can be described” [250, p. 15]. There are
several definitions of the landmark term, which depend on the context within
which it is studied. The following section provides an overview of existing
definitions and serves to inform the design of landmarks to support spatial
conversations.
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Landmark Definitions and Attributes
Golledge [94] distinguishes landmarks based on their functional role, maintaining that they either serve as a navigational tool or as an organizing concept. As a navigational tool, landmarks represent a key element in orientation,
serve the development of spatial representations, and support wayfinding
skills. According to Siegel and White [271], the first type of spatial knowledge that people develop when exposed to an unknown environment is landmark knowledge [271]. Later stages of spatial knowledge—route and survey
knowledge—are built upon landmark knowledge. The critical role of landmarks for the development of spatial knowledge and associated wayfinding
skills becomes apparent in places that lack landmarks, such as mazes [222].
Landmarks function as an organizational concept when they allow for the clustering and abstraction of regions [62, 94, 263]. Sorrows and Hirtle [275] suggest that in this context, landmarks represent a means to address “human
propensity to impose structure” as noted by Shum [269, p. 8].
An early conceptualization of the term dates back to Lynch’s seminal work
“The Image of the City” [170]. As an urban planner, Lynch was interested
in identifying “legibility” features in cities, elements that support peoples’
development of a coherent spatial representation of the environment they
inhabit. One of these features are landmarks, which he defined as follows:
Landmarks are another type of point-reference, but in this case
the observer does not enter within them, they are external. They
are usually a rather simply defined physical object: building, sign,
store, or mountain. Their use involves the singling out of one element from a host of possibilities. [170, p. 48]
Following Lynch’s notion, landmarks serve as clues of identity and structure.
They can be observed from different angles, they can differ in size (e. g., a
doorknob vs. a hill) and distance (e. g., a sign vs. a hill) and they can be either static or dynamic (e. g., a tower vs. the sun). Later work by Appleyard [3]
studied the particular attributes of urban elements that are responsible for
their capacity to capture people’s attention. He suggests four attributes that
determine a landmark’s distinctiveness: its physical form (size, shape, and contour), its visibility during travel (in terms of viewport intensity, viewport significance, and immediacy), its role as setting for personal activities, use and
other behavior, and its cultural significance to the population at large (in terms
of use intensity, use singularity, and symbolism).
These early conceptualizations of landmarks have been adopted to electronic environments [26, 282, 307]. But they have also been criticized as being
minimal definitions from which any noticeable object that serves as a pointreference can be referred to as a landmark [231]. According to Presson and
Montello [231], firm definitions require landmarks to be central to the establishment and organization of spatial representations. Similarly, Sadalla et
al. [247] suggest that objects differ in their referentiality, i.e., the degree to
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which an object is perceived as a reference object. Referentiality can then be
considered as a function of distinctiveness or singularity, a commonly assumed
attribute of landmarks (e. g., [2, 3, 62, 170, 282, 307]). A central question in the
study of landmarks and how they shape human cognition, therefore, refers to
the attributes of objects that determine their referentiality and qualify them
as landmarks.
Based on the different conceptualizations of the landmark term Sorrows
and Hirtle [275] suggest a classification consisting of visual, cognitive, and
structural landmarks. A visual landmark distinguishes itself from the environment due to its visual appearance. In physical spaces, a building that stands
out due to its color, size, or shape may represent such a visual landmark. A
cognitive landmark is defined by the meaning it conveys. Its meaning can be
symbolic and prototypical for an environment; for example the Eiffel Tower
may symbolize Paris [231]. In this context, a landmark can serve an organizational purpose [94] in the sense that it clusters and abstracts a region. A
cognitive landmark also refers to an object whose meaning is unusual in relation to the environment and to objects whose status is particularly relevant
to the viewer. The use of such “idiosyncratic” landmarks in conversation can
outlive the landmarks themselves [275]. A structural landmark distinguishes itself through its role or location in the structure of the environment. It serves
navigational purposes [94] and may, hence, be highly accessible, such as intersections and squares in physical environments or index pages that visually
arrange the structure of a website [275].
Considering the design of landmarks, Sorrows and Hirtle [275] suggest
that these categories should not be understood as mutually exclusive ones
and that the most effective landmarks are those that fulfill all attributes.

Landmarks in Different Spatial Contexts
An indirect yet central implication related to the design of landmarks is that
landmarks attributes interact with their context [170]. As an example, an object with an unusual shape does not generally qualify as a landmark—if other
objects with a similar shape surround the object, it may not be sufficiently
distinctive. Regarding the spatial context, several classifications exist. For example, Montello [194] differentiates between natural and built environments:
Natural environments are “created relatively freely of human agency” [p. 275],
which implies that they are typically more curved, irregular, and asymmetric
and therefore visually more complex than built environments. Built environments, in contrast, typically exhibit more uniform structures. Montello [194]
explicates that they “have more regular patterns, like straight lines and right
angles. . . . In many built environments, for example, the road network consists entirely of rectilinear grids or symmetric radial patterns. Few buildings
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have corridor structures anywhere near the complexity of the average cave
structure” [p. 275].
Using this classification, electronic spaces [275] represent a sub-category of
built environments. Similar to built physical environments, electronic spaces
are often shaped by regular patterns and contain less spatial cues than real environments [307]. Therefore, the provisioning of additive, virtual landmarks
may serve as both a navigational tool and an organizing concept, as suggested by Golledge [94]. Considering virtual environments as a specific case
of electronic environments, Vinson [307] discusses how the legibility features
identified by Lynch [170] can facilitate navigation and spatial memory abilities. His definition of the term landmark is similar to the one of Lynch [170],
suggesting that landmarks are “distinctive environmental features functioning as reference points.“ [307, p. 278] As a practical advice, Vinson suggests
the following ten guidelines:
– The provisioning of landmarks is essential in virtual environments to
support acquisition of spatial knowledge.
– All five legibility features (paths, edges, districts, nodes, landmarks)
identified by Lynch [170] should be included.
– Landmarks should be distinctive, e. g., in terms of their height, or the
complexity of the shape.
– Landmarks should resemble concrete rather than abstract objects.
– Landmarks should be visible at all navigable scales.
– Landmarks must be easy to distinguish from nearby objects and other
landmarks.
– The sides of a landmark must differ from each other (this criterion can
be considered central for the “intrinsicality” criterion).
– Landmark distinctiveness can be increased by placing other objects
nearby.
– Landmarks must carry a common element to distinguish them, as a
group, from data objects.
– Place landmarks on major paths and at path junctions.
Another aspect when studying the effect of spatial properties on human behavior refers to the scale of space. Montello [192] critiques that spatial properties such as size and distance of objects are often treated scale-independently,
but may be perceived and processed differently depending on the scale. For
studies related to human psychology, he, therefore, suggests a classification
of space that considers the perceived scale of space. The resulting psychological spaces differ in the relation between the retinal image of the space
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and the visual field. Figural space is the space of pictures, small objects, and
distant landmarks and is smaller than the body. An apprehension of the figural space does not require body movement. Vista space is as large or larger
than the body and refers to spaces such single rooms, town squares, small
valleys, and horizons. Vista space can be apprehended visually from a single
place and does not require locomotion. Environmental space is larger than the
body and surrounds it, and refers to buildings, neighborhoods, and cities. An
assessment of the environmental space requires the viewer to move around
within the environment. Geographical space has the biggest extent. It cannot
be understood directly through locomotion. Viewers can only fully assess geographic space via symbolic representations such as maps which, reduce this
space to figural space.
Tversky [300] stresses that humans’ mental representations of space depend on the roles they play in their daily life and suggests a functional classification of space. The Space of the Body subserves proprioception and action
such as moving body parts (e. g., feet, legs, and hands) to accomplish specific
tasks (e. g., walk, grab, and manipulate objects). This space also allows for
the interpretation of others’ intention and associated consequence for oneself. The Space Around the Body is the proximal space from which humans
perceive the world. Hence, it serves direct perception and potential action.
Mental representations organize the elements around the space employing
a framework that encodes spatial information in relation to the three body
axes. The framework allows updating across translation and rotation and can
also establish allocentric representations of the world from egocentric experience. However, involves increased mental computation. The Space of Navigation serves to guide us as we travel in the world. It exceeds the space around
the body and cannot be perceived from one place. Its mental representation is
constructed from multi-modal pieces. These pieces are linked, joined, superimposed or otherwise integrated. Besides, they contain different, structural
objects, such as landmarks and paths. The Space of External Representations
refers to spaces that are invented and created to enhance human cognition by
offloading computation and memory. Elements of this space refer to representations such as maps and architectural drawings, and schematic diagrams.
2.4

shared references in conversations

Coordination of group members’ actions is central to the success of collaboration to prevent a potential “process loss” [283]. However, while collaboration can have benefits, coordination involves costs [29]. To coordinate joint
activities, collaborators can make use of language [56] where the speaker
has to use encoding rules that match the addressees’ decoding rules [27]. In
conversation, shared visual information represents a conversational resource
[152, 256, 257, 261] and a coordination mechanism that “mediates the articulation of cooperative work so as to reduce the complexity of articulation
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work” [254, p. 183]. For the coordination of collaborative activities that involve spatial language, contextual information can become critical in interpreting spatial language [194]. Sperber and Wilson [276] refer to such contextual information as shared cognitive environment:
The total shared cognitive environment of two people is the intersection of their two cognitive environments: i.e., the set of all facts
that are manifest to them both. Clearly, if people share cognitive
environments, it is because they share physical environments and
have similar cognitive abilities. Since physical environments are
never strictly identical, and since cognitive abilities are affected
by previously memorised information and thus differ in many respects from one person to another, people never share their total
cognitive environments. Moreover, to say that two people share a
cognitive environment does not imply that they make the same
assumptions: merely that they are capable of doing so. [276, p. 41]
Regarding spatial referencing, shared cognitive environments provide effective references [50], which increase collaborators’ referential awareness, “the
ability for one participant to refer to a set of objects, and for that reference
to be understood by others” [49, p. 207]. During face-to-face communication, the collaborators’ physical environment represents a central element of
their shared cognitive environment. In such situations, collaborators can also
benefit from each other’s non-verbal communication such as facial expressions and gaze direction. During computer-mediated, distributed communication, collaborators’ physical environment is no longer part of their shared
cognitive environment which can hamper the grounding process [28]. Thus,
systems that aim at supporting distributed collaboration, typically aim at
reproducing visual information that is available in face-to-face communication [29, 81, 116].
According to the classification by Fussell et al. [81], co-located collaborators
have access to four different resources of visual information: 1) collaborators’
heads and faces, 2) collaborators’ bodies and actions, 3) shared task objects,
and 4) shared work context. In principle, landmark objects can occur in any
of the four categories: Each person and even individual body parts can represent landmarks (category 1+2), visually outstanding task objects may represent landmarks (category 3), and objects of the shared work context may
be perceived as landmarks (category 4). Karsenty [133], however, notes, that
maximum reproduction of visual information does not necessarily increase
the efficiency of distributed collaboration. According to the authors, the quantity of shared visual information should depend on the task instead.
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With the goal of deriving requirements related to the design of virtual landmarks to support spatial referencing in AR, this chapter analyzed spatial referencing, associated cognitive and linguistic processes, and landmarks as reference objects. Resulting requirements are listed and discussed in the following:
R1 Minimize the use of basic relations.
Basic relations (e. g., “He’s over there.”) do not contain an explicit reference
object which makes them prone to misinterpretation. To specify the located
object, basic relations alone are therefore insufficient. Logan and Sadler [165]
note that implicit spatial information may be available in addition to basic
relations. One such example refers to pointing gestures: When speaker and
listener are co-located, an additional pointing gesture may prevent possible
misinterpretations. Thus, considering the design of AR to support spatial referencing, one goal should be to minimize the collaborators’ use of basic relations; especially when spoken communication is the only source of information.
R2 Provide landmarks as reference objects.
To support the use of non-basic relations in spatial conversations, additive
landmark objects should be offered. Landmarks can then serve as spatial anchors that help specify the located object’s position. Because electronic space
typically features more regular patterns and do not provide as many orientation cues as physical places, the provisioning of additive, virtual landmarks
can be helpful as both a navigational tool (supporting orientation and spatial
memory) and as an organizational concept (adding structure and referencing
options to the shared workspace). Another reason why virtual landmarks are
particularly crucial in electronic spaces refers to the fact that such spaces may
be distributed. In such cases, shared virtual landmarks increase the collaborators’ cognitive environments and thereby support collaboration.
R3 Provide landmarks with high referencing affordance.
For landmarks to attract people’s attention during a spatial conversation, they
have to distinguish themselves from surrounding objects and provide referencing affordances. Distinctiveness can be achieved by visual features such
as color, shape, and size. Such visual features interact with the spatial context of the landmarks. In AR, for example, this context primarily consists in
the physical environment. Thus, visual distinctiveness can be achieved by
artificial rendering.
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R4 Provide landmarks that fit into the collaborators’ vocabulary.
Landmarks that aim at supporting spatial referencing have to fit into conversational partner’s vocabulary. Therefore, while abstract landmarks may
support humans’ spatial memory capabilities, conversational partners may
not use them in spatial language when their verbalization involves increased
cognitive effort. Hence, as suggested by Vinson [307], landmarks should resemble concrete rather than abstract objects. Given that AR also allows for the
creation of virtual objects that do not correspond to the familiar appearance
and behavior of real-world objects, this requirement is particularly noteworthy.
R5 Provide landmarks with intrinsic coordinate systems.
In the context of spatial referencing, landmarks with an intrinsic coordinate system may be particularly beneficial, because they favor the use of the
viewer-independent linguistic representation of intrinsic relations. Given, the
listener correctly identifies an intrinsic relation, mental computation involved
in inferring the correct viewpoint (listener or speaker) does not occur. While
the intrinsic relation may be less prone to misinterpretation, it requires both
the speaker and the listener taking the reference object’s perspective, which
involves mental computation.
R6 Landmarks should distinguish themselves from the task objects.
If landmarks are meant to support spatial referencing, they need to distinguish themselves from the task objects so that collaborators can quickly realize that they are supposed to serve as landmarks only [307].
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According to a widely accepted definition by Azuma, Augmented Reality
(AR) displays comply with three characteristics: they combine real and virtual,
they are interactive in real time, and they are registered in 3-D [5]. With a display featuring an ideal implementation of these characteristics, Azuma [5]
predicts “it would appear to the user that the virtual and real objects coexisted in the same space” [p. 355]. In the 16th century, Neapolitan scientist
Giambattista della Porta already had a very similar vision. He described an
optical illusion technique, which was later translated into “How we may see
in a Chamber things that are not” [230, p. 370]. In the 19th century, British
engineer John Dircks developed a working concept of that technique for London’s horror theaters. British scientist John Henry Pepper improved the technique, which became commonly known as Pepper’s Ghost (Figure 3.1a).
Until that point in time, the illusion of virtual objects appearing in the
viewer’s environment required a physical model of that object. In the 1960s
Ivan Sutherland presented a Head-Mounted Display (HMD) that was able to
create virtual objects using computer technology (Figure 3.1b). His digital
implementation, which he termed the Sword of Damocles [288], was a corner-

(a) An illustration from 1867 showing the Pepper’s
Ghost technique. (Image source: Marion [176])

(b) Ivan Sutherland wearing his
“Sword of Damocles” [288].

Figure 3.1: The origins of Augmented Reality.
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stone in AR history because it had two central ramifications on the design
of virtual objects: First of all, they were no longer dependent on a physical
model. Hence, neither the appearance nor the behavior of virtual objects was
limited by physical laws but rather by the imagination of their designers. Secondly, the apparatus that created the illusion became considerably smaller,
mobile, and eventually affordable.
Since the conceptual origins of AR, multiple AR implementations with individual qualities and application possibilities have emerged. Hence, studies
involving human-AR interaction have to take into account the characteristics
of the AR display type used (e. g., regarding the generalizability of study results). Furthermore, study results should be discussed in the light of their
real-world implications to illustrate the relevance of the conducted research.
These requirements can be formulated as the guiding questions of this chapter:
• How does the literature classify AR as an interaction style? (Section 3.1)
• What are the technological characteristics of handheld AR displays and
how do they relate to the quality of the AR experience? (Section 3.2)
• In what areas of life does spatial referencing in conjunction with handheld AR displays occur? (Section 3.3)
3.1

classifications of augmented reality

One of the most widely used models to classify AR displays is the virtuality
continuum by Milgram and Kishino [189]. They suggest that display technologies can be classified depending on the proportions of real-world and
virtual components that they present to the viewer (Figure 3.2). According to
this definition, Virtual Reality (VR) displays are located at the rightmost position of the spectrum, because they present an exclusively virtual environment
to the viewer. Displays that contain both real-world and virtual components
are referred to as MR displays. One sub-type of Mixed Reality displays are
AR displays which refer to “all cases in which the display of an otherwise
real environment is augmented by means of virtual (computer graphic) objects” [189, p. 1322].

Mixed Reality (MR)
Real
Environment

Augmented
Reality (AR)

Augmented
Virtuality (AV)

Virtual
Environment

Figure 3.2: AR as a subclass of MR, which combines virtual and real world objects
according to Milgram and Kishino [189].

3.1 classifications of augmented reality

Depending on the technical implementation of AR displays, the real-world
component may consist of a digitized (and thus “virtual” ) representation of
the user’s physical environment (see Section 3.2.1 for details). Therefore, the
term “virtual” may be ambiguous in this model. As operational definitions,
the authors, therefore, suggest that the attribute “real” refer to objects that
have a corresponding instance in the viewer’s physical environment, whereas
“virtual” refers to those objects that exclusively exist on the screen of the
viewer’s display. This distinction is important as it allows for a technologyindependent classification of real and virtual objects on AR displays and thus,
a classification based on the vituality continuum.
But displays do not necessarily have to be assigned to a specific display category or a single spot on the virtuality continuum. Several authors, e. g., [18,
141], have proposed transitional interfaces which enable the viewer to switch
between AR and VR display configurations. During collaborative tasks, viewmode switching allows the individual collaborator to take different perspectives on the shared, virtual workspace [18]. Grasset et al. [98] have illustrated
the benefits of such mixed-space collaboration based on an example in the area
of architecture: “Each user can work separately in a specific environment. For
example, an architect with an AR exocentric viewpoint could be manipulating
parameters of a virtual house while their client is immersed in a VR environment inside the house.” [98, p. 93]
According to Azuma [5], AR conforms to three key technical characteristics:
1) It combines real and virtual, 2) it is interactive in real time, and 3) it is
registered in 3-D. With a display featuring an ideal implementation of these
characteristics, Azuma [5] predicts “it would appear to the user that the virtual and real objects coexisted in the same space” [p. 355]. Like Milgram
and Kishino [189], he considers AR a variation of VR, noting that VR replaces
the real world, whereas AR supplements it. Thereby AR makes information
about the viewer’s physical environment available that would otherwise not
be detected with human senses (e. g., by mimicking means of X-ray vision).
According to Azuma [5], AR systems can then serve as “intelligence amplifying systems,” as described by Brooks [31].
Rekimoto and Nagao [238] contrast AR with other interaction paradigms (Figure 3.3). In the GUI paradigm (Figure 3.3 (a)), the user interacts with the computer world via a Graphical User Interface (GUI), which requires explicit, and
often tedious operations from the user. Moreover, interacting with virtual content using a GUI isolates the user from their physical environment. The user
may then become unaware of the real world situation which results in a gap
between the computer world and the physical world. In VR (Figure 3.3 (b)),
the user interacts with a virtual environment, and their interactions with the
real world are minimized. Hence, the user becomes largely isolated from the
physical world. The Ubiquitous Computers paradigm (Figure 3.3 (c)) is based
on Weiser’s vision of Ubiquitous Computing [314], where computer technol-
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Figure 3.3: AR as a human-computer interaction style [238].

ogy has become an inherent part of humans’ physical living environments.
In this paradigm, the user, accordingly, interacts with a physical world which
embodies a multitude of computing devices. In the Augmented Interaction
paradigm (Figure 3.3 (d)), the user can interact with the physical world and
the computer world simultaneously. Nevertheless, unlike in the Ubiquitous
Computers paradigm, only a single, personal, mobile AR device is required
to integrate the computer world into the user’s perceived real world. The two
paradigms, Ubiquitous Computers and Augmented Interaction, are not mutually exclusive. Instead, one should see them as complementary paradigms
that can benefit from each other: “[H]uman existence will be enhanced by
a mixture of the two; ubiquitous computers embodied everywhere, and a
portable computer acting as an intimate assistant” [238, p. 34].
The model by Newman et al. [213] combines Milgram and Kishino’s conceptualization of AR and Weiser’s vision of Ubiquitous Computing. In the
resulting Milgram-Weiser Continuum (Figure 3.4), the horizontal dimension
corresponds to the virtuality continuum [189] and defines the proportion
of physical and virtual content on display. The vertical continuum ranges
from monolithic computing, which is defined by stationary computers with
special-purpose implementations, to Ubicomp, i.e., location-inde- pendent
computing with flexible implementations. The model includes several examples of AR applications. As an example of an AR application with a monolithic computing architecture, the authors refer to an HMD system by Sauer
et al. [249] which supports surgical procedures by AR-based image guidance.
This system is operated by a single user, serves a specific purpose, and builds
on a specific technological architecture. In contrast, the Sentinent AR by Newman et al. [212] is located closer to the Ubicomp extremum, because it implements an AR interface to a large-scale physical environment and the objects it
contains. According to this model, systems that combine AR with Ubiquitous
Computing (as suggested by Rekimoto and Nagao [238]), can then be located
in the Ubiquitous AR region (Figure 3.4).

3.1 classifications of augmented reality

Monolithic
Computing
Traditional AR,
e.g. surgery,

Distributed
Virtual Environment

Outdoor AR,
e.g. MARS, Tinmith
Real
Environment

Outdoor Handheld AR
collaborative
AR
Sentient AR

Traditional
Ubicomp/
Wearable
Computing

VR visualisation,
e.g. CAVE

Virtual
Environment
Internet-based
Massively Multi- arcade games,
player online role- e.g. Quake
playing games
mobile
(MMORPG)
gaming

Ubiquitous
AR

Ubicomp

Figure 3.4: AR as Ubiquitous Computing Interface [213].

Further classifications by Mann [173, 174] and Starner et al. [281] focus on
how AR can alter the user’s perception of their environment. According to
them, AR technology mediates reality, because it allows for the modification
of the environment. Such modifications may consist in filtering out parts of
the physical environment, such as advertisement [175], or in altering their
properties, such as the size, color, or shape of physical objects [163].
AR has also been classified according to its capacity to support collaborative
activities. Billinghurst and Kato [15] emphasize two central advantages of AR
over other interface types: First, the technology enables seamless computersupported collaborative work in the sense that collaborators can dynamically
switch focus between their shared workspace and their communication space.
This hypothesized strength of AR builds on the same assumption as Rekimoto and Nagao’s view of augmented interaction [238]: Using AR displays,
people can interact with the computer world and the physical world—which
includes other people—simultaneously. Secondly, augmentation allows for
the enhancement of the physical workspace to support collaborators’ conversational needs. During co-located collaboration, augmentation can enhance
face-to-face communication, for example by providing spatial visual and audio cues [16, 17]. During distributed collaboration, augmentation can provide
shared, virtual artifacts that serve as a mechanism to coordinate joint actions
among the collaborators [1, 15, 68, 71, 310].
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3.2

handheld augmented reality displays

This section examines the technical aspects of handheld AR displays and discusses how they relate to the viewer’s AR experience.
3.2.1 Technical Characteristics
A standard way to classify AR displays refers to the distance from the human eye to the AR imagery that they create [19, 20, 253]. Such a view is useful because the eye-to-display distance—and the associated form factor of the
display—can have central implications on the quality of the AR experience.
Handheld AR displays form one category and typically utilize smartphones
and tablets as technological platforms [253]. Because of the rapid development of smartphones, handheld AR displays represent the most popular AR
display type [253]. Such displays use the device’s back-facing camera to capture the physical environment (Figure 3.5) and therefore require the viewer to
hold it at least at chest height [253]. A second category refers to head-attached
displays such as HMDs. Displays of this category present virtual imagery directly in front of the viewer’s eyes and are also referred to as near-eye displays [253]. Spatial displays, which form the third category, have the biggest
distance to the human eye. The category includes stationary AR displays (e. g.,
desktop displays) and projected displays, which use projectors to cast virtual

Figure 3.5: Video see-through on a handheld device. The front-facing camera captures the physical environment. Virtual objects are then integrated into
the captured imagery and presented to the viewer on the touch display.
(3-D cell model courtesy of Björn Sommer et al. [274])

3.2 handheld augmented reality displays

imagery onto surfaces of the physical environment [253]. In contrast to handheld and head-attached displays, spatial displays are typically installed at fixed
locations and thus limited in mobility [19]. They are therefore excluded from
further considerations. Micro-projectors represent a specific kind of spatial
display and can be mounted on the user’s head or held by the user in their
hand. This kind of display is excluded, too, because projections need to be
rendered dependent on the individual’s position and may, consequently, be
less practical to support co-located activities.
Another major distinctive feature of AR displays refers to the method of augmentation. Augmentation on electronic displays is based on see-through functionality which is established in two fundamental ways.
Handheld AR displays realize augmentation using the video see-through
method. This method requires at least one camera (in the case of handheld AR
displays the back-facing camera of the device) which captures the viewer’s
physical environment. A digital combiner integrates the virtual elements to
be displayed into the captured images. The resulting image stream is then
sent to the display (Figures 3.5). This method provides a digitized representation of the real environment, and thus an indirect view on it. The see-through
video method is also standard on HMDs, either inherently (HMDs with builtin cameras such as the HTC VIVE Pro [60]) or by equipping traditional VR
HMDs (such as the Oculus Rift [219]) with additional cameras (e. g., the ZED
Mini [126] or Ovrvision Pro [267]; Figure 3.6a).
A second, typical way to realize augmentation on mobile AR displays is
the optical see-through method. This method uses a semi-transparent mirror
as a display to combine the virtual objects with the viewer’s physical environment. Thus, unlike video see-through, this method provides the viewer a
direct view of the real world. While optical see-through augmentation is common on AR HMDs (e. g., on the Microsoft HoloLens [61] and the Meta 2 [59]),
it is not yet available on handheld AR displays. There have been attempts to

(a) Video see-through augmentation based on
the HTC VIVE [60] VR HMD and additional Ovrvision Pro [267] cameras.

(b) Optical see-through augmentation based
on the Meta 2 [59] AR HMD.

Figure 3.6: Different methods of augmentation on HMDs.
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realize handheld devices with transparent displays (e. g., by Samsung [303]),
which would enable optical see-through augmentation on them as well.
3.2.2 Implications on the AR Experience
The literature has identified several aspects of AR displays which determine
the quality of the viewer’s AR experience and the scope of their application.
Many of these aspects relate to what McMahan et al. [185] refer to as visual
display fidelity, i.e., “ the objective degree of exactness with which real-world
sensory stimuli are reproduced“ [p. 626]. The following listing provides an
overview of these aspects and discusses how handheld AR displays address
them.
Field of View
LaViola et al. [155] define the field of view as the “maximum number of degrees of visual angle that can be seen instantaneously on a display” [p. 127].
Human vision covers a horizontal field of view of 200° and a vertical field
of view of 135° [255]. Due to their limited screen size and their considerable
distance to the viewer’s eyes, handheld AR displays cover only a small proportion of the overall human field of view [253]. This has substantial implications
for the AR experience [139, 233]. For example, given that level of immersion
is a function of the “visual space filled with computer graphics” [19, p. 79],
handheld AR displays cannot provide as much immersion as head-attached
displays. Schmalstieg and Höllerer [253], however, note that the front-facing
cameras of handheld devices may provide a wide field of view. According
to the definition by LaViola et al. [155], the field of view into the augmented
space may then be wide, even though the screen of the handheld display
covers only a small portion of the viewer’s overall field of view.
Distortion and Displacement
Handheld AR displays utilize the see-through video method. Therefore, the
viewer sees the real world as a digital representation. The quality of this
representation depends on the characteristics of the electronic lenses of the
front-facing camera [5, 19, 253]. As a result, optical parameters such as the
field of view, in fact, correspond to the camera’s field of view rather than that
provided by the size of the display Schmalstieg and Höllerer [253]. The cameras of handheld AR displays typically have a field of view that is larger than
the angle between the viewer’s eyes and the display, which results in a fisheye effect [253]. This creates an offset between the content that is displayed
on the screen and the non-mediated physical environment [19]. Moreover,
the viewer does not necessarily hold the device orthogonal to their gaze direction, which causes an offset between the mediated and the non-mediated
physical environment. Resulting distortions and displacement are recogniz-
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able in Figure 3.5 where digital imagery on the smartphone does not align
with the non-mediated environment of the viewer.
Provisioning of Depth Cues
Visual depth cues are important for depth perception and therefore contribute to the illusion of virtual objects being integrated into the viewer’s
physical environment. The literature distinguishes between physiological and
psychological depth cues [187].
One of the central physiological depth cues refers to human stereoscopic
vision. Stereoscopic displays provide individual imagery to both eyes and
take into account the binocular disparity. Such displays provide better depth
perception, especially when objects are proximal to the viewer [155]. Other,
often-cited depth cues refer to the support of different focus planes [253]
and oculomotor cues which are generated by accommodation and convergence
capabilities of the human eyes [78, 114, 119, 121, 155]. Because handheld
AR displays are typically monocular, i.e., they provide the same AR imagery
for both eyes, they do not support physiological depth perception based on
stereopsis.
Psychological depth cues, on the contrary, do not depend on stereoscopic
imagery and are therefore particularly relevant for handheld AR experiences.
One such depth cue refers to occlusion [120, 253]. The underlying principles
can be summarized as follows: “Objects closer to the observer obscure objects farther away in the screen space.” [253, p. 197] Occlusion then serves the
perceptual association of virtual and physical objects, allowing the viewer
to estimate the position of virtual objects within the physical environment.
To further support the estimation of distance and size of virtual objects, additional virtual objects “that have a well-known size, such as a chair or a
human figure” [155, p. 367] can be integrated into the AR space. According
to Renner et al. [241], the use of such reference objects has proven beneficial in
virtual environments, because such environments do not inherently provide
reference objects. The use of reference objects might be helpful in augmented
environments as well, especially if the task objects themselves are abstract
and do not have well-known sizes. Further psychological cues refer to the
mimicking of other real-world principles such as shadows and lighting [155].
Other, often-cited determinants of the visual AR experience refer to the spatial
and temporal resolution [19, 155, 253], the brightness [19, 144, 154, 253], and the
contrast [5, 19, 155, 253] of the display technology. In addition to these visual
aspects other determinants have been identified that relate to the application
possibilities of AR display types:
Ergonomics
Depending on the display type, AR technologies involves specific ergonomic
aspects that shape the AR experience. Typical criteria associated with hand-
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held devices are the weight of the device [155, 253] which implies that bulky
devices can lead to muscle strain and fatigue [253]. For HMDs comfort while
wearing represents a typical ergonomic aspect [253].
Social Acceptance
The form factor of an AR display has critical implications on its social acceptance. HMDs, for example, are not yet fully accepted in most social environments, because of their bulky form factor and the fact that they cover a large
part of the viewer’s face [253]. In contrast, the use of handheld devices has
become common and socially accepted in public. Using them as AR displays,
however, involves holding them up and navigating bodily, which may be
perceived as inconvenient for both the AR viewer [317] and bystanders [253].
Interaction Possibilities
Different types of tasks require specific interaction possibilities; different types
of AR displays provide specific interaction modalities. HMDs, for example, enable hands-free interaction. This allows for mid-air gestures and direct interaction with both virtual and physical objects. Handheld AR displays, on
the contrary, limit hands-free interaction because at least one of the viewer’s
hand typically holds the display. On the other hand, common handheld AR
displays are touch-sensitive. AR viewers can, therefore, manipulate virtual
content using familiar touch-based interaction [19]. Gestural input on handheld AR displays, however, has also been studied [6, 262]. Moreover, commercial development kits for 3-D gestural analysis on handheld displays are
available, meanwhile, what indicates that gestural input might be an option
for some handheld AR applications.
Versatility
The versatility of a device’s type may influence both the AR experiences and
its dissemination. In this regard, handheld AR displays represent a promising
category of AR displays because there exist affordable AR cardboards such as
the HoloKit [85] or the Aryzon headset [304] are available, which can turn
handheld AR displays into AR HMDs.
3.3

application areas of collaborative augmented reality

Since the 1990s, research has identified several application areas that could
benefit from AR technology, e. g., education [4, 18, 74], collaborative modeling and design [48, 237, 319], computer-aided instructions [87, 191], remote
assistance [87, 225], navigation [9], construction and architecture [5, 24, 105],
training and maintenance [191], and the medical sector [5, 7, 210].
In some of these areas research has identified AR technology as a particularly suitable tool to support co-located and distributed collaborative tasks. The
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TransVision system by Rekimoto [237], which allows for collaborative design
using handheld AR displays, is an early example of AR-based co-located collaboration. With the Studierstube system, Fuhrmann et al. [80] illustrated
how co-located users can benefit from viewing virtual 3-D visualizations using AR glasses. A follow-up study by Reitmayr and Schmalstieg [235] investigated the possibilities of collaborative workspaces using mobile AR devices.
Another early example is EMMI introduced by Butz et al. [38], a collaborative AR system that allows co-located users to interact with shared virtual
information using 3-D widgets and physical objects.
Early research demonstrated the value of AR technology supporting distributed collaboration include the WearCom system by Billinghurst and Kato
[15], which enables distributed conferencing where users can see remote collaborators as virtual avatars integrated into the local viewer’s physical environment. The MARS system by Höllerer et al. [117] implements a collaborative, mixed-space system, where a remote user can interact with an outdoor
user wearing an HMD by placing spatially registered information into the
collaborator’s visual environment.
Such systems originate from the era of early applications of AR technology
from the mid-1990’s to 2007 citeBillinghurst:2015. The year 2007 eventually
marked the widespread dissemination of AR and initiated the era of commercial applications [19]. The following sections provide an overview of current
and future application areas that involve spatial referencing and may use
handheld AR displays.
Education and Training
With AR as an educational tool, students can explore learning content as virtual 3-D representations from a personal perspective. Because physical laws
do not limit the behavior and appearance of 3-D representations, they can represent abstract and complex concepts, such as mathematic geometries [134],
physical models in chemistry education [51], electrodynamics [32, 124], or
spatial relationships of orbits and planets [265, 266]. Moreover, as Azuma [5]
noted, augmentation can also make information visible that people would not
be able to detect in the physical world. AR has therefore been suggested as a
tool for scientific visualizations, an area which “is primarily concerned with
the visualization of 3-D phenomena (architectural, mete[o]rological, medical,
biological, etc.), where the emphasis is on realistic renderings of volumes,
surfaces, illumination sources, and so forth, perhaps with a dynamic (time)
component.” [79, p. 2] The use of scientific, AR-based visualizations, however,
is not restricted to education but has also been suggested in other application
areas, e. g., in the cyber security domain to visualize intrusion detection [181]
and abnormal event detection [172].
Additionally, mobile AR displays enable egocentric exploration of virtual
content, which has been found to support the understanding of physical
concepts such as gravity and planetary motion. In a study by Lindgren et
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(a) Visualization of magnetic field strength by
means of virtual curves.

(b) Visualization of a Radiated electromagnetic field of a horn antenna by means of
multiple, virtual lines.

Figure 3.7: A scientific AR visualization in electrical and electronic engineering education that increases pedagogical effectiveness by Buchau et al. [32].

al. [162], students who used AR as a learning platform had significant learning gains, higher levels of engagement, and more positive attitudes towards
science than students who used a desktop version. Research conducted by
Squire and Jan [277] and Squire and Klopfer [278] investigate the pedagogical potential of AR in combination with gaming concepts. They conclude
that handheld AR displays represent an exciting new pedagogical model that
helps develop students’ scientific literacy.
The literature classifies handheld AR displays as a particularly promising device type supporting educational scenarios [146, 147, 180]. Klopfer et
al. [147], for example, identified five unique educational capabilities of handheld devices: 1) portability and independence of geographical location, 2)
social interactivity (allowing collaboration and data exchange with other people), 3) context sensitivity (the ability to gather data unique to the current
location, environment, and time) 4) connectivity to other devices (allowing
for the establishment of shared environments) and 5) individuality (enabling
customization to individuals’ path of investigation).
The capability of AR for mimicking critical real-world situations and processes makes the technology particularly valuable for educational scenarios that include simulation and training. When Microsoft introduced the
HoloLens HMD [118] in 2015, they propagated medical education as a use
case where students can benefit from shared AR experiences. Meanwhile,
AR-based medical education has entered classroom training in several medical departments of Universities (e. g., Case Western Reserve University [118],
the EDtech innovation team from Leiden University [320]). Furthermore, elearning companies such as Pearson [223] is developing educational programs based on AR technology in collaboration with the Texas Tech University Health Sciences Center [44] and the School of Nursing of the San Diego
State University [108].

3.3 application areas of collaborative augmented reality

Construction and Architectural Simulation
With AR technology, processes and states related to construction tasks can
be simulated to reduce implementation costs. Using AR, virtual representations of the structures to be built can be explored collectively before their
implementation [19]. Research has therefore identified AR as a particularly
promising technology to view historical buildings [102], plan industrial production systems [70] and construction work sites [309], and for the area of
urban planning in general [248]. Meanwhile, companies in that area have realized this benefit and extended their traditional portfolio accordingly. For
example, the British Design and Architecture Studio Darf Design [66] offers
AR-based architectural experiences to their customers. Similarly, DAQRI [63]
specialized in providing an entire AR platform for enterprises in the field
of Design, Architecture, Engineering, Construction, and Manufacturing. Furthermore, the feature of augmentation can also make additional information
related to physical objects visible. For example, using the handheld AR prototype by Schall et al. [251] provides the field workers of utility companies
with X-ray vision making underlying structures, such as underground infrastructure, visible.
Visual Data Analysis
Data visualization can be summarized as “the science of visual representation
of ‘data’, defined as information which has been abstracted in some schematic
form, including attributes or variables for the units of information” [79, p. 2].
Immersive analytics, an emerging research direction within this field, investigates “how new interaction and display technologies can be used to support
analytical reasoning and decision making” [45, p. 1]. AR has been identified as
one such new technology, since it allows the investigation of large amounts of
data simultaneously, collaboratively, and in 3-D [36] (Figure 3.9). Such visualizations typically abstract single data points, aggregations of data points, and
their relationship using abstract shapes, such as lines and points. The results

(a) Visual exploration of an architectural
sketch using a smartphone.

(b) Exploration of a virtual sketch of a
skyscraper using a tablet computer.

Figure 3.8: Exploring architectural drafts with handheld AR displays. (Image courtesy of Darf Design [66].)
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Figure 3.9: AR as an immersive analytics tool [36]. In this domain, task objects include
data objects and attributes which are represented by abstract geometric
shapes which the collaborators refer to during collaborative analysis.

of such visualizations can be 3-D scatterplots [188], 3-D graphs [11], or a 3-D
combination of basic chart types [36]. Collaborative data analysis scenarios
often serve decision-making processes [109, 128] and involve the “[identification of] areas of interest, meaningful patterns, anomalies, and structures
between artifacts.” [214, p. 2] Such identification tasks require the collaborator to efficiently refer to single elements (data points, clusters, or visualized
relations) of the visualization.
Remote Assistance
Using AR displays allows a local collaborator to share their current view with
a remote collaborator. This capacity has proven particularly beneficial to support remote assistance, e. g., during physical repair, maintenance, inspection
tasks [22, 23, 77, 87, 110, 158, 220, 225], and forensic investigations [169]. Figure 3.10 shows an example of a local worker obtaining guidance from a remote worker during a repair task: the local worker (Figure 3.10a) is located
in front of a car engine. On the local handheld AR display, single elements
of the engine have been marked with virtual annotations by a remote assistant (Figure 3.10b) so that the local worker can identify them more easily. To

(a) A local worker (left image) identifies a specific element of an engine which the remote worker (Figure 3.10b) has marked.

(b) The remote worker can navigate freely
through the local environment to provide
guidance, e. g., through annotations.

Figure 3.10: AR-supported remote assistance [87].

3.4 summary

enable free navigation for the remote expert within the local worker’s scene,
the local scene is tracked and modeled incrementally in real time by the local worker’s handheld AR display. The resulting virtual replica then becomes
part of the collaborators’ shared workspace.
According to an evaluation by Lukosch et al. [169], operational units in
the security domain may also benefit considerably from AR technology: Using AR features, such as viewport-sharing and augmented live annotations
may increase the exchange of context-related information among unit members. Within such teams, information exchange is primarily based on verbal
communication [169]. For teams dealing with high-risk situations, such as
personal security, successful spatial referencing may then become mission
critical.
3.4

summary

With the goal of classifying the technology that is used in the experimental
studies, this chapter addressed three guiding questions:
How does the literature classify AR as an interaction style?
technology can create the illusion of virtual objects being integrated into
the viewer’s physical environment. The technology does not depend on classical 2-D widgets and thus, enables post-WIMP interaction. Regarding information visualization, augmentation has several benefits: it enables the visualization of information that is related to physical objects, and that can otherwise not be detected with human senses (e. g., by mimicking X-ray vision or
by providing virtual annotations on physical objects). Besides such semantic
augmentations, AR technology can also be used to visualize task objects (e. g.,
learning content in the education area or data points in the field of visual
data analysis) which are not related to the physical environment.
As an interaction paradigm, AR is often contrasted with VR, another postWIMP technology which also enables the 3-D visualization of information.
Unlike AR, however, VR substitutes the physical environment with a virtual
one. Considering the capacities of AR to support collaboration, this difference
has central implications: co-located collaborators benefit from simultaneous interaction with their shared workspace (containing the task objects) and their
communication space. Distributed collaborators can benefit from view-port
sharing and simultaneous access to a synchronized workspace.
Furthermore, the literature classifies AR as extremely versatile, which opens
a broad design space in at least three respects: 1) its visualization capacities
(ranging from realistic to non-realistic representations), 2) its capacities as a
transitional interface (e. g., to switch from an AR configuration to a VR configuration), and 3) its compatibility with Ubiquitous Computing [314]. Because
AR offers such a vast design space, it is all the more essential to consider
associated design decisions thoroughly.
AR
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What are the technological characteristics of handheld AR displays
and how do they relate to the quality of the AR experience?
General characteristics of AR displays are the display-to-eye-distance, their
form-factor, and the method of augmentation they utilize. Common handheld AR displays build on the technical platform of smartphones and tablets.
These devices utilize their back-facing camera to enable see-through video
augmentation. Unlike HMDs, handheld AR displays do not provide stereoscopic vision, they exclusively implement video see-through augmentation,
and their distance to the viewer’s eye is longer. On the one hand, these aspects limit the AR experience in several regards: handheld AR experiences
involve image distortions and discontinuities between the displayed content
and the non-mediated, physical environment, a limited field of view, fatigue
after more extended periods of use, and limited support of depth perception.
Depth perception, however, can be supported using psychological depth cues.
Within this work, reference objects, which are known objects with realistic sizes,
represent a particularly relevant depth cue, because they indirectly inform the
design of virtual landmarks. On the other hand, handheld AR displays have
become the most popular AR display type due to the widespread adoption of
smartphones and tablets. Moreover, these devices are more socially accepted
than other display types such as HMDs. Furthermore, handheld devices represent a flexible device type: In conjunction with cardboards they can be used
as HMDs, and their method of augmentation allows for switching between an
AR and a VR display configuration.
In what areas of life does spatial referencing in conjunction with
handheld AR displays occur?
technology is increasingly used in real-world collaborative applications.
Associated tasks require the collaborators to refer to task objects in their
shared workspace, e. g., to guide each other’s attention to a specific task object, to select a specific task object, or to (re-)position it. This chapter has
identified several (to some extent overlapping) areas, where such tasks typically occur: education and training, construction and architectural simulation, visual data analysis, and remote assistance. Especially in the domain of education
handheld AR displays have been identified as a promising future technology
to increase learning efficiency.
Considering the relevance of spatial referencing in AR in general, conversational partners can identify single objects by their visual attributes such as
color or shape. This way of referencing, however, can only be successful if
the visual attributes of the task objects differ from each other. In AR, however,
task objects do not necessarily differ regarding their visual attributes: scientific AR visualizations or AR applications to support visual data analysis or
education, for example, may deal with abstract and similar looking virtual objects. Then the nature of the task objects themselves makes it difficult or even
impossible to single out a virtual object solely based on its visual attributes.
AR

3.4 summary

Furthermore, AR offers digital features such as auto-sorting, auto-alignment,
and cloning of virtual objects. These features are powerful on the one hand,
but on the other hand, they may result in regular patterns and homogeneous
information spaces (see Section 2.3) and may make referencing by visual attributes even more difficult. In such cases, spatial referencing may, hence, be
the only way to single out a specific task object, assuming that conversational
partners have access to effective reference objects. Providing additive, virtual
landmarks as reference objects may then represent an approach to compensate the adverse side effects caused by the powerful functions of the digital
world.
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This chapter consults design-sensitizing theories in Human-Computer Interaction (HCI) with the goal of:
• analyzing the design space of AR displays with regard to spatial referencing, and
• informing the design of the propositions.
Theories in HCI can be classified based on research paradigms, i.e., the prevailing “assumptions, concepts, values, and practices” that the research community has agreed upon [243, p. 55]. Based on this view, Rogers [242] suggests
the classification of HCI theories into the classical, the modern, and the contemporary era. This research relates to the modern and the contemporary era.
Hence, this chapter employs theories of these eras to address the two goals.
Section 4.1 presents theories from the modern era, which refers to the period
from the 1990s to the early 2000s [242]. Theories of this era share the assumption that human knowledge not only resides “in the head” (as the theories
of the previous, classical era assume1 ) but also “in the world” [217]. Hence,
these theories attach great importance to the user’s physical and social context, maintaining their importance to the design of interactive systems. Associated theories are eminently relevant for the design of AR-based systems that
aim at supporting collaboration, precisely because AR-based collaboration is
substantially embedded in both a physical and social context. In this work,
these theories primarily serve to understand and structure the design space
and validate the propositions on a theoretical basis.
Section 4.2 presents theories from the subsequent and ongoing contemporary era. As opposed to the previous eras, contemporary era stands for diversification in HCI research, which Rogers [242] refers to as turns. One of these
turns, the turn to embodiment, continues the tradition of the modern era in the
sense that it also gives great weight to the user’s physical and social context.
Embodiment theory challenges the traditional view of mind being separated
1 The classical era is summarized in Appendix A.2
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from the body and thought being separated from action. Instead, embodiment maintains that these two components are inseparable [72]. According
to Dourish [72], “Embodiment is the property of our engagement with the
world that allows us to make it meaningful” [p. 126] and “Embodiment is
the common way in which we encounter physical and social reality in the
everyday world.” [p. 100] Thus, a central implication of embodied interaction is that meaningful interaction benefits from the familiarity of interaction
where prior physical and social experiences determine familiarity. Yet, when
applied to the design of AR environments, the user’s “engagement with the
world” is not limited to their physical world but includes the virtual world
as well. Section 4.2 analyzes the interplay of these two worlds and discusses
the implications for the design of the propositions. Theories discussed in this
section allow for the derivation of concrete design requirements, which are
summarized at the end of this chapter.
4.1

communication needs during mediated communication

This section aims at establishing an understanding of the general needs during computer-mediated communication, the specific needs of spatial referencing, and how AR features can address them.
4.1.1 Beyond Being There
Hollan and Stornetta [116] suggest framing communication based on media,
needs, and mechanisms. Media refers to what mediates communication. Communication needs refer to those individual requirements, “which, when met,
encourage and facilitate interaction” [116, p. 121]. Mechanisms are the features of a medium that can address communication needs. While needs are
independent of the medium, mechanisms are specific to a particular communication medium. Typical communication needs are turn-taking and the repair
in conversation [252]. For some tasks, another common need may be what
Dourish and Bellotti [73] refer to as mutual awareness of activities, which provides collaborators a context, based on which they can coordinate their activities. During face-to-face communication, for example, the physical environment represents the medium, mutual awareness of activities may represent a
communication need, and physical proximity may serve as a mechanism that
addresses the need and thereby facilitates interaction. To summarize, communication needs depend on the task and should be addressed by mechanisms to
support communication. Mechanisms represent features of a medium.
How can work by Hollan and Stornetta inform the design process? Billinghurst and Kato [15] suggest that “researchers should be considering what
new attributes the media can offer that satisfy the needs of communication
so well that people will use it regardless of physical proximity” [p. 263]. In
this work, the needs to be addressed are determined by collaborative spatial
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referencing: collaborators need to know which task object the other collaborator is referring to (Chapter 2). Chastine et al. [50] define this task-specific
need as inter-referential awareness, a collaborator’s “ability to refer to a set of
objects, and for that reference to be understood by others.” [p. 207] Handheld AR displays, which presents and augment their physical environment,
constitute the medium. A central mechanism of handheld AR displays is augmentation. The effectiveness of this feature, however, depends on the spatial distribution of collaboration: Co-located collaborators can benefit from
both the mechanisms of the physical environment (e. g., their spatial relations
may help them to infer each other’s perspective or focus of attention) and
the augmentation. Distributed collaborators, on the other hand, do not benefit from the physical environment as a communication mechanism because
it does not provide useful reference options. Yet, AR displays allow for the
augmentation of the physical environment employing virtual landmark objects (Proposition 1). Regardless of the spatial distribution of collaboration,
the spatial relations between the landmark objects and task objects are the
same for all collaborators. Augmentation may then serve as a coordination
mechanism, especially when collaborators are distributed.
4.1.2 The Affordances of Media Spaces for Collaboration
Gaver’s [88] work analyzes the fundamental properties of physical environments that support actions and interactions to those within. Gaver refers to
these properties as affordances, a concept based on earlier work by Gibson [92].
In this context, affordances can be understood as prerequisites for Hollan and
Stornetta’s mechanisms. Gaver’s analysis aims at informing the design of media spaces, which he defines as “computer-controllable networks of audio
and video equipment used to support synchronous collaboration” [88, p. 17].
His analysis reveals five affordances of media spaces and discusses how technical properties of mediating technologies may both limit and utilizes them.
Affordances for vision, for example, are delimited by properties such as field
of view and resolution and determine the perceptual exploration of the environment. Moreover, the degree to which the media space can represent information (i.e., the task objects) 3-dimensional further determines inspection
and peripheral awareness. Affordances for listening in media spaces are delimited by the quality of sound reproduction, where monophonic reproduction impedes localization of the sound source (e. g., a speaking collaborator).
Limited fidelity of sound (e. g., due to limited bandwidth) may further bias
mediated, auditory information. Affordances for movement support typical human behavior to move freely while exploring the environment and integrating new perceptual information. Thus, affordances for movement determine the
perceptual exploration. Affordances for interactive movement refer to perceptual
experiences concerning collaborators’ movements such as gesture and their
implications on the conversational processes. Affordances for predictable interac-
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tion refer to those qualities of media spaces that facilitate collaborators’ ability
to predict each other’s actions. Within media spaces, affordances for predictable
interaction are limited, when collaborators have no shared workspace (e. g., as
is the case during traditional video-conferencing) and when the perceivable
properties of individual workspaces are distorted through the medium (e. g.,
by the lenses of the webcam). Affordances for predictable interaction may also
be limited by lacking affordances for movement, or when the collaborators have
different capabilities (i.e., during asymmetric collaboration), or when collaboration is not based on a shared workspace.
Spatial referencing requires the speaker to be able to refer to a specific task
object and the listener to interpret the speaker’s spatial expression (Chapter 2). Therefore, affordances for vision, listening, movement, and interactive movement appear to be particularly salient, because they enable the collaborators
to explore the information space, identify a specific task object, and formulate and interpret spatial expressions. AR-based media spaces provide these
affordances to varying degrees, depending on their spatial distribution; colocated, AR-based media spaces assume physical co-presence and face-to-face
communication. Thus, co-located collaborators greatly benefit from these affordances. Proposition 1, the provisioning of virtual landmark objects, then
utilizes affordances for vision. This utilization could be especially helpful when
the physical environment does not embody sufficient reference objects.
Unlike co-located collaborators, distributed collaborators do not benefit
from a shared, physical environment at all. Therefore, affordances for listening,
movement, and interactive movement are limited. Augmentation and its capacities to utilize affordances for vision, however, may partly compensate for this:
Adding shared virtual landmark objects (Proposition 1) increases the collaborators’ shared workspace, the referencing opportunities therein and may
thereby facilitate the interpretation of spatial expressions. To further support
distributed spatial referencing, the displays could embed the task objects into
a shared, virtual environment, which would essentially turn the handheld
AR display into a handheld VR display (proposition 2). Alternatively, the AR
display of one collaborator could create a virtual replica of its environment
and distribute it to the other collaborators’ displays. This approach has been
suggested to support asymmetric, AR-based tasks such as remote assistance
during physical repair tasks (see Section 3.3).
Analyzing collaborative spaces through the lenses of affordances, [88], media,
needs, and mechanisms [116] helps identify the limitations of a certain technology on the one hand and the strengths of its features on the other hand.
Considering the strengths of AR, the two propositions then merely represent
two possible implications of this framing. AR could also utilize mechanisms
that build on other affordances. For example, ARs could leverage affordances
for interactive movement by accentuating collaborators’ non-verbal communication cues such as their gestures or facial expressions.
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4.1.3 Understanding and Constructing Shared Spaces
Work by Benford et al. [12] analyzes the key attributes of media spaces
that “aim to create distributed electronic environments where participants
can exploit spatial properties such as containment and movement in order
to manage their communication” [p. 185]. The authors suggest that three
attributes—artificiality, transportation, and spatiality—determine social interactions within such spaces. Besides their descriptive functions, these attributes
can also be treated as design parameters and thereby help predict human
behavior within such systems.
The attribute artificiality “concerns the degree to which the shared space is
based on real-world information or is synthesized” [12, p. 218]. Therefore, as
the authors acknowledge, artificiality is closely related to the notion of “virtuality” as proposed by Milgram and Kishino [189] (see Section 3.1). According
to this, physical meetings and video-conferencing applications represent examples of the physical extreme, because the information they present to the
collaborators typically refers to the physical world exclusively. On the other
hand, the information presented in VR is typically purely synthetic, which is
why collaborative VRs represent the synthetic extreme. Unlike Milgram and
Kishino, however, Benford et al. locate AR closer to the synthetic extreme,
even though they acknowledge that, in AR “the immediate surroundings remain the first consideration” [12, p. 194]. Given that the AR viewer’s immediate surrounding is physical, AR should be located closer to the physical
end than to the synthetic end as in the vituality continuum by Milgram and
Kishino.
Transportation “concerns the extent to which a group of participants and
objects leave behind their local space and enter into some new remote space
in order to meet with others, versus the extent to which they remain in their
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Figure 4.1: Classification of shared-space technologies based on the two dimensions
artificiality and transportation according to Benford et al. [12].
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local space and the remote participants and objects are brought to them” [12,
p. 190]. People in a face-to-face collaboration, for example, remain in their
local space whereas people who meet in VR leave behind their local space.
At this point, the authors establish a link between artificiality and transportation as illustrated in Figure 4.1: The more artificiality a medium provides, the
more insignificant the physical context becomes and the more it supports
the sense of being transported. AR then provides its users some sense of being transported, which depends on how greatly augmentation reduces the
significance of the physical environment.
The third attribute, spatiality, “concerns the degree to which the shared
space exhibits key spatial properties such as containment, topology, movement, and a shared frame of reference” [12, p. 218]. This attribute plays a
vital role in collaborative, spatial tasks, in the sense that increased spatiality
favors collaborators’ ability to establish a “reciprocity of perspective” [12, p.
197]. Then, spatiality also facilitates what Chastine et al. [50] refer to as “interreferential awareness,” a collaborator’s “ability to refer to a set of objects, and
for that reference to be understood by others” [p. 207]. As an example of
limited spatiality, Benford et al. [12] refer to telephone conferencing: the resulting media space only supports a sense of belonging to a particular group
of collaborators by providing a logical containment (Figure 4.2). While such
a limited degree of spatiality allows the collaborators to reason about each
other’s presence, it does not allow them to reason about spatial properties
such as mutual orientation and distance. Therefore, it does not allow them
to infer what others are seeing either. Physical meetings, on the other hand,
provide a high degree of spatiality, because they provide the collaborators a
shared visual context, i.e., a shared coordinate system including landmarks
and frames of reference. VRs can synthesize these elements, and, provided
that collaborators in VRs know each other’s location (e. g., by using virtual
proxies of the collaborators), allow them to infer each other’s perspective
within the shared information space.
The authors do not relate the first two dimensions, artificiality and transportation, with spatiality. Such a combination would result in a 3-dimensional
cube as illustrated in Figure 4.3. Different shared-space technologies can then
be classified and their effectiveness compared based on the three attributes.
Co-located and distributed ARs, for example, are located next to each other

Telephone
(logical containment providing a
sense of belonging)

Physical meeting
(shared reference objects and
frames of reference supporting
inter-referential awareness)

Available shared, spatial strucutres to support mutual reference and reciprocity of perspective

Spatiality
Figure 4.2: Classification of shared-space technologies based on spatiality [12].

4.1 communication needs during mediated communication

because they differ only in the degree of spatiality. Compared to collaborative,
virtual environments, they feature a lower degree of artificiality. Furthermore,
their degree of spatiality strongly depends on the spatial properties that the
virtual environments provide.
Benford et al. [12] stress that more spatiality is not always desirable; instead,
design decisions ought to be based on the evaluation of the estimated cost
and benefits of increasing spatiality. Such consideration should take into account the communication needs of collaborative activity. During spatial activities in AR, collaborators may benefit greatly from a high degree of spatiality. This benefit becomes apparent during co-located spatial referencing,
where AR users can benefit from their shared physical environment. During
distributed collaborators, however, the spatial attributes of the physical environment become ineffective for spatial referencing. In both situations, adding
shared virtual landmarks (Proposition 1) increases the amount of key spatial
properties in the shared space. This increases spatiality and may, therefore,
support collaborators’ ability to exchange spatial information. Especially during distributed collaboration, additive virtual landmarks represent the only
key spatial properties besides logical containment and the task objects themselves. When a high degree of spatiality is a central need of distributed spatial
referencing, conversational partners may benefit even more from integrating the task objects into a shared virtual environment (Proposition 2). The
classification of Benford et al., however, assumes virtual environments that
completely surround the user. Yet, using handheld AR displays, distributed
collaborators see both, the shared virtual environment and their local, individual environment. Thus, on handheld displays, virtual environments may
only provide a moderate extent of spatiality and distributed collaborators may
experience only limited transportation.
lity
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Figure 4.3: Classification of shared-space technologies based on artificiality, spatiality,
and transportation [12].
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4.2

designing for reality-based interaction & collaboration

The theories presented in this section aim at informing the design of the two
propositions to support activities that involve spatial referencing. This section
is organized based on Jacob et al.’s work Reality-based Interaction: A Framework
for post-WIMP Interfaces [129]. Their work represents a conceptual framework
based on the central assumptions of Embodiment Theory (see chapter introduction). Their framework is included in this section because it informs the
practical design of the propositions. Moreover, in this work, it serves as a hub
for additional, related theories.
In 2008, Jacob et al. [129] analyzed the success factors of the recently-emerging
post-WIMP interface. They came to the conclusion that these interfaces build
on the user’s knowledge and skills relating to interaction and collaboration
to a much greater extent than the traditional WIMP interfaces. Based on the
assumption that users develop knowledge and skills in the physical world,
the authors identified four factors, so-called themes of reality (Figure 4.4),
that the novel interfaces incorporate and draw strength from:
Naïve Physics
Naïve Physics refers to humans’ expectations "regarding the physical behavior of objects in space" [39, p. 25]. Caracciolo [39] clarifies that the adjective
naïve denotes the physics of everyday experiences as opposed to scientific
physics, which are learned in an academic context. Naïve Physics are central to
common-sense reasoning [37] and are also referred to as intuitive physics [58].
Naïve Physics knowledge includes expectations about friction, velocity, persistence, and the relative scale of objects [129], continuity, solidity, gravity, and
inertia [246]. Naïve Physics help organize perceptual experiences and information and thereby make it possible for humans “to function in the physical
world” [308, p. 61]. According to Jacob et al. [129], post-WIMP interfaces distinguish themselves from WIMP interfaces either by directly employing Naïve
Physics (e. g., tangible user interfaces inherently support a sense of gravity

Naïve Physics

Body Awareness & Skills

Environment Awareness & Skills

Social Awareness & Skills

Figure 4.4: The four themes of Reality according to Jacob et al. [129]
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and mass) or by simulating them (e. g., handheld displays can employ visual,
physical metaphors which mimic mass and inertia).
Handheld AR displays can employ Naïve Physics to a great extent when the
virtual objects they integrate into the viewer’s physical environment mimic
the physics of real objects. This becomes apparent with properties such as
mass or occlusion, which can serve as psychological depth cues. In this regard, Naïve Physics involve perceptional benefits (Subsection 3.2.2). With respect to display technologies, a closely-related concept of Naïve Physics refers
to display fidelity [184, 186], i.e., “the objective degree of exactness with which
real-world sensory stimuli are reproduced” [183, p. 11] (Subsection 3.2.2).
Body Awareness & Skills
The second theme refers to humans’ awareness and familiarity with their
physical bodies and body parts, which includes the ability to control and coordinate them. Knowledge and skills related to this theme are independent of
the human environment in the sense that it builds on human proprioception,
the “sensation pertaining to stimuli originating from within the body related
to spatial positions and muscular activity or to sensory receptors that they
activate” [196, p. 1465].
Recent post-WIMP technologies, such as AR and VR interfaces support this
theme by allowing the user to explore virtual content by physical movement and egocentric navigation. A criterion, which indicates how well a display technology support this theme is interaction fidelity, which McMahan et
al. [183] define as “the objective degree of exactness with which real-world
interactions can be reproduced” [p. 11].
Environment Awareness & Skills
This theme stresses humans’ awareness of their spatial environment and associated skills for navigating in and interacting with it. According to Jacob et
al. [129], “[i]n the real world, people have a physical presence in their spatial
environment, surrounded by objects and landscape. Clues that are embedded
in the natural and built environment facilitate our sense of orientation and
spatial understanding” [p. 202].
Handheld AR displays naturally utilize humans’ Environment Awareness and
Skills in offering the user familiar physical and egocentric navigation. Besides,
the feature of augmentation provides the means for enhancing the physical
environment with clues to increase spatial understanding and capabilities.
For example, additive, virtual objects that resemble real-world objects may
improve distance estimation of abstract, virtual task objects (such cues are
referred to as reference objects and are discussed in Subsection 3.2.2).
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Social Awareness & Skills
The fourth theme summarizes peoples’ awareness about the presence of others and associated skills for social interaction. These include verbal and nonverbal communication and the ability to collaborate.
Handheld AR displays naturally utilize Social Awareness and Skills during
co-located collaboration because they enable collaborators’ social interactions
to take place in the familiar physical world. During the distributed collaboration, AR can utilize these skills by representing remote collaborators as
avatars in the local collaborator’s physical environment. Such avatars may
convey their associated collaborators’ non-verbal cues such as gestures or facial expressions. Early research in the 1970s has found that human empathy
with robots generally increases with their level of realism [195]. Though, the
same study also revealed that designing robots for realism also bears a risk:
if the robot is close to human-like, there is a substantial drop in empathy,
which evokes a negative experience for the viewer [195]. Meanwhile, numerous studies (e. g., [76, 171, 186])) have established that this “uncanny valley”
effect also occurs with computer-generated character representations.
Humans, however, are also able to exchange information based on their
spatial relations within a given environment. In recent years, theories that investigate how spatial relations between humans influence their interactions
have gained in importance in HCI.2 Kendon [136], for example, studied the
organization of behavior during face-to-face interactions and found that different spatial arrangements of collaborators, so-called F-formations, imply
specific social and interactional situations. Later work by Marshall et al. [179]
discusses how information about such arrangements can be instrumental in
the design of interactive environments. Similarly, the theory of Proxemics from
cultural anthropologist Edward Hall has been reflected increasingly in recent
HCI theories. According to Hall [104], Proxemics concerns “the study of how
man unconsciously structures microspace—the distance between men in the
conduct of daily transactions, the organization of space in his houses and
buildings, and ultimately the layout of his towns.” [p. 1003] The central idea
of Proxemics-based theories in HCI is, that, in a given environment, spatial
relations among humans and between humans and objects have implications
on humans’ social interactions and intentions. For example, when two people
are in close distance to each other, they likely know each other well. Spatial
proximity then represents an indicator for intimateness. If these two people
face each other, they are most likely interacting with each other. Spatial orientation then represents an indicator of the interactivity level between people.
Later research by Ballendat et al. [8] and Greenberg et al. [99] discusses how
these findings can be applied to environments that contain interactive technology. The toolkit by Marquardt et al. [177] represents a continuation of
2 Rogers [242] summarizes these theories as a turn to space, an emerging research direction
within the modern era, emphasizing the importance of physical and social space for the design
of interactive systems.

4.2 designing for reality-based interaction & collaboration

this work: It enables the implementation of proxemic aware, interactive environments based on proxemic dimensions, such as identity, orientation, and
distance. The general benefit of such information becomes apparent when considering the existing visions of AR: To combine Ubiquitous Computing [314]
with AR (as suggested by Rekimoto and Nagao [238] and Newman et al. [213];
see Section 3.2), features such as those provided by Marquardt et al.’s Proximity Toolkit [177] may be mandatory.
The central proposition of Jacob et al.’s framework is to design for familiarity
by addressing the four themes of reality. Yet Jacob et al. [129] also acknowledge that the four themes do not represent the entire formula for success,
clarifying that entirely mimicking physical reality may limit other desired interface qualities (such as efficiency, ergonomics, or accessibility). To address
these qualities, designers should, therefore, also take into consideration unrealistic, yet powerful features of the digital world. Stoakley et al. [284] follow a
similar logic, suggesting that the resulting design should in some respect be
“better” than the real world. To resolve this tradeoff, Jacob et al. recommend
designers “give up reality only explicitly and only in return for other desired
qualities” [129, p. 205]. The desired quality, in this case, corresponds to the
identified communication need: To support spatial referencing, collaborative
ARs should be designed for inter-referential awareness by providing key spatial
properties to the collaborators.
Proposition 1 consists in the provisioning of additive, shared virtual landmarks to the collaborators’ shared workspace. The AR space then becomes
“better” than reality in the sense that it offers more useful references than
the physical world alone. Furthermore, the theme Naïve Physics suggests that
virtual landmarks should mimic real-world objects, e. g., regarding their appearance and their behavior (e. g., in the sense that they follow the law of
gravity and occlude each other). Virtual landmarks, however, can not provide haptic feedback. While this limits the landmarks’ degree of realism, it
does not necessarily limit the collaborators’ AR experience, because the landmarks merely represent auxiliary objects that are not meant to be touched.
Indeed, the fact that they are virtual and massless has several advantages:
collaborators cannot collide with them, they can exist in different places simultaneously, and they can be (re-)positioned at will and deactivated at any
time (for example, when the landmarks attract too much attention or occlude
task objects, they can be deactivated temporarily by the collaborators).
Proposition 2 envisages embedding the task objects into a virtual environment. Designing for inter-referential awareness implies that the virtual environment has to provide familiar, structural features in order to utilize the
collaborators’ Environment Awareness & Skills. Common vital spatial properties, such as a frame of reference, could be provided by embedding the task
objects into a virtual room. Additive, virtual landmark objects could serve as
references that support spatial referencing. Thus, proposition 2 should incorporate proposition 1.
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4.3

summary

The HCI theories presented in this chapter, suggest framing communication
based on media, needs, mechanisms [116], and affordances [88]. According to
this view, the communication need of spatial referencing is inter-referential
awareness. Handheld AR displays offer mechanisms, such as augmentation
and tracking, that can address this need. Proposition 1 and 2 represent two
possible solutions that implement these mechanisms. The propositions utilize humans’ knowledge and skills which are based on their real-world experiences (as suggested by [129]) and increase spatiality, i.e., “the degree to
which the shared space exhibits key spatial properties such as containment,
topology, movement, and a shared frame of reference” [12, p. 218].
Proposition 1 involves enhancement of the collaborators’ physical environment according to their communication needs. Implications of the RealityBased Interaction framework and related theories seem to corroborate proposition 1, in the sense that it utilizes humans’ experiences related to Environment Awareness & Skills and Social Awareness & Skills. Furthermore, RealityBased Interaction suggests that landmark objects should mimic real-world
objects regarding Naïve Physics to provide familiar experiences when interacting with the AR environment. AR technology offers other non-realistic yet
powerful mechanisms. For example, the lack of physical matter may give the
interface powerful features such as switching the landmark objects on and off
or reducing their transparency temporarily if they occlude other task objects.
Proposition 2 involves a decrease of the level of realism (by embedding the
task objects into a virtual environment) in return for spatiality. Reality-Based
Interaction implies that virtual environments should utilize the themes of
reality to make collaborators’ engagement with the virtual world a familiar
experience. According to collaborators’ Environment Awareness & Skills and
the concept of spatiality, the virtual environment should occupy familiar, key
spatial features, such as frames of reference (through a virtual room which
encloses the task objects) and additive landmark objects. The limited field
of view of handheld AR displays, however, also limits their affordances for vision. Proposition 2, therefore, may entail a negative side effect: collaborators
are constantly exposed to two cognitive environments at the same time—a
shared, virtual environment (which is presented on the display) and a physical environment (which is offside the display). Thus, if the virtual environment does not dominate the collaborators’ attention, the possible communication benefits related to increased spatiality may then conflict with collaborators’ individual, interactive experience (in particular when collaborators are
distributed and are therefore exposed to individual physical environments).
In this case, collaborators may find themselves in an “unfavorable valley” between the physical world that surrounds their bodies and the virtual world
presented on their displays.
Given that some linguistic representations of space are dependent on the
speaker’s perspective (e. g., deictic relations; see Section 2.2), it is likely that

4.3 summary

collaborators benefit greatly from implicit proxemic information during spatial referencing: By reasoning about each other’s perspectives, the speaker
may be able to tailor their spatial expression to the listener’s perspective better, and the listener may be able to interpret the speaker’s expressions better.
During distributed spatial referencing, each collaborator should therefore be
provided with a virtual representation of the respective other collaborator.
For the collaborators to be able to infer each other’s perspective, the representations have to be registered in the same AR coordinate system as the task
objects.
To summarize, concerning the design of the propositions, the theories discussed in this chapter yield three essential requirements:
R1 Regarding Proposition 1, landmarks should mimic the appearance and
the behavior of real-world objects to provide the collaborators a natural
experience when interacting with the AR environment.
R2 Regarding Proposition 2, the virtual environment should incorporate
Proposition 1, because Proposition 1 implies further key spatial attributes
for the shared, virtual environment.
R3 Distributed ARs should feature a (3-D registered) avatar of the respective remote collaborator to allow the collaborators to reason about each
other’s perspective during spatial referencing.
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Part II
EMPIRICAL STUDIES
This part introduces the evaluation testbed which implements
the propositions (Research Objective 2) based on the design requirements derived in the Theoretical Foundations. Furthermore,
it presents the three controlled lab experiments that evaluate the
propositions by addressing associated research questions (Research
Objective 3 and 4).
Chapter 5 first introduces the design and implementation of the
evaluation testbed. The subsequent chapters address the research
questions and evaluate the proposition based on three controlled
lab studies: Chapter 6 addresses RQ1 , Chapter 7 addresses RQ2 , and
Chapter 8 addresses RQ3 and RQ4 . The studies each use a similar
design which was enhanced over time and adapted to the studyspecific research question (RQs).
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This Chapter presents the testbed environment that served to
evaluate the propositions. The testbed evaluation method repP
P
resents a systematic approach to efficiently combine and assess
different parameters related to a specific research topic [25]. In this thesis,
this method was chosen to evaluate the two propositions (see Section 1.1)
that aim at improving spatial referencing during co-located and distributed
collaboration. Regarding creatorship of the testbed environment, I designed
and implemented the first version of the testbed. Subsequent refinements
were made by the students I have supervised: Matthias Kraus and Matthias
Miller created the second version, and Jonathan Wieland developed the third
and most recent version.
P1

P2

1

2

Section 5.1 presents the task that was designed to evaluate the propositions.
Section 5.2 outlines the implementation of the testbed environment.
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5.1

task design

As illustrated in Chapter 2, spatial referencing is the “communication and
confirmation of an object’s location” [211, p. 718]. It typically represents an
element of selection, “the task of acquiring or identifying a particular object
or subset of objects from the entire set of objects available“ [155, p. 258] and
positioning, “the task of changing the 3D position of an object” [155, p. 258].
These two tasks—henceforth referred to as object identification and object positioning—are common in several contexts of AR use (see Section 3.3). Therefore
they were chosen as the higher level tasks for spatial referencing.
The design of the study tasks and associated task objects was inspired by
prior studies in the field which commonly use 3-dimensional cubes as task
objects. For example, Wideström et al. [316] designed a puzzle-solving task
consisting of cubes as building blocks to study collaboration, leadership, and
performance in different environments. To study communication behaviors
under different display configurations, Kiyokawa et al. [140] designed an
identification task that required the collaborators to identify a virtual cube
among many similar cubes. To study how different degrees of immersion influence task performance, Billinghurst et al. [16] used a positioning task that
required collaborators to place virtual cubes in a target configuration.
Object Identification Task
The object identification task was inspired by the principles of the memory
card game, also known as “Match Match,” or “Pairs.” The original game
consists of several pairs of matching cards which are laid face down on a
table. At each turn a player is allowed to flip two cards face up. If the two
cards match, the player then removes and takes the two cards. If the two cards
do not match, the player has to flip the two cards face down again. In both
cases, the next player plays following a turn-based procedure. The original
version of the game is competitive in the sense that the goal of each player is
to find the most matches.
Unlike the original, competitive version of the game, the designed version
(Figure 5.1) is collaborative. The collaborators’ goal was adapted accordingly:
together they have to find all matches with as few attempts as possible. The
collaborative nature of this version stimulates spatial referencing because collaborators can benefit from each other’s spatial knowledge. Instead of physical playing cards, virtual cubes with an edge length of 25cm are used (the
edge length was reduced to 15 cm in later experiments). 10 different symbols from the Wingdings font are assigned to two cubes, forming 10 pairs of
cubes. At the beginning of each session, the system distributes the resulting
20 cubes in their default state within a physical 3-D volume of 4m × 3m ×
2m, representing the shared workspace. Cubes locations are based on pre-
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Collaborator 1

Tablet of collaborator 2

Screen of collaborator 1

Figure 5.1: Distributed object identification without landmarks. Collaborators’ tablet
position and orientation were represented in AR as a virtual viewport.

defined coordinate sets, which were generated in advance using a random
number generator algorithm.
Before this task begins, collaborators are tasked with finding all pairs in as
few turns as possible. At each turn, collaborators have to find and select two
cubes with the same symbol. A cube can be selected and thereby uncovered
by touching its 3-D representation on the tablet screen. Each collaborator is
allowed to select only one cube per turn to avoid collaboration asymmetries
(e. g., that one collaborator falls into an executor role and the other into an
assistant or bystander role). When two selected cubes unveil the same symbol,
they are removed from the shared workspace; otherwise, they return to their
default state again by the system. Collaborators working from different places
can coordinate their actions via TeamSpeak [291] communication software
installed on each tablet. This task is accomplished as soon as the collaborators
have found all matches.
Object Positioning Task
The goal of this task is to collaboratively reconstruct the virtual cube constellation as presented to the collaborators in the prior object identification task.
Before this part begins, collaborators are therefore tasked with positioning all
pairs of cubes as accurately as possible with respect to their positions in the
preceding object identification task.
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Figure 5.2: Distributed object positioning: collaborators could see each other’s proxy
cube indicating the position where the task object would be instantiated.

This task begins with a blank workspace. The 10 cube symbols are displayed as buttons on each tablet (Figure 5.2). A virtual, semi-translucent
proxy cube is displayed 0.5m in front of each tablet. When pressing a button,
the corresponding cube is instantiated at the proxy cube’s current position.
Each collaborator is allowed to position precisely one cube of a pair. Turnwise positioning is not preset by the system (this was changed in later studies to stimulate a more tightly-coupled and symmetric collaboration style).
A button is deactivated as soon as it is pressed and its corresponding cube
is instantiated. To enable collaborative fine-tuning of positions, collaborators
can see each other’s proxy cube on their display. Deposited cubes can be
repositioned (this was changed in later studies to stimulate more spatial conversation). When both collaborators have positioned their 10 cubes, they can
confirm the reconstructed scene via a popup window and complete this part
(in the later version, when repositioning was not possible, the system automatically completed the task as soon as all cubes have been positioned).
Positioning accuracy is defined by the discrepancy between the coordinates
of the positioned pair of cubes and their correct coordinates as defined in the
object identification task. As illustrated in Figure 5.3, a pairwise comparison
was considered to determine the positioning error of a single object: First,
the pair-based error of the two possible combinations is calculated using Euclidean distance (d1 + d2 ). Then, the smaller sum of errors of the two combinations (in Figure 5.3 this applies to combination 2) is divided by 2, yielding
the single object-based error.

5.2 technical implementation

position of task object as defined by participants
target position of task object
error in distance

combination 1





combination 2

d1


d2



d1






d2



Figure 5.3: Determination of positioning error per cube. The overall minimal distance as illustrated in combination 2 was considered for the statistical
analysis of the positioning error.

5.2

technical implementation

The evaluation testbed was realized with the Unity3D [292]. To be able to
address all research questions based on the presented task, and the derived
requirements for the propositions, the following modules were implemented:
task object This module contains the task objects, i.e., the memory cubes,
which the dyads had to identify and position collaboratively. The two central
elements of a task object refer to its behavior and its state: In its initial state, a
cube shows the texture of a question mark (Figure 5.4a). When a collaborator
has selected a cube by touching its visual representation on display, it reveals
its associated symbol (Figure 5.4b).
landmarks The landmarks module implements Proposition 1 (Figure 5.5).
It contains a set of assets obtained from the Unity Asset Store [293]. Landmarks were chosen and placed according to the requirements derived in the

(a) Default state of a cube.

(b) Cube after it was opened by a user.

Figure 5.4: Cubes represent the task objects.
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(a) The shelf asset by Wong [318]

(b) The armchair asset by Vertex Studio [287]

Figure 5.5: Assets from the Unity Asset store are used as virtual landmarks.

Theoretical Foundations (Section 2.5 and Section 4.3). The set consists of a
bookshelf [318], an armchair [287], several potted plants [286], a ceiling lamp
[82], and a vending machine [84]. The landmarks represent concrete, i.e., nonabstract objects which are part of every vocabulary and, thus, can be referred
to easily by spoken language. The bookshelf, the armchair, and the ceiling
lamp were chosen due to their 3-dimensional, intrinsic coordinate system.
The potted plants only have a vertical, intrinsic coordinate axis and were
therefore positioned in the corners of the shared workspace. Similarly, the
ceiling lamp only has one vertical, intrinsic axis and was positioned in the
upper center of the shared workspace.
player This module represents the player representation. Each player is
represented by a virtual tablet including a frustum indicating the tablets’
viewing direction. Providing a player presentation corresponds to one of the
requirements discussed in Section 4.3. The presentation itself, however, was
not intended to be evaluated. Therefore, a minimal player representation that
allowed collaborators to reason about each other’s perspective was chosen.
Furthermore, in the object positioning task, a semi-translucent proxy cube
was positioned 0.5 m in front of the tablet.
virtual environment The virtual environment module (Figure 5.6)
implements Proposition 2. The design of the environment is based on the
requirements defined in the find & analyze stage (Section 4.3).
task management This module contains the logic of the two tasks. It
checks whether the devices of the collaborators are ready, keeps track of the
task process including the current state of each cube, and handles the turnwise moves. The Task Manager obtains data from the Network Handler.

5.2 technical implementation

Figure 5.6: The virtual environment (Proposition 2) consists of a room which contains the landmarks from Proposition 1.

network handler This handler is responsible for data synchronization
on the players’ tablets. The module handles two basic types of data, taskrelated data (e. g., coordinates and IDs of players and objects that a player has
interacted with) and state-related data of the player (e. g., whether a player
has entered and localized within the AR environment). The Network Handler
builds on the Photon Unity Networking framework for real-time multiplayer
games and applications [83].
tracking The tracking service is responsible for the localization of the
handheld device. The module consists of the Tango SDK, which uses motion tracking in combination with the concept of area learning to localize the
associated device. Tracking based on motion sensors is a standard AR tracking approach but has some drawbacks: Motion sensors can only localize in
relation to the position where tracking was initiated. As a consequence, all
coordinates (and hence, the positions of all virtual objects within a physical
environment) are relative to that origin. Moreover, motion sensors can only
estimate the devices’ current trajectory. This error accumulates over time and
causes a drift from the real trajectory of the device in physical space. The
concept of area learning compensates for that error: “Area Learning gives the
device the ability to see and remember the key visual features of a physical
space—the edges, corners, other unique features—so it can recognize that
area again later. To do this, it stores a mathematical description of the visual
features it has identified inside a searchable index on the device” [67]. During
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real trajectory

drift

origin
drift correction

estimated trajectory

Figure 5.7: Motion tracking in conjunction with Area Learning capabilities can correct drifts from the real trajectory by matching incoming RGB frames
with information stored in the Area Description File.

system use the searchable index, which is also referred to as Area Description File (ADF), of the given environment is loaded so that the device can
continuously check incoming RGB images with the ADF and performs drift
corrections if needed (Figure 5.7).
Area Learning adds three fundamental advantages over mere motion tracking. First, it compensates drifts caused by the motion sensors. Secondly, it
enables absolute localization within a given environment. Absolute coordinates are essential for collaboration in AR because it allows synchronizing the
positions of the shared objects on the collaborators’ devices. Thirdly, Area
Learning in combination with ADFs makes augmentation persistent across
AR sessions. Current devices that support area learning are the Project Tango
tablet, Lenovo Phab 2 Pro [159], and the Asus ZenFone AR [125]. The Project
Tango SDK also handles tracking states. Thereby the user can be notified to
walk around with the device so that it can (re-)localize. In 2018, the development of the Tango SDK was discontinued and replaced by ARCore [96],
which supports multiple Android devices. As of June 2018, ARCore features
environmental understanding such as plane detection and the exchange of
Cloud Anchors [97], which enable sharing absolute AR coordinates among
collaborators. The generation of persistent ADFs, however, is still not possible using ARCore.
study management This module provides the study plan which is presented as a 2-D panel on the tablet. For example, Figure 5.8 shows the activation of the variables relevant to the study that addresses RQ3 .
logging Interaction logging is realized using an event-based implementation. i.e., a global logger class can subscribe to the events to be logged
(e. g., tablet movements/navigation, selection, and positioning events) and
writes them into a comma-separated file in the home folder of the Unity application. The logging module could be partly imported from earlier study
prototypes used by Müller et al. [202] and Rädle et al. [232]

5.2 technical implementation

Figure 5.8: The setup screen of the testbed prototype showing all relevant study parameters.

Due to the modular structure of the testbed environment, some research parameters (e. g., group size, type of task or task-element, type of AR display
technology, or the proposition) could be changed with only minor modifications of the individual modules. Thereby, adjusted versions of the presented
propositions (e. g., regarding different landmark implementations) and entirely new propositions (such as providing high-fidelity avatars; Section 4.2)
can be validated. In both cases, Section 4 may serve as a starting point to
inform alternative propositions depending on the collaborators’ task-specific
needs.
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S PAT I A L R E F E R E N C I N G ?

Abstract. In collaborative activities, collaborators can use landmark objects in their shared environment as spatial cues to guide
RQ
RQ
each other’s attention to the task-related objects. Collaborative
AR environments include both physical and virtual landmarks. To study
how additive, virtual landmarks influence collaboration in co-located AR and
whether collaborators use them as spatial cues, we conducted a controlled
lab experiment with 16 dyads. Dyads were tasked with performing an object
identification and an object positioning task. Results of our study show that
collaborators favored the virtual landmarks as spatial cues over the physical
ones. Moreover, collaborators used significantly less deictic gestures in favor
of more unambiguous verbal references and a decreased subjective workload
when virtual landmarks were present. These results suggest adding virtual
landmark objects as spatial cues to ARs to improve user experience during
collaborative, spatial activities.
RQ1

RQ3

2

4
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Virtual Objects as Spatial Cues in Collaborative Mixed
Reality Environments: How They Shape Communication
Behavior and User Task Load
Jens Müller, Roman Rädle, Harald Reiterer
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ABSTRACT

In collaborative activities, collaborators can use physical
objects in their shared environment as spatial cues to guide
each other’s attention. Collaborative mixed reality
environments (MREs) include both physical and virtual
objects. To study how virtual objects influence
collaboration and whether they are used as spatial cues, we
conducted a controlled lab experiment with 16 dyads.
Results of our study show that collaborators favored the
virtual objects as spatial cues over the physical environment
and the physical objects: Collaborators used significantly
less deictic gestures in favor of more disambiguous verbal
references and a decreased subjective workload when
virtual objects were present. This suggests adding
additional virtual objects as spatial cues to MREs to
improve user experience during collaborative mixed reality
tasks.

Figure 1. Dyads solving an object identification task in a
mixed reality environment with additive virtual objects (e.g.,
armchairs and a vending machine) that serve as spatial cues.
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collaborators are situated) and the speakers’ interpersonal
space (the communication space which allows for social
interactions). Second, MR can enhance reality and may
thereby “satisfy the needs of communication.” [3] Closely
related to the question of how to enhance reality in MR is
the aspect of artificiality, which can be described as “the
extent to which a space is either synthetic or is based on the
physical world”. [1]
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6.1

introduction

Milgram and Kishino [189] define Augmented Reality (AR) as “any case in
which an otherwise real environment is ‘augmented’ using virtual (computer
graphic) objects” [189, p. 1322]. The virtual objects are rendered on top of a
video see-through display which creates the illusion as if they were situated
in the same physical space as the user (Figure 6.1). Users can benefit from
such AR experiences when viewing virtual objects and manipulating them
with a natural physical interaction. Example application areas where AR has
proven beneficial include education, manufacturing, and architecture [19].
In such areas, AR has also been proposed as a tool to support computersupported collaborative work. Billinghurst and Kato [15], for example, stress
that the technology provides seamless transitions between the shared workspace (the task area in which collaborators are situated) and the collaborators’
interpersonal space (the communication space which allows for social interactions). Besides, AR offers novel features that can enhance reality [15] and
thereby “satisfy the needs of communication” [116, p. 121]. This work proposes virtual landmark objects as a feature of AR to address communication
needs during AR-based collaboration and addresses the following research
question: How does the provisioning of shared, virtual landmarks (P1 ) shape
co-located spatial referencing? (RQ1 )

Figure 6.1: With AR displays co-located collaborators’ shared workspace consists of
their physical environment and virtual objects (white cubes). Additive
virtual landmark objects (e. g., armchairs) are provided to support collaboration.
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Collaborative activities require a group’ members to coordinate their actions
to prevent a potential process loss, which might eliminate the benefits of
collaboration [283]. Therefore, groupware systems have to support the coordination of task-specific, collaborative processes. During spatial tasks, such as
construction, design, or visual analysis, collaborators typically have to refer
to task-related objects within their shared workspace. For example, in visual
data analysis collaborators need to be able to guide each other’s attention
to specific data points to initiate further actions such as a closer inspection
or manipulation of that data point. Earlier research in the field of Computer
Supported Cooperative Work has established that shared, visual information
can play an important role in collaborative activities. Such information is
especially relevant to spatial tasks because they require the collaborators to
exchange spatial information efficiently [15, 81, 88, 90]. Within environments,
visually outstanding features, so-called landmarks, can play a vital role [127]
as they can serve as “spatial anchors” by which locations of other objects can
be expressed [250, 275].
AR technology does not only preserve natural communication and social
interactions between co-located collaborators, but also allows for the enhancement of their environment. Whereas such enhancements are technically easy
to realize, their effectiveness has yet to be investigated. This work studies
how shared, virtual landmarks (P1 )—as a means to enhance the physical
environment—influence co-located, collaborative activities that involve spatial referencing (RQ1 ). More specifically, this study addresses the following
three specific study questions:
Q1 Do virtual landmarks influence communication?
Q2 Do virtual landmarks influence collaborators’ workload?
Q3 Do virtual landmarks influence team performance?
6.2

related work and hypotheses

The study questions contain two central research areas that are relevant for
the derivation of hypotheses: landmarks and spatial cognition—addressing the
role of landmarks in human cognition, and visual information and coordination—addressing the role of shared visual information, such as landmark
objects, during collaborative activities.
Landmarks and Spatial Cognition
Spatial cognition is the study of knowledge and beliefs about spatial properties of objects (e.g., location, size, distance, and direction) and events in
the world [194]. The visual information that such spatial properties embody
are central to spatial abilities such as orientation and navigation. For example, orientation presupposes the recognition of external, visual features of

6.2 related work and hypotheses

the surrounding [194]. Hence, the visual properties of the environment that
surrounds us determine how easy we can orient therein. In his seminal work
The Image Of The City, Lynch [170] discusses such spatial properties that support the “legibility” of an urban environment, i.e., “the ease with which its
parts can be recognized and can be organized into a coherent pattern” [170,
p. 2]. The author distinguishes five such key elements that support orientation within larger environments: 1) Paths, which represent the channels that
users use to travel within a city (e. g., streets, walkways, transit lines, and
railroads), 2) Edges, representing boundary elements of the environment that
are typically not used for travel (e. g., shores, railroad cuts, and walls), 3) Districts, which summarize “medium-to-large sections of the city” with a universal, identifying character (e. g., the architectural style), 4) Nodes, representing
spots of interest. Because nodes can represent the “intensive foci of districts,”
he also refers to them as cores, 5) Landmarks, representing point-references
that serve as clues of identity and structure. Landmarks can be observed
from different angles and differ in size (a doorknob vs. a hill) and distance
(traffic signs vs. hills). Besides, landmarks can be either static or dynamic (a
tower vs. the sun).
Later research has demonstrated that these elements and their virtues can
be applied to small-scale, 3-dimensional, computer-generated spaces, e. g., to
improve the legibility of 3-D visualizations [127] and the design of applications for 3-D user interface [26, 127]. Vinson [307], for example, suggests that
“a landmark must be easy to distinguish from nearby objects and other landmarks” [p. 282]. Scarr et al. [250] discuss how the memorization and retrieval
of spatial information of elements in digital spaces can be supported. The
authors introduce their discourse with a trivial but important statement: “Information about the location of an object cannot exist in isolation—it must be
described in relation to something else” [250, p. 15]. Moreover, they suggest
that in spatial conversation landmarks can serve as “spatial anchor in relation
to which other locations may be defined” [250, p. 17]. For objects to qualify
as landmarks they have to have “key characteristics that make them recognizable and memorable in the environment” [275, p. 37]. Furthermore, when
used in electronic work environments, “landmarks must carry a common
element to distinguish them, as a group, from data objects” [307, p. 282].
Visual Information and Coordination
Collaborative activities require a group’s members to coordinate their actions to prevent a potential “process loss” [283]. An essential requirement
to coordinate actions is mutual knowledge [52–54, 56, 133, 150] because it
can reduce language ambiguities and therefore minimize the risk of misinterpretation [27, 133]. Collaborators manage the coordination of actions in
spatial tasks largely by the use of visual information and resulting mutual
knowledge [152, 256, 257]. Brennan [27] summarizes the process to successful
coordination as follows: The speaker uses encoding rules that match the lis-

87

88

how do virtual landmarks shape co-located spatial referencing?

tener’s decoding rules. Therefore, contextual information can become particularly important for both expressing and interpreting spatial language [194].
Co-located collaborators have access to four different resources of visual information Fussell et al. [81]: 1) collaborators’ heads and faces, 2) collaborators’
bodies and actions, 3) shared task objects, and 4) shared work context. In principle, landmark objects can occur in any of the four categories: each person
and even individual body parts can represent landmarks (category 1+2), visually outstanding task objects may represent landmarks (category 3), and objects of the shared work context may be perceived as landmarks (category 4).
Groupware systems that support remote collaboration typically aim at reproducing such visual information [29, 81, 116]. Several studies have benefits
of shared visual information. For example, Gergle et al. [89] found that shared
visual information positively influenced distributed collaborators’ communication and increased their task performance. Also, they found that the
increased visual information was more beneficial when the task was more
complex or when collaborators had no vocabulary for describing their environments. Similarly, Gergle et al. [90] found that visual, contextual information from the environment interacted with collaborators’ task objects during
conversion. In a similar study [152] extracted 4 four implications for system
design to support distributed collaboration: 1) provide collaborators with a
wide field of view to support task awareness and ground conversation, 2) clarify what is part of the shared visual space so that collaborators know what
the others can see 3) provide a mechanism to allow collaborators track each
other’s focus of attention 4) provide support for gesture within the shared
visual space.
In the field of AR, Kiyokawa et al. [140] investigated communication behaviors in co-located collaborative AR interfaces. In a target identification task,
they found that “the more difficult it was to use non-verbal communication
cues, the more people resorted to speech cues to compensate” [p. 139]. Chastine et al. [50] investigated referencing behaviors in a collaborative modeling
task in AR. They found that groups make heavy use of deictic speech, and
that with increasing concreteness of the model, some groups created their
vocabulary to identify elements of the workspace.
In summary, research on spatial cognition has established the supportive
function of landmarks on both human cognition and research in the field
of Computer-Supported Cooperative Work (CSCW) has proven their benefits
to coordinate joint activities. Findings related to the role of visual information indicate that landmarks can fulfill a mediating role in serving as anchor
points by which task objects and their locations can be identified [250]. To
serve such a coordinating function, however, collaborators also need to be
able to refer to them verbally. In other words: If landmarks should be helpful
for the coordination of actions, they should fit into collaborators vocabulary
to keep a natural communication flow. Besides, as Vinson [307] suggests, landmark objects need to distinguish themselves from the task objects. Provided
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that the additive, virtual landmarks conform to these requirements, we hypothesize that they can support the exchange of spatial information during
collaborative tasks and are therefore used by the collaborators:
H1 Virtual landmarks are used for verbal, spatial referencing.
In addition, virtual landmarks support collaborators’ spatial cognition and
thereby reduce workload:
H2 Virtual landmarks reduce collaborators’ workload.
Because of their supportive function on both spatial cognition and the coordination of actions, we hypothesize that the provisioning of additive, virtual
landmarks leads to better team performance:
H3 Virtual landmarks improve team performance.
6.3

study design

co-located
distributed

Spatial referencing

To validate the proposition of providing shared, virtual landmarks, the study
used a counterbalanced within-subjects design with the proposition being the
independent variable (Figure 6.2). Participants had to collaboratively solve
an object identification task and an object positioning task. In the baseline
condition, only the virtual task objects—the objects to be identified and to be
positioned—were displayed. In the landmarks condition, virtual landmarks
were provided in addition to the task objects.

RQ1

RQ3

RQ2

RQ4

P1: virtual landmarks
(deactivated vs. activated)

P2: VR display configuration
(AR vs. VR)

Study Questions 1, 2, 3
Hypotheses 1, 2, 3

Proposition
Figure 6.2: Classification of study within the thesis research map. In this study, the
provisioning of shared, virtual landmarks represents both the proposition
to support spatial referencing and the independent variable. Based on
RQ1 , three subordinate study questions were derived.
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6.3.1 Study Environment and Task
The study took place in the media lab at our university department representing the physical workspaces for the collaborators (Figure 6.3a). In our
lab, we allocated physical space of 4m × 4m × 2m, where participants could
move freely. As handheld AR displays we used Project Tango Tablets, which
weight 370g and provide a screen resolution of 1920×1200 pixels on a 7.02”
display with 323 ppi [67]. Due to the tablets’ capability of area learning no
additional tracking hardware was required to locate their position and orientation in space. To provide a natural working environment with potential
physical landmark objects, we placed everyday physical items such as a waste
paper basket, a coat tree, a chair, a double ladder, several wallpapers, and
a floor lamp at the border of the interaction space. As virtual objects, we
used three armchairs, a bookshelf, two houseplants, and a vending machine
(Figure 6.3b).
For the design of our study task, we referred to spatial planning tasks (such
as architecture [15], collaborative modeling [49, 135], design [310, 311], and
construction simulation [105]). Such tasks require the collaborators to identify
particular objects in the workspace—henceforth referred to as object identification task. Such situations typically require the collaborators to position a virtual object at a specific position within their workspace—henceforth referred
to as object positioning task. In the task scenario, object identification and object
positioning were designed as consecutive tasks (see also the supplementary
online
video Figure) and participants had to solve this sequence under
both conditions:
task 1: object identification With the goal of creating a dynamic
situation that requires the participants to exchange spatial information, par-

(a) Shared, augmented
marks condition).

workspace

(land-

(b) Topview of the virtual elements of the
workspace, sowhing the task objects
(white cubes) and the virtual landmarks.

Figure 6.3: Study environment.

6.3 study design

(a) Object identification in the baseline condition (only white, virtual cubes as task objects).

(b) Object identification in the landmarks condition (white, virtual cubes as task objects
and additive, virtual objects).

Figure 6.4: Object identification task under both study conditions.

ticipants were tasked with playing a modified, 3-D version of the memory
card game. There were 10 pairs of white memory cubes representing the task
objects. Cubes had an edge length of 25cm and were randomly distributed
within a physical 3-D volume of 4m × 4m × 2m which represented the workspace (Figure 6.4). Each cube pair was textured with the same symbol from
the Wingdings font. Cubes were initially in the “covered” state, showing
white surfaces. A cube could be “uncovered” by touching its 3-D representation on the tablet screen. The associated cubes then showed its assigned symbol as a texture on each surface. Each participant was allowed to select only
one cube per turn. At each turn, participants had to find a pair of cubes with
the same symbol. Non-matching pairs of uncovered cubes had to be covered
by the participants to continue with the next move. If the two selected cubes
unveiled the same symbol, they were removed from the shared workspace by
the system after a delay of 3 seconds. Unlike the original version of the game,
dyads had to find matches collaboratively. Thus, participants could benefit
from the exchange of spatial knowledge which stimulated conversation.
task 2: object positioning In the following object positioning task,
dyads had to collaboratively position the memory cubes within the AR according to their positions in the preceding objects identification task. The 10
symbols were displayed as buttons on each tablet (Figure 6.5). A virtual semitranslucent proxy cube was displayed 0.5m in front of each tablet, which
allowed participants to estimate the position where a memory cube would
appear in the AR when the corresponding button was pressed. To enable collaborative fine-tuning of positions, participants could see each other’s proxy
cube on their display. Deposited cubes could be repositioned.
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Proxy cube
(task object)
Collaborator’s
proxy cube

Button to instantiate cube
with corresponding
texture at current position
of proxy cube

Figure 6.5: Object positioning (landmarks condition). Each participant was provided
with a virtual proxy cube to estimate the position of its instantiation better. To support collaboration, participants could see each other’s proxy
cube.

6.3.2 Dependent Variables and Operationalization
The dependent variables were operationalized as follows:
• Communication behavior was operationalized as the occurrence frequency
of participants’ verbal, spatial expressions during the study task. Spatial expressions were measured based on a qualitative content analysis [285]: Audio/video material from half of the study sessions were analyzed for participants’ spatial expressions. An open coding approach
revealed clusters of most frequent spatial expressions. These clusters
were then labeled and labels were used for video coding.
• Workload was measured using the NASA TLX [209] questionnaire.
• Team performance was operationalized as the positioning error in the object positioning task. Positioning error is based on the spatial discrepancy between a positioned pair of cubes and their de facto positions
during the object identification task (Figure 6.6). Determination of the
error is based on two calculations: First, the pair-based error of the two
possible combinations are calculated using Euclidean distance (d1 + d2 ).
Then, the smaller sum of errors of the two combinations (i.e., in Figure
6.6 the sum of combination 2) is divided by 2, yielding the single objectbased error.

6.4 participants

position of task object as defined by participants
target position of task object
error in distance

combination 1



combination 2

d1




d2





d1




d2



Figure 6.6: Determination of positioning error per cube. The overall minimal distance as illustrated in combination 2 was considered for the statistical
analysis of the positioning error.

6.3.3 Study Procedure
Participants were welcomed and introduced to the study. Afterwards, they
were asked to fill out a demographic questionnaire. Then participants were
introduced to the object identification task and were provided with a training
phase (no additive virtual objects were provided, and a test set of symbols
and coordinates was used for the memory cubes) to familiarize themselves
with the devices and the task. Then, the object identification task started in
their assigned first study condition (≈ 10 mins). Afterwards, the NASA TLX
questionnaire was provided to the participants. Then, participants started
with the object positioning task in the same condition (≈ 15 mins). Subsequently, participants were provided with the NASA TLX questionnaire. Both
tasks and assessments were repeated in the respective other study condition
using a different set of coordinates and symbols for the cubes to avoid carryover effects. After completion of the tasks in the second study condition, a
concluding, semi-structured interview on participants’ experiences was conducted. Each session took approximately 60 minutes. Participants were compensated for their time.
6.4

participants

We recruited 32 participants (8 female, 24 male) between 16-39 years of age
(M = 26.06, SD = 5.63), forming 16 dyads. 19 participants were university students, 9 employed persons, and 4 secondary schools students. 4 participants
reported prior experiences with AR technologies. 16 participants indicated
regular tablet usage.
6.5

results

The reporting of results is structured into the two study tasks. For the analysis for statistical significances, the non-parametric Wilcoxon signed-rank test
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was used for ordinal data and if the normal distribution was not given. In this
case, the median (Mdn) and the interquartile range (IQR) is reported. Otherwise, Student’s t-test was used and mean values (M) and standard deviation
(SD) is reported. Statistically significant differences assume an alpha < .05.
Results are marked with the subscript b for the baseline condition (i.e., when
no additive virtual objects were provided), and l for the landmarks condition
(i.e., when the additive, shared, virtual landmarks were provided). Details on
the statistical analysis are provided as tables in Appendix A.3.1.
6.5.1 Object Identification Task
In the object identification task, participants had to collaboratively find matching, virtual task objects, which were represented as 3-D cubes.
Communication Behavior
For analysis of communication behavior, video material from half of the
sessions was analyzed for participants’ spatial expressions. Cluster analysis
yielded a set of 8 categories:
• Basic relation: verbal, spatial expression that does not contain a reference
object [86, 165] and “cannot be fully understood by speech alone” [140,
p. 142], e.g., “here,” “there.”
• Virtual landmark: verbal, spatial expression which uses a virtual landmark as the reference object, e. g., “near the shelf.”
• Person: verbal, spatial expression which uses a person (self or collaborator) as the reference, e. g., “in front of you.”
• Task object: verbal, spatial expression which uses another task object as
the reference objects “next to the open cube.”
• Hand gesture: non-verbal spatial expression, participant points to a task
object with their hand.
• Physical object: verbal, spatial expression which uses a physical object as
the reference object, e. g., “near the large display.”
• Absolute relation: verbal, spatial expression that uses an absolute, abstract reference [161], e. g., “in the center of the room.”
• Other: spatial expressions that occurred exceptionally seldom (e. g., pointing on the tablet, head and feet gestures) and those that could not be
assigned to any of the other categories.
All videos were then coded using the identified categories as a coding scheme
for each study condition. Per study session, participants made 33.5 spatial expressions in the baseline condition and 34.5 in the landmark condition (Figure 6.7). A Wilcoxon signed-rank test did not reveal statistical differences in
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Figure 6.7: Median occurrences of spatial expressions and their distribution during
the object identification task.

the overall spatial expressions that participants made during object identification in the two conditions. In the baseline condition, however, participants
made significantly more use of basic relations, referred to task objects more frequently, and used significantly more hand gesture. Furthermore, in the landmark condition, participants made significantly more use of the landmarks.
basic relation: Mdnb = 18.00, IQRb = 8.50, Mdnl = 18.00, IQRe = 5.75, Z = −2.29, p < .05;

landmark: Mdnb = 0, IQRb = 0, Mdnl = 12.00, IQRl = 9.75, Z = −3.30, p < .01;

task object: Mdnb = 3.00, IQRb = 2.75, Mdnl = 2.00, IQRl = 2.00, Z = −1.95, p < .05;

hand gesture: Mdnb = 2.50, IQRb = 6.75, Mdnl = 1.00, IQRl = 1.75, Z = −1.78, p < .05;

see Table A.1 in Appendix A.3.1 for details.

Workload
User workload was measured using the NASA TLX questionnaire. In all
workload dimensions the landmarks condition yielded a lower score than the
baseline condition (Figure 6.8). Questionnaire responses were analyzed using
the Wilcoxon signed-rank test. In the landmarks condition, overall workload
and temporal demand were significantly lower than in the baseline condition.
overall: Mdnb = 30.83, IQRb = 22.29, Mdnl = 27.50, IQRl = 11.67, Z = −2.33, p < .05;

temporal: Mdnb = 25.00, IQRb = 25.00, Mdnl = 17.50, IQRl = 16.25, Z = −2.35, p < .05;

see Table A.2 in Appendix A.3.1 for details.
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Figure 6.8: User ratings related to workload during object identification.

6.5.2 Object Positioning Task
In the object positioning task, participants had to remember the positions of
the task objects in the object identification task and collaboratively position
them accordingly.
Communication Behavior
Analysis of communication behavior is based on the same categories and
procedure that were applied in the object identification task. The frequency
of each type of spatial expressions was quantified for each study condition
(Figure 6.9). Per study session, participants made 26.5 spatial expressions in
the baseline condition and 38.5 in the landmarks condition (Figure 6.9). A
Wilcoxon signed-rank test did not reveal statistical differences in the overall
spatial expressions that participants made during object positioning in the
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Figure 6.9: Median occurrences of spatial expressions and their distribution during
the object positioning task.
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two conditions. In the baseline condition, however, participants made significantly more use of deictic expressions and less use of the cue objects.
basic relation: Mdnb = 19.50, IQRb = 6.00, Mdnl = 15.00, IQRl = 11.75, Z = −1.82, p < .05;
landmark: Mdnb = 0, IQRb = 0, Mdnl = 10.50, IQRl = 9.50, Z = −3.29, p < .01;
see Table A.3 in Appendix A.3.1 for details.

Workload
User workload was measured using the NASA TLX questionnaire. The overall workload was at 52.92 for the baseline condition and at 46.25 for the landmarks condition (Figure 6.10). Questionnaire responses were analyzed using
the Wilcoxon signed-rank test. There were no statistical differences in either
the overall workload or any sub-dimension between the two conditions (see
Table A.4 in Appendix A.3.1 for details).
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Figure 6.10: User ratings related to workload during object positioning.

Positioning Accuracy
Positioning accuracy was defined as the spatial discrepancy between the
cubes’ actual positions. A Wilcoxon signed-rank test revealed that cubes were
positioned less accurately in the baseline condition than in the landmarks
condition (Figure 6.11)
Mdnb = 1.41 m, IQRb = 0.91 m, Mdnl = 1.29 m, IQRl = 0.71 m, Z = −2.25, p < .05;

see Table A.5 in Appendix A.3.1 for details).

97

how do virtual landmarks shape co-located spatial referencing?
Condition

baseline

*

landmarks

meters (median)

3

2

1

0
positioning error

Figure 6.11: Positioning error per cube during object positioning (in meters).

6.5.3 Additional Findings from the Concluding Interview
Additional findings refer to a concluding interview and are therefore independent from the task if not explicitly differentiated. When participants were
asked to assess their capacity to refer to the task objects on a scale from -5
(“not at all”) to 5 (“very much”) with respect to the two study conditions,
participants’ median rank was 0 in the baseline condition and 3.0 in the landmarks condition (Figure 6.12). A Wilcoxon signed-rank test revealed that the
ratings in the landmarks condition were significantly higher.
Mdnb = 0, IQRb = 1.25, Mdnl = 3.00, IQRl = 2.00, Z = −4.72, p < .01;

see Table A.6 in Appendix A.3.1 for details.

10 participants reported having perceived the physical environment to a
very limited degree and other 10 reported to have not consciously perceived
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Figure 6.12: Participants’ ratings when asked to assess their capacity to refer to a
specific task object.

6.6 discussion and limitations

it at all. When the additive objects were provided, they were accepted as
part of the 3-D interaction space, e.g., “the room looks strange now that all
these objects are missing,” or “this cube was where the snack machine stood
earlier.” (No additive objects were provided at the time the statement was
made). In addition, some participants stated that positioning without the
additive landmark objects often was a mere matter of guessing.
6.6

discussion and limitations

The following discussion is structured according to the research questions.
Q1 Do virtual landmarks influence communication?
Results from communication behavior confirm the positive effect of the virtual landmarks: they were used extensively as shared spatial cues to identify
task objects. Moreover, when virtual landmarks were provided the less specific basic relations decreased significantly. Further findings from the interview indicate that the physical environment played a minor role in the participants’ perception in general. Nearly all participants reported that they did
not regard the physical environment in general. Some participants explained
this as being because the task objects were manifestly artificial and that the additive objects appeared similar in contrast to the physical environment. One
group referred to the virtual landmarks in the baseline condition (which was
their second study condition) when the landmarks were not displayed anymore. Such behavior illustrates how essential the additional objects were for
communication and coordination in the AR. This example illustrates how the
usefulness of a landmark “outlives the landmark itself” [275] and illustrates
their importance in the given context. Thus, findings related to Q1 support
H1 , that collaborators utilize virtual landmarks for verbal, spatial referencing.
Q2 Do virtual landmarks influence collaborators’ workload?
The provisioning of virtual landmarks reduced subjective workload only in
the object identification task. Object positioning was presumably the more
complex task (during object positioning, collaborators’ had to agree on a position in midair, whereas during object identification, they had to agree on an
existing object). Participants’ rating related to the overall workload of both
tasks support this assumption. Prior research has found that the supportive
effect of shared, visual information increases with the complexity of the task,
which contradicts the results related to workload. This can be explained by
participants’ statements that positioning without the landmarks was often a
mere matter of guessing, which indicates that participants put only a little
mental effort in recalling their positions. This assumption is supported by a
higher positioning error in the baseline condition. H2 , therefore, has to be
accepted, but more research is needed to understand the influence of shared
virtual landmarks on workload.
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Q3 Do virtual landmarks influence team performance?
Team performance was measured based on positioning error. Participants
positioned the task objects more accurately when the landmarks where provided. Increased accuracy reflects the statements that positioning often was a
matter of guessing when they were not provided and also reveals a trade-off
between effectiveness and subjective workload. H3 can, therefore, be accepted.
Yet further measures, such as task completion time, might be also relevant in
real-world scenarios. Thus, future research is needed to investigate the the
relationship of the use of landmarks to performance measures. Furthermore,
one possible limitation regarding task performance refers to how it was measured: the error was analyzed on the level of single pairs of cubes and not on
the aggregated error of all pairs per group. In some real-world tasks, however, the overall error of the structure to be (re-)constructed might be more
relevant and should, therefore, be taken into account in future studies.
6.7

implications and future research

The chosen landmarks were designed based on several criteria: their visual
distinctiveness in relation to surrounding objects [250], distinctiveness in relation to the task objects [307], and concreteness (concrete objects over abstract
ones) [307]. Besides, we suggest that only those virtual objects whose names
are unique in the AR space qualify as landmarks, to avoid referencing ambiguities with other physical objects. For example, we used a virtual armchair
as landmark object. The armchair corresponded to the two criteria related
to distinctiveness. In the collaborators’ physical workspace, however, there
was also an office chair. Although we could not observe any interference, listeners might have had difficulties interpreting expression that contained the
word “chair” as a reference object—especially when the listener’s gaze was
directed in a different direction from the speaker’s gaze. Thus, when used in
tasks that involve spatial referencing, a virtual landmark should be “nomenclature distinctive” to other objects in the workspace to avoid ambiguities.
Furthermore, results show that collaborators paid only a little attention
to the physical environment in general. One explanation could be the following: The task objects could easily be identified as non-realistic due their
abstract appearance and behavior. The landmark objects’ rendering was also
non-realistic. Collaborators might, thus, have unconsciously separated the
virtual elements from the real-world elements and focused on the virtual
ones because they were more relevant for accomplishing the task. This phenomenon can be explained by inattentional blindness, a cognitive form of blindness which Simons and Chabris [272] reviewed. According to the authors,
“we perceive and remember only those objects and details that receive focused attention” [272, p. 1059]. If the observed effects can be attributed to
inattentional blindness, this raises the question on whether the physical environment would have gained more attention if the task objects had looked
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more like physical objects (e. g., realistic rendering). When working with virtual task objects in AR, landmarks with artificial rendering may then be more
suitable to maintain collaborators’ focuses on the virtual part of the AR environment. Future studies should, therefore, investigate whether the observed
effect can attributed to inattentional blindness and how the degree of realism
on the virtual objects influences the extent to which people recognize and
reference the physical environment.
As for the generalizability of findings, this study focused on co-located
collaboration. Thus, findings do not necessarily apply to situations of distributed collaboration. During the distributed collaboration, the integration
of virtual objects into the viewer’s physical environment may become problematic when collaborators have to distinguish between the individual (and
irrelevant) and the shared, virtual objects. Future research should, therefore,
investigate whether virtual landmarks also support distributed collaboration
in ARs. Furthermore, the study assumed tasks where the task objects look
similar. In such cases, task objects themselves do not serve well as reference
objects (in fact, in the study, the task objects were rarely used as reference
objects as can be seen in the analyses of communication behavior). In cases
where task objects do not look alike, they may better serve as reference objects. Then, additive virtual landmarks may not be necessary.
6.8

conclusion

This study contributes to a better understanding of the effects of spatial cues
in collaborative AR. Results from our study, which consist of an object identification task and an object positioning task, provide three key insights: 1) The
physical environment plays only a minor role in the collaborators’ perception and their communication behavior, whereas 2) the virtual landmarks
are extensively used by collaborators to specify the identity of task objects,
and 3) the provisioning of virtual landmarks decreased user workload and
improved user experience. Results, hence, suggest adding virtual landmark
objects to ARs to reduce user workload and to improve groups’ communication behavior and user experience.
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Abstract. Research in human-computer interaction has demonstrated AR as being beneficial for co-located collaborative work,
RQ
RQ
because it provides collaborators with a shared visual context
and preserves their natural interactions. For distributed collaboration, however, the collaborators’ visual contexts do not coincide due to their individual physical environments. The problem becomes apparent when collaborators refer to physical landmarks in their individual environments to guide
each other’s attention to shared, task-related objects. To increase collaborators’ referencing possibilities, we propose adding shared, virtual landmarks
to their AR. In an experimental study with 16 dyads, we investigated how
this propositions—the provisioning of shared, virtual landmarks—influences
communication behavior and user experience. A mixed-methods approach
revealed that participants used significantly less ambiguous spatial expressions and reported an improved user experience when the landmarks were
provided. Based on these findings and a qualitative video analysis we provide implications for the design of AR to facilitate remote collaboration and
suggest future research directions.
RQ1

RQ3

2
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ABSTRACT

HCI research has demonstrated Mixed Reality (MR) as being beneficial for co-located collaborative work. For remote
collaboration, however, the collaborators’ visual contexts do
not coincide due to their individual physical environments.
The problem becomes apparent when collaborators refer to
physical landmarks in their individual environments to guide
each other’s attention. In an experimental study with 16 dyads,
we investigated how the provisioning of shared virtual landmarks (SVLs) influences communication behavior and user
experience. A quantitative analysis revealed that participants
used significantly less ambiguous spatial expressions and reported an improved user experience when SVLs were provided.
Based on these findings and a qualitative video analysis we
provide implications for the design of MRs to facilitate remote
collaboration.
ACM Classification Keywords

H.5.2. Information Interfaces and Presentation (e.g., HCI):
User Interfaces.
Author Keywords

Mixed Reality; remote collaboration; virtual landmarks.
INTRODUCTION

Mixed Reality (MR) describes the “merging of real and virtual
worlds” on a display [23]. MR displays can create the illusion
of virtual objects being situated in the user’s physical environment. MR has been proposed for a variety of application
domains such as architecture [20], education [6, 11], computeraided instruction [12], medical visualizations [1] as well as a
tool for computer-supported cooperative work (CSCW) [15,
27, 19, 5, 3, 28, 30, 25]. Recent technological advancements
show that this belief is not far from reality with technologies
like Microsoft HoloLens [22] and Google’s Project Tango
Tablet [10]. They are about to find their way into our everyday
lives and will provide novel collaborative experiences such
as MR remote assistance (e.g., [22]). Despite their potentials
as collaborative interfaces, research on how MR interfaces
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for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than ACM
must be honored. Abstracting with credit is permitted. To copy otherwise, or republish,
to post on servers or to redistribute to lists, requires prior specific permission and/or a
fee. Request permissions from Permissions@acm.org.
CHI 2017, May 06–11, 2017, Denver, CO, USA.
© 2017 ACM. ISBN 978–1–4503–4655–9/17/05. . . ...$15.00
DOI: http://dx.doi.org/10.1145/3025453.3025717

Figure 1. Remote collaboration with MR displays. Virtual work objects
(cubes) are integrated into collaborators’ physical environment. Physical objects can not serve as reference objects to guide each other’s attention to specific work objects as they are individual to each collaborator.

can be used to enhance face-to-face and remote collaboration
has not been widely investigated [4]. Especially the design
of distributed groupware systems have to account for sufficient information resources to keep the collaborators aware
of each other’s actions and thereby maintain “the fluidity and
naturalness” of face-to-face collaboration [16]. This work addresses this research area by focusing on remote collaboration
with MR displays and one of its inherent issues: collaborative
spatial referencing with different visual contexts (Figure 1).
Collaborative activities require group members to coordinate
their actions to prevent from a potential “process loss” [31].
For that reason, Benford et al. suggest the provisioning of a “persistent context” for successful group activities [3]. Studies (e.g., [5, 13, 24]) show that such a
“shared visual context” [13] can positively influence group
conversation and help to establish a mutual understanding
of the shared workspace. This becomes apparent when remote
collaborators use spatial references to guide each other’s attention to particular work objects. For such spatial referencing,
visually outstanding features in the environment–so-called
landmarks–can play a vital role [17] as they can serve as
“spatial anchors” by which locations of other objects can be
expressed [26, 29]. This, however, implies that for tasks that
contain similarly looking work objects (e.g., work notes in
affinity diagramming or atoms in molecular modeling), the
work objects themselves may not serve well as landmarks.
Furthermore, and with respect to remote collaboration, successful spatial referencing assumes that the landmark that is
used by the addresser is also visible by the addressee. With
MR displays as tools for remote collaboration, however, the addresser may refer to physical landmarks within their individual
environment. This can result in communication ambiguities
[7] as the addresser’s physical landmarks are not necessarily
available in the addressee’s physical environment (Figure 1).
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ABSTRACT

Augmented Reality (AR) displays have been suggested as
shared-space technology to support remote collaboration, e.g.,
in design and building tasks. But with AR displays, the shared
space typically consists of only the virtual work objects (e.g.,
design artifacts) while collaborators’ interaction is grounded in
their individual, physical environment. This can become problematic during activities that involve the positioning of virtual
objects because the collaborators may require shared spatial
references to coordinate their actions. In a lab experiment with
16 dyads, we studied how collaborators deal with that issue,
and whether the provisioning of additive, virtual landmarks
influences collaboration. As a result the landmarks improved
user experience and decreased the reported temporal demand.
In addition, we identified task-specific problem situations and
provide implications for the design of distributed ARs to facilitate the collaborative positioning of virtual objects.
ACM Classification Keywords

H.5.2. Information Interfaces and Presentation (e.g. HCI):
User Interfaces
Author Keywords

Augmented Reality; remote collaboration; object positioning;
virtual landmarks; user experience.
INTRODUCTION

Research has identified several application areas in which colocated collaboration can benefit from Augmented Reality
(AR) technology, e.g., collaborative geometric modeling [14]
and collaborative construction simulations [13] (see Lukosch
et al. [18] for an overview). AR has also been suggested
as a technology to create distributed augmented spaces to
support building tasks such as those involved in collaborative
design [31, 32] and molecular modelling [7]. Such activities
require the collaborators to position virtual representations of
the application-specific work objects (e.g., atoms for molecular
modelling) in their shared work space. To coordinate their
Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are not
made or distributed for profit or commercial advantage and that copies bear
this notice and the full citation on the first page. Copyrights for components
of this work owned by others than ACM must be honored. Abstracting with
credit is permitted. To copy otherwise, or republish, to post on servers or to
redistribute to lists, requires prior specific permission and/or a fee. Request
permissions from Permissions@acm.org.
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Shared virtual object

actions, e.g., to collaboratively determine where to position
a particular work object, collaborators must be able to generate effective references [5, 22]. Chastine et al. [5] refer to
this ability as “inter-referential awareness.” But in distributed,
collaborative ARs, only the shared virtual objects can serve as
effective references because the physical objects are typically
unique to each collaborator’s physical environment (Figure 1).
This may lead to problematic situations that make the coordination of actions difficult: For example, when the work space
does not yet contain any shared virtual objects (and therefore does not provide effective references) an initial object
positioning problem may occur. In this case it may become
difficult to collaboratively determine where to position the
first object. Previous work (e.g., [22]) has identified additive,
virtual objects–so-called shared virtual landmarks (SVLs)–as
effective references when collaborators have to guide each
other’s attention to virtual work objects in distributed ARs.
In this work we analyze how to support collaborative positioning of virtual work objects in distributed ARs focusing on
following questions:

• What possible problematic situations does object positioning entail and how do collaborators deal with them?
• What are the implications for the design of distributed ARs
to facilitate activities that involve the positioning of objects?

ACM ISBN 978-1-4503-5378-6/17/11. . . $15.00
https://doi.org/10.1145/3152832.3152856
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In this study, I formulated the research questions and designed the
study. Matthias Kraus and Matthias Miller implemented the study
prototype and conducted the study. Roman Rädle helped analyzing
the results and supported the writing process. Harald Reiterer supervised the work.

“Studying Collaborative Positioning of Virtual Objects in Distributed
Augmented Realities.” Jens Müller, Simon Butscher, Stefan P. Feyer,
and Harald Reiterer. In: Proceedings of 16th International Conference on
Mobile and Ubiquitous Multimedia, 2017.

Figure 1. The potential problem with effective references in AR-based
remote collaboration: To coordinate spatial actions, collaborator I and
II can only rely on shared virtual objects because physical objects (such
as office chairs) may either have different spatial relations to the virtual
objects or do not exist in the other collaborators’ environment.

• Does the provisioning of SVLs support the positioning of
virtual objects in distributed ARs?

MUM 2017, November 26–29, 2017, Stuttgart, Germany
© 2017 Association for Computing Machinery.

“Remote Collaboration With Mixed Reality Displays: How Shared Virtual Landmarks Facilitate Spatial Referencing.” Jens Müller, Roman
Rädle, and Harald Reiterer. In: Proceedings of the 35th Annual ACM
Conference on Human Factors in Computing Systems, 2017.

In this study, I formulated the research questions and designed the
study. Matthias Kraus and Matthias Miller implemented the prototype and conducted the study. Stefan Feyer helped analyzing the results. Simon Butscher supported the writing process. Harald Reiterer
supervised the work.
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7.1 introduction

7.1

introduction

Augmented Reality (AR) has been suggested as a technology to create distributed, augmented spaces to support building tasks such as those involved
in molecular modeling [49] and collaborative design [310, 311]. Such activities require the collaborators to refer to the task objects in their shared
space (e. g., to guide each other’s attention to a specific one) or (re-)position
them. Shared visual information has been found to play an essential role
in coordinating such collaborative processes [152, 256, 257] because it can
keep the collaborators aware of each other’s actions and thereby maintain
the fluidity and naturalness of face-to-face collaboration [103]. To collaboratively determine where to position a particular task object, collaborators
must be able to generate effective references [50, 205]. Visually outstanding
features of the environment—so-called landmarks—can serve as “spatial anchors” with which locations of other objects can be expressed [127, 250, 275].
Thereby, landmarks can serve as reference objects. Successful spatial referencing, however, assumes that the landmark that is used by the addresser also
exists in the addressee’s visual context and has the same spatial relation to
the task objects. In distributed ARs, physical objects do not represent useful
landmarks because they are typically unique to each collaborator’s physical
environment or their spatial relationship to the task objects differ (Figure 7.1).
Thus, in distributed ARs, the use of physical objects as landmarks can result
in communication ambiguities [48]. The virtual task objects, in turn, may not
serve as landmarks either if they look alike (such as the atoms in molecular
modeling) and do not provide visually outstanding features [47].
Office Paris

Office London

Collaborator II

Collaborator I
(Shared) task object
Figure 7.1: In distributed ARs, physical objects (such as the doors and office chairs)
may either have different spatial relationships to the task objects or exist
only within one physical environment (such as the office cabinets in the
Paris office).
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Previous work [204] has identified additive, virtual objects, so-called shared
virtual landmarks, as effective references in co-located AR. This work focuses
on distributed collaboration in ARs and studies how the provisioning of virtual landmarks (P1 ) shape collaborative activities that involve spatial referencing. Thus, this work addresses RQ2 , which is split into five specific study
questions:
Q1 Do virtual landmarks influence communication behavior?
Q2 Do virtual landmarks improve user experience?
Q3 Do virtual landmarks reduce collaborators’ workload?
Q4 Do virtual landmarks improve team performance?
Q5 What conflict scenarios and user strategies does collaborative, spatial
referencing in distributed ARs involve?
7.2

related work and hypotheses

To provide a structured approach to the study of distributed ARs as sharedspace technology, this section first discusses critical design parameters of AR as
shared-space technology and the second part presents studies related to the design
parameters.
Design Parameters of AR as Shared-Space Technology
Benford et al. [12] introduce a taxonomy consisting of the three dimensions
Artificiality, Transportation, and Spatiality to classify shared-space technologies.
Moreover, the authors establish a link between these critical characteristics
and their effect on user experience in collaborative situations. Their taxonomy
offers several predictive aspects that enable the derivation of hypotheses. In
the following, we introduce the dimensions of the taxonomy and reflect on
the implications for collaborative spatial activities in spatially distributed ARs.
Artificiality “concerns the degree to which the shared space is based on realworld information or is synthesized” [12, p. 218]. With AR-based remote collaboration, the individual’s space contains both information which is based
on real-world information (the physical environment as provided by the seethrough functionality) and the virtual task objects. According to this definition, AR technology can, hence, be located somewhere in between the two
extremes “Physical Reality” and “Virtual Reality (VR),” corresponding to the
“virtuality continuum” described by Milgram and Kishino [189].
Transportation “concerns the extent to which a group of participants and
objects leave behind their local space and enter into some new remote space
in order to meet with others, versus the extent to which they remain in their
local space, and the remote participants and objects are brought to them” [12,
p. 190]. As examples, the authors refer to face-to-face physical collaboration

7.2 related work and hypotheses

where users remain in their physical context (no Transportation) and collaborative virtual environments where the users meet in VR, and their physical
context becomes less significant (high degree of Transportation). At this point,
Benford et al. [12] establish a link between Artificiality and Transportation: The
more Artificiality a medium can provide, the more insignificant the physical
context can become and the more it can support the sense of being transported.
Spatiality “concerns the degree to which the shared space exhibits key spatial properties such as containment, topology, movement, and a shared frame
of reference” [12, p. 218]. The provisioning of these properties increases the
“reciprocity of perspective” [12]. Thus, increased Spatiality can support a collaborator’s “ability to refer to a set of objects, and for that reference to be
understood by others” [50, p. 1], which Chastine et al. [49] refer to as “interreferential awareness.” Collaborative VRs, for example, can provide a shared
coordinate system and a shared frame of reference. Having access to such
shared spatial properties allows the collaborators to infer each other’s perspective on the shared information space and to coordinate their spatial actions accordingly. Benford et al. [12] note that the degree of required Spatiality
depends on the specific requirements of a given task.
Studies Related to the Design Parameters
The effects of Spatiality and shared visual information have been well researched. Several studies (e. g., [48, 50, 81, 87, 89, 90, 218]) have shown that
shared visual information can positively influence group conversation and
help to establish a mutual understanding of the shared workspace. For example, Gergle et al. [89] studied how different levels of shared visual information influence collaboration behavior and performance. Collaborators had to
jointly solve a puzzle with one collaborator being the remote instructor and
a second collaborator being the executing worker. Their study revealed that
shared visual information makes communication more efficient and improves
task performance. Similarly, Gauglitz et al. [87] presented an AR prototype
which supports an augmented shared visual space for live mobile remote collaboration on physical tasks [87]. A key feature of their prototype referred to
virtual landmarks that served as “world-stabilized annotations” [87]. Chastine and Zhu [48] and Chastine et al. [50] studied how collaborators perform
a building task under several conditions (co-located and remote, AR and VR).
They highlight the challenges that distributed, collaborative ARs feature: Each
local AR consists of both shared, virtual objects and an individual, physical environment (including individual, physical objects). The result then is a
“composite of overlapping environments” which increases with each new participant [48]. In their study, they found that collaborators made extensive use
of basic relations. As a consequence, they suggest that collaborators “need
reference points embedded within the environment to more easily generate
references” [50]. Similarly, to reduce orientation disparities and other asym-
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metries during video-based remote collaboration, O’Hara et al. [218] suggest
the provisioning of “shared spatial geometries” such as horizontal and vertical multipoint surfaces. Dew et al. [68] suggest adding virtual artifacts to
distributed ARs to facilitate negotiation.
Landmarks form one category of virtual artifacts that can support spatial
activities [127, 250, 275]. For example, during collaborative activities, they
can serve as “spatial anchors” by which locations and other objects can be
expressed [275]. For a landmark to be useful during collaboration, however,
it has to be visible to both the speaker and the listener. With AR displays
as shared-space technology, however, the speaker may refer to physical landmarks that are unique to their environment. This can result in communication
ambiguities [48] when the speaker’s physical landmarks are not available in
the listener’s physical environment. Oda et al. [220] address this issue in the
context of remote assistance scenarios. They suggest providing shared, virtual replicas of the local objects of interest to the remote assistant.
Several studies (e. g., [18, 98, 279, 280]) have investigated the effect of different degrees of Artificiality and Transportation on mixed space collaboration.
Billinghurst [18] introduced the MagicBook prototype, a transitional interface
that allows the user to switch between interface types (e.g., AR and VR), and
from remote to co-located collaboration. Grasset et al. [98] present a prototype where users can interact from different spaces—forming a mixed-space
environment—which differ in the degree of immersion and the perspective
they provide to the viewer. Moreover, they introduce the “transitional collaborative model,” a conceptual model that illustrates the different collaboration types of transitional interfaces. Similarly, Stafford [280] investigates how
visual cues influence collaborative navigation tasks in a mixed-space environment. As a result, visually-cued, collaborative navigation techniques were
more efficient than an audio-only technique.
Concerning the identified issue of different visual contexts during remote
collaboration with AR displays, we consider both aspects to be particularly
relevant for investigating design trade-offs and their consequences on collaborative processes. We assume that increasing artificiality through the provisioning of shared, virtual landmarks also increases the shared visual context
during remote collaboration and can positively influence collaborative processes. The provisioning of shared, virtual landmarks increases collaborators’
shared visual information and thereby allows them to develop a better mutual understanding of their shared workspace. Also, the landmarks represent
effective references, which collaborators can use as “spatial anchors” for communicating spatial information. We, thus, hypothesize:
H1 Virtual landmarks influence collaborators’ communication behavior.
Moreover, because virtual landmarks increase spatiality and because collaborators can better exchange spatial information, collaborators value their presence which results in improved user experience.

7.3 study design

H2 Virtual landmarks improve user experience.
Furthermore, virtual landmarks increase the degree to which the shared
space is synthesized. Hence, physical but ineffective landmarks become insignificant, too, leading to fewer ambiguities and a lower workload:
H3 Virtual landmarks reduce workload.
Assuming H3 , collaborators can communicate information more efficiently,
which leads to improved team performance:
H4 Virtual landmarks improve team performance.
7.3

study design

co-located

RQ1

RQ3

distributed

Spatial referencing

Similar to the first experiment (Chapter 6), this experiment used a counterbalanced, within-subjects design with the provisioning of additive, virtual
landmarks being the independent variable (Figure 7.2). Participants had to
collaboratively solve an object identification task and an object positioning
task. In the baseline condition, only the virtual task objects—the objects to be
identified and to be positioned—were displayed. In the landmarks condition,
virtual landmarks were provided in addition to the task objects.

RQ2

RQ4

P1: virtual landmarks
(deactivated vs. activated)

P2: VR display configuration
(AR vs. VR)

Study Questions 1, 2, 3, 4, 5
Hypotheses 1, 2, 3, 4

Proposition
Figure 7.2: Classification of study within the thesis research map. In this study, the
provisioning of shared, virtual landmarks represents both the proposition
to support spatial referencing and the independent variable. Based on the
RQ2 , five subordinate study questions were derived.
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7.3.1 Study Environment and Task
Two rooms of our research facility served as physically separate AR workspaces for our participants. Each room was equipped with a video camera
providing a long shot view of the work area. In each work area, we allocated
physical space of 4m × 3m × 2m, where participants could move freely. As
handheld AR displays we used Project Tango Tablets, which weigh 370g and
provide a screen resolution of 1920×1200 pixels on a 7.02” display with 323
ppi [67]. To enable communication between collaborators and the recording
of communication we installed Teamspeak 3 on the tablets [291]. As virtual
landmark objects, we used an armchair, a bookshelf, a potted tree, a small
potted plant, and a ceiling lamp. The study task scenario consisted of an object identification task and a subsequent object positioning task. Participants
had to solve the task scenario under both study conditions.
task 1: object identification We distributed a set of 20 white, virtual cubes with an edge length of 15 cm as task objects within a physical, 3-D
volume of 4m × 3m × 2m in the collaborators’ environment (Figure 7.3; see
also the supplementary online
video Figure). Virtual cubes represented
the task objects and the 3-D volume of the shared workspace. We used 10
different symbols from the Wingdings font and assigned each symbol to two
task objects, forming 10 pairs of cubes. Each turn, collaborators had to find
task objects with the same symbol. Collaborators could select any task object
by touching its 3-D representation on the tablet screen. Once a task object
was selected, it revealed its symbol. Collaborators were able to communicate
via the tablets to coordinate their actions. Each collaborator was allowed to
select only one task object per turn. If the two selected objects unveiled the
same symbol, the system removed them from the shared workspace; otherwise, it turned them back into the default state. Collaborators were tasked
with finding all pairs in as few turns as possible. Unlike the original version
of the game, dyads had to find matches collaboratively. Due to the collaborative nature of our version, collaborators benefited from each other’s spatial
knowledge, whereby communication was stimulated.
task 2: object positioning In the following object positioning task,
dyads had to collaboratively position the task objects within the AR according
to their de facto positions in the preceding object identification task. The 10
symbols were displayed as buttons on each tablet (Figure 7.4). A virtual semitranslucent proxy object was displayed 0.5m in front of each tablet, which allowed participants to estimate the position where a task object would appear
in the AR when the corresponding button was pressed. To enable collaborative fine-tuning of positions, participants could see each other’s proxy object
on their display. Deposited task objects could be repositioned.

7.3 study design

Collaborator 1

Tablet of collaborator 2

Screen of collaborator 1

Collaborator 2

Tablet of collaborator 1

Screen of collaborator 2

Figure 7.3: Object identification (baseline condition): Two rooms served as distributed workspaces.

Proxy cube

Proxy cube of collaborator 2

Screen of collaborator 1
Figure 7.4: Object positioning (landmarks condition): collaborators could see each
other’s proxy cube.
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7.3.2 Dependent Variables and Operationalization
Dependent variables were operationalized as follows:
• Communication behavior was operationalized as the occurrence frequency
of collaborators’ verbal, spatial expressions during the study task. Expressions were video recorded with a long shot camera in each room.
Additionally, audio was captured on the tablet using TeamSpeak 3 and
the recording plugin [291]. Spatial expressions were assessed based on
a qualitative content analysis [285]: Audio/video material from half of
the study sessions were analyzed for participants’ spatial expressions.
An open coding approach revealed clusters of the most frequent spatial
expressions. These clusters were then labeled and the labels used for
video coding.
• User experience was operationalized as collaborators’ preferences and perceived communication and coordination abilities concerning the two study
conditions. Preferences were assessed in the concluding, semi-structured
interview where participants had to indicate their preferred study condition individually and give reasons for their choice. Perceived communication abilities were assessed using a custom questionnaire item
(“How do you assess your abilities for exchanging spatial information?”
on a 7-point Likert scale from -3 (very bad) to +3 (very good)). Furthermore, participants’ perceived social presence was measured, based on the
sub-dimension “social presence – Actor within medium” of the Temple
Presence Inventory (TPI) questionnaire [166].
• Workload was measured using the NASA TLX [209] questionnaire.
• Team performance was operationalized as task completion time for both
parts of the task. Additionally, in the object positioning task, the positioning error was determined. Positioning error was defined as the
spatial discrepancy between a positioned pair of cubes and their de
facto positions during the object identification task (Figure 7.5). Determination of the error is based on two calculations: First, the pair-based
error of the two possible combinations was calculated using Euclidean
distance (d1 + d2 ). From each pair of objects, the smaller sum of errors
of the two combinations was then added up for the overall error.
• Strategies and conflict scenarios were analyzed applying qualitative video
coding. Audio/video material from half of the study sessions was analyzed for participants’ strategies and conflict scenarios. An open coding approach revealed clusters of most frequent incidents. Identified
incidents were annotated with a brief description and representative
quotes from the associated participant.

7.4 participants

position of task object as defined by participants
target position of task object
error in distance

combination 1



combination 2

d1




d2



d1






d2



Figure 7.5: Determination of total positioning error.

7.3.3 Study Procedure
Participants were welcomed and introduced to the study. Afterwards, they
were taken to different rooms by two examiners. In their associated room they
were asked to fill out a demographic questionnaire. Upon completion, participants familiarized themselves with the tablets and the task. Virtual landmarks were not provided during familiarization, and a training set of task objects (consisting of training coordinates and numbers from one to ten instead
of symbols). Participants then started with the 3-D memory game (approximately 10 minutes) in their randomly assigned study condition. Then, participants were asked to answer the workload and the user-experience-related
questionnaires. Afterwards, participants continued with the object positioning task in the same condition (approximately 8 minutes). Then, participants
were again asked to fill out the workload and the user experience-related
questionnaire. Both tasks and assessments were repeated in the respective
other study condition using a different set of coordinates and symbols for
the task objects to avoid carry-over effects. After completion of the second
iteration, one examiner brought one participant to the room of the other participant for the concluding, semi-structured interview. Participants answered
interview questions individually. Each session took approximately 50 minutes.
7.4

participants

We recruited 32 participants (20 female, 12 male) between 19 and 26 years
of age (M = 23.08, SD = 1.71), forming 16 dyads. 29 participants were university students, and 3 were employees. 10 participants indicated regular tablet
usage and 4 participants reported prior experiences with AR technologies.
Members of 13 dyads indicated knowing each other.
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7.5

results

The reporting of results is structured into the two study tasks. For the analysis of statistical significance, the non-parametric Wilcoxon signed-rank test
was used for ordinal data and if the normal distribution was not given. In this
case, the median (Mdn) and the interquartile range (IQR) is reported. Otherwise, Student’s t-test was used and mean values (M), and standard deviation
(SD) is reported. Statistically significant differences assume an alpha < .05.
Results are marked with the subscript b for the baseline condition (i.e., when
no additive virtual objects were provided), and l for the landmarks condition (i.e., when the shared, virtual landmarks were provided). Details on the
statistical analysis are provided as tables in Appendix A.3.2.
7.5.1 Object Identification Task
In the object identification task, participants had to collaboratively find pairs
of virtual task objects that were textured with the same symbol.
Communication Behavior
Communication behavior was investigated concerning collaborators’ spatial
expression during the task. For analysis of communication behavior, the synchronized videos from half of the sessions were taken and analyzed for types
of spatial expressions. A cluster analysis revealed a set of following categories:
• Basic relation: verbal, spatial expressions that do not contain a reference
object [86, 165] and “cannot be fully understood by speech alone” [140,
p. 142], e.g., “here,” “there.”
• Virtual landmark: verbal, spatial expression which uses a virtual landmark as the reference object, e. g., “near the shelf.”
• Person: verbal, spatial expression which uses a person (self or collaborator) as spatial reference, e. g., “in front of you.”
• Task object: verbal, spatial expression which uses another task object as
the reference object “next to the open cube.”
• Hand gesture: non-verbal spatial expression; a participant points to a
task object with their hand.
• Physical object: verbal, spatial expression which use a physical object as
the reference object, e. g., “near the large display”.
• Absolute relation: verbal, spatial expression that use an absolute, abstract
reference [161], e. g., “in the center of the room.”
• Other: spatial expressions that occurred exceptionally seldom (e. g., pointing on the tablet, head and feet gestures) and those that could not be
assigned to any of the other categories.
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Figure 7.6: Median occurrences of spatial expressions and their distribution during
the object identification task.

The frequency of each type of spatial expression was quantified for each
study condition (Figure 7.6). A Wilcoxon signed-rank test did not reveal statistical differences in the overall occurrence frequency of spatial expressions
in the two conditions. In the baseline condition, however, participants used
deictic speech significantly more frequently. Furthermore, in the experimental
condition, participants made significantly more use of the virtual landmarks.
There was one dyad that first performed the task in the landmarks condition and referred to the virtual landmarks in the following baseline condition
where they were not provided anymore (e.g., “I think it’s where the plant was
earlier”). This explains the occurrences of virtual landmarks as verbal expressions in the baseline condition.
basic relation: Mdnb = 30.00, IQRb = 12.00, Mdnl = 17.00, IQRl = 13.00, Z = −2.20, p < .05;

landmark: Mdnb = 0, IQRb = 0, Mdnl = 12.00, IQRl = 12.00, Z = −3.06, p < .01;

see Table A.7 in Appendix A.3.2 for details.

User Experience
Analysis of the Spatial Presence items revealed that participants rated the
item leftPlace (“How much did it seem as if you and the people you saw/heard both left the places where you were and went to a new place?”) significantly higher in the landmarks condition (Figure 7.7).
leftPlace: Mdnb = −1.00, IQRb = 3.00, Mdnl = 0, IQRl = 2.00, Z = −2.10, p < .05;
see Table A.8 in Appendix A.3.2 for details.
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Figure 7.7: User ratings related to social presence in the object identification task.

Analysis of Communication Possibilities (“How do you rate your communication possibilities?”; -3 (very bad) to 3 (very good)) using a Wilcoxon
signed-rank test revealed that participants’ ratings were significantly higher
in the landmarks condition (Figure 7.8).
communication: Mdnb = 2.00, IQRb = 1.00, Mdnl = 2.00, IQRl = 2.00, Z = −2.23, p < .05;
see Table A.9 in Appendix A.3.2 for details.
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Figure 7.8: User ratings when asked how they rate their communication possibilities
on a scale from -3 (very poor) to 3 (very good).

Workload
Workload was measured using the NASA TLX questionnaire. On average,
overall workload in the baseline condition was 41.66 (IQRb = 18.75) and 46.25
(IQRl = 21.04) in the landmarks condition (Figure 7.9). There were no significant differences between the two study conditions in either overall workload
or any sub-dimension (see Table A.10 in Appendix A.3.2 for details).
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Figure 7.9: User ratings related to workload in the object identification task.

Team Performance
Team performance was measured regarding task completion time. On average, in the baseline condition, it took the dyads 350.50 seconds (IQRb =
125.82 s) and in the landmarks condition 391.31 seconds (IQRl = 135.19 s) to
complete the task (Figure 7.10). There was no significant difference in the task
completion times between baseline and landmarks condition (see Table A.11
in Appendix A.3.2 for details).
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Figure 7.10: Task completion time in seconds for the object identification task.

Behavior Patterns and Incidents
Videos were analyzed for conflict scenarios, reasons for conflicts, and collaborators’ strategies to overcome them. Identified conflicts were annotated with a
brief description and associated, representative quotes from the collaborators.
Videos analysis revealed three conflict scenarios:
• Interpretation Problem: Addressee is unable to interpret a spatial expression. This situation typically occurred due to either basic relations or
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when the speaker used a physical landmark as the reference object.
Dyads solved this either via several conversational turns or using a
distinct virtual landmark if one was available. Alternatively, collaborators positioned themselves in such a way that they could take the same
perspective on the task objects.
• Awareness Problem: Collaborator is unaware of the other collaborator’s
performed interactions. This frequently happened in both conditions
and became particularly problematic after a turn when a pair of task
objects was removed (due to a match) or when they were automatically
turned back into the covered state by the system. When virtual landmarks were provided, the participant who executed the action on the
task object could refer to it via a nearby virtual landmark (e.g., “I opened
the one above the plant”).
• Recognizability Problem: Regardless of the study condition, dyads sometimes did not recognize the task objects above their field of view, slightly
above their heads, especially towards the end of the task. In both conditions, dayds had to search for the remaining task objects actively. However in the landmarks condition, the virtual landmarks (in this case
the ceiling lamp) drew collaborators’ attention above their natural field
of view to the higher positioned task objects. In other cases, virtual
landmarks occluded collaborators’ field of view. This too required the
collaborators to actively change their perspectives and search for the
missing task objects.
7.5.2 Object Positioning Task
In the object positioning task, dyads had to collaboratively position the task
objects within the AR according to their de facto positions in the preceding
object identification task.
Communication Behavior
For the analysis of communication behavior, the synchronized videos from
half of the sessions were taken and analyzed for types of spatial expressions.
In addition to the categories that were identified in the object identification
task (see Section 7.5.1), video analysis revealed a “maneuvering command”
behavior, where collaborators gave each other movement instructions, such
as “up-up-up-left-left,” during the positioning process. On average, dyads
made 49.50 spatial expressions in the baseline condition (SDb = 16.37) and
49.37 spatial expressions in the landmarks condition (SDl = 14.89). A t-test
revealed that in the landmarks condition, collaborators made significantly
less use of deictic expressions, referred to task objects less frequently, and used
the virtual landmarks more frequently (Figure 7.11).
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basic relation: Mb = 30.37, SDb = 10.85, Ml = 24.18, SDl = 8.78, t(15) = 2.88, p < .05;
task object: Mb = 9.12, SDb = 5.30, Ml = 5.56, SDl = 3.36, t(15) = 2.38, p < .05;
landmark: Mb = 0.18, SDb = 0.54, Ml = 11.50, SDl = 5.13, t(15) = −8.90, p < .01;
see Appendix A.3.2, Table A.12 for details.
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Figure 7.11: Categories of spatial expressions and their mean frequency of occurrence per study session.

User Experience
Participants’ ratings related to Social Presence (Figure 7.12) were significantly higher in the landmarks condition for the item leftPlace (“How much
did it seem as if you and the people you saw/heard both left the places
where you were and went to a new place?”), togetherPlace (“How much did
it seem as if you and the people you saw/heard were together in the same
place?”), and control (“How much control over the interaction with the person
or people you saw/heard did you feel you had?”).
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Figure 7.12: User ratings related to social presence in the object positioning task.
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leftPlace: Mdnb = −1.00, IQRb = 3.00, Mdnl = 1.00, IQRl = 3.00, Z = −2.31, p < .05;

togetherPlace: Mdnb = 0.50, IQRb = 3.25, Mdnl = 1.00, IQRl = 1.00, Z = −3.26, p < .01;

control: Mdnb = 1.00, IQRb = 1.25, Mdnl = 1.00, IQRl = 1.25, Z = −2.28, p < .05;
see Table A.13 in Appendix A.3.2 for details.

Analysis of Communication Possibilities (“How do you rate your communication possibilities?” ; -3 (very bad) to 3 (very good)) using a Wilcoxon
signed-rank test revealed that participants’ ratings were significantly higher
in the landmarks condition. (Figure 7.13)
communication: Mdnb = 1.00, IQRb = 2.00, Mdnl = 2.00, IQRl = 1.25, Z = −2.94, p < .01;
see Table A.14 in Appendix A.3.2 for details.
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Figure 7.13: User ratings when asked how they rate their communication possibilities on a scale from -3 (very poor) to 3 (very good).

Workload
Workload was measured in terms of the NASA TLX questionnaire. On average, overall workload in the baseline condition 57.91 (IQRb = 16.66) and 51.25
(IQRl = 16.25) in the landmarks condition. Wilcoxon signed-rank test did not
yield a significant difference in the overall workload between the two conditions (Figure 7.14). Analysis of the sub-dimensions revealed a significantly
higher temporal demand (“How much time pressure did you feel due to the
pace at which the tasks or task elements occurred? Was the pace slow or
rapid?”) than in the baseline condition.
temporal demand: Mdnb = 45.00, IQRb = 41.25, Mdnl = 35.00, IQRl = 26.25, Z = −1.98, p < .05;

see Table A.15 in Appendix A.3.2 for details.
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Figure 7.14: User ratings related to workload in the object positioning task.

Team Performance
Team performance was measured based on task completion time and positioning error. On average, in the baseline condition it took the dyads 447.6
seconds (IQRb = 126.2 s) and in the landmarks condition 436.6 seconds (IQRl
= 150.9 s) to complete the task (Figure 7.15a). A t-test did not reveal a statistically significant difference between the task completion times of both conditions (see Table A.16 in Appendix A.3.2 for details). On average, dyads
produced a positioning error of 25.44 meters (IQRb = 5.09 m) in the baseline
condition, and a positioning error of 26.56 meters (IQRl = 3.68 s) in the landmarks condition (Figure 7.15b). A t-test did not reveal a statistically significant difference between the positioning errors of both conditions (see Table
A.16 in Appendix A.3.2 for details).
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Figure 7.15: Team performance for the object identification task.
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Behavior Patterns and Incidents
Videos were analyzed for conflict scenarios, reasons for conflicts, and collaborators’ strategies to overcome them. Identified clusters were annotated with a
brief description and associated, representative quotes from the collaborators.
Videos analysis revealed three clusters:
• Alternating Collaboration Styles: We observed that collaborators sometimes positioned one of their remaining cubes without consultation of
their partner.
• Remote Maneuvering: One collaborator took the role of the helper who
gave the worker maneuvering commands, such as “up-up-up-left-left,”
based upon which the worker performed “small, precise movements” [26].
This remote-control behavior occurred in 15 groups in the baseline condition, and in 10 groups in the landmarks condition. It can be referred
to as both a strategy but also a conflict scenario because remote maneuvering typically involved several conversational turns and was therefore
a time-consuming strategy.
• Home Base Perspective: Another frequent pattern refers to the participants’ perspective and movement: Regardless of the study condition,
most participants (Nb =28, Nl =23) chose a specific position within their
room from which they initiated positioning. After they had positioned
a cube, they would typically return to that position.
7.5.3 Additional Findings from the Concluding Interview
In the concluding interview, all 32 participants favored the landmarks condition. As a reason, participants stated that the landmarks provided them a
universal reference system (N = 11, e.g., “universal referencing options,” “same
room for both of us,” “common orientation,” “absolute references”), a better orientation (N = 8, e.g., “better orientation,” “better orientation and more reference
points”), and better spatial memory capabilities (n = 3, e.g., “easier to recall
the cube positions,” “better assignment of cubes”). Participants did not indicate a
specific landmark as being particularly outstanding or preferred.
Considering Preference, all participants favored the landmarks condition.
As reasons, they indicated that the landmarks made the cubes easier to memorize (N=2), provided better orientation (N=4), improved shared orientation
(N=3), improved referencing possibilities (N=12), and improved communication (N=4). In the interview, we also asked participants independently to rate
how helpful the physical environment was on a scale from 1 to 10. Participants’ answers ranged from 1 to 10 with a median of 6.00. For ratings that
were in favor of the physical environment, participants gave following explanations: The physical environment served as an aid to general orientation
(N=5), that it provides an orientation frame (N=1), and that they used their
individual physical environment to memorize object locations (N=5). Hence,
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physical objects were used for individual orientation in their individual AR,
but only the shared virtual landmarks were suitable for coordinating spatial
actions. Furthermore, 14 participants commented that the physical environment became less significant when additive virtual objects were provided.
However, when asked how virtual landmarks influenced their communication, some participants reported that they first had to be clear on whether an
object is suitable as a reference object before the initiation of communication
with their partner (cognitive ambiguity problem).
Several participants mentioned the physical environment in terms of interference (N=10), e.g., “it did not provide any useful reference,” “you automatically generate a second room, based on the physical one,” “concentration on
one’s environment is obstructive,” “I had to imagine they [the real objects]
weren’t there,” and “I had to think the real objects away”). Another 2 participants mentioned that the physical environment did not influence them at all
(“[the task] could have taken place in empty space as well,” “I could have
played in the dark as well”).
As a final question, we asked participants to think of any features that
might have helped them in solving the task. There were 2 main themes in
the answers. The first theme referred to the room itself: participants from
6 groups mentioned that a subdivision of the workspace with virtual “reference lines,” “layers,” or a “virtual grid” would have been helpful. Participants
from 4 groups mentioned the harmonization of workspaces as a potential improvement, e.g., through a “new virtual, but identical room” or by providing
virtual “walls” in the physical room. The second theme referred to certain desired functionality. Participants from 5 groups reported a positioning problem
and wished some pointing functionality, e.g., to make others aware of a particular object or position or as a tool to “measure distances” and position the
cubes “as the proxy cube only allowed for the positioning directly in front of
one’s self.”
7.6

discussion and limitations

The discussion of results and associated limitations is structured according
to the initial study questions. Resulting implications on future research are
summarized at the end of this section (in Table 7.1); resulting implications on
the design are elaborated in Section 7.7.
Q1 Do virtual landmarks influence communication behavior?
While the number of spatial expressions did not significantly differ between
the two study conditions, the frequency of the types of spatial expressions
used by collaborators differed significantly: In both tasks collaborators used
significantly less basic relations and referred to landmarks significantly more
often in the landmarks condition. Thus, the landmarks largely replaced ambiguous basic relations. Their beneficial role became apparent in two conflict
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scenarios: In the baseline condition, when the speaker used a basic relation or
referred to a physical landmark and the listener had difficulties in interpreting these expressions; in the landmarks condition, when collaborators talked
about recent interactions, they could refer to a virtual landmark nearby that
interaction and could thereby resolve the issue with few conversational turns.
Thus, confirming H1 , shared, virtual landmarks changed collaborators’ communication behavior.
This study, however, did not analyze communication efficiency, which might
reveal valuable insights that inform how the design of ARs influences collaboration. The collaborative model for the process of reference by Clark and WilkesGibbs [56] implies that the number of collaborators’ conversational turns between initialization and mutual acceptance determines the efficiency of communication. This model implies that the three elements of initialization, conversational turn, and mutual acceptances are identifiable. Due to the complexity
of natural conversation and the fact that collaborators in AR do not exclusively express spatial information verbally, the application of this model may
be challenging. To enable the quantification of these elements, the task design
would have to be adapted. For example, when collaborators come to an agreement on which object to select, the system could prompt the collaborators
whether they both mutually accept the selected object. Such a standardized
task procedure, however, may come at the cost of natural conversation.
Q2 Do virtual landmarks improve user experience?
Findings related to user experience confirm H2 , that landmarks improve user
experience. All participants favored the landmarks condition and ranked
their perceived communication possibilities higher in both tasks when landmarks were provided. As the most frequently mentioned reason, they stated
that the virtual landmarks helped to establish a universal reference system
which both collaborators could refer to. Likewise, conflict situations could
be resolved more efficiently when virtual landmarks were provided unless
they occluded some task objects (see Allow the Deactivation of Landmarks in
Section 7.7).
Furthermore, participants’ ratings on social presence indicate that the perceived sense of leaving their places and being transported to some new place
was higher in the landmarks condition. Moreover, in the object positioning
task, participants’ sense of being co-located was higher when virtual landmarks were provided. One explanation why this was not the case in the object identification task could be that, in contrast to the identification of objects,
the positioning of objects is a more complex task within which collaborators
benefit more from the presence of virtual landmarks. An alternative explanation could be that in the positioning task, collaborators saw each other’s
proxy cubes. This visual enhancement of the collaborators increased their
shared visual context and may have also increased their awareness of each
other’s actions, leading to an increased sense of transportation and control.
According to participants’ responses to the interview questions, however, not
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all participants found it easy to leave their local environment behind. Some
reported that they had to differentiate their physical environment from the
shared landmarks consciously. These polarized opinions suggest that there
are inter-personal differences in how strongly virtual objects dominate individuals’ experiences and to what extent individuals perceive “orientation
disparities” [218]. Therefore, further research is needed that provides a better
understanding of how the design of landmarks influences users’ experiences.
Q3 Do virtual landmarks reduce collaborators’ workload?
In both tasks, overall workload in the two conditions did not differ significantly. H3 , therefore, needs to be rejected. According to participants’ statements, virtual landmarks were predominantly positively attributed. Nonetheless, there were also negative aspects involved in the presence of virtual landmarks. For example, some participants reported a cognitive ambiguity problem that occurred before they made any spatial expression. In this situation
participants first had to be clear on whether an object is suitable as a reference
object before initiation of conversation (see section 7.5.2 for details). This issue
may especially apply to those participants who reported having difficulties
leaving their local environment behind (see discussion of Q2 ). Hence, in the
perception of some participants, the physical environment was still dominant
during spatial referencing. With the goal of reducing this dominance, future
research should, therefore, study how landmarks’ characteristics influence
individual cognition during spatial referencing.
Q4 Do virtual landmarks improve team performance? RQ1 :
The provisioning of virtual landmarks did not increase team performance;
neither regarding task completion time nor positioning accuracy. H4 , therefore, needs to be rejected. Even though landmarks are known to support
spatial memory [94, 95, 194, 250] they did not lead to a more accurate reconstruction of the scene. One explanation could be that virtual objects did not
provide depth cues such as lighting and shadows, which might have made it
difficult for the participants to judge their distance. Moreover, the tablets did
not provide stereoscopic images and thus did not optimally support depth
perception. Future work should, thus, focus on the design of virtual objects
with the goal of improving depth perception.
Q5 What conflict scenarios and user strategies does collaborative, spatial
referencing in distributed ARs involve?
The study revealed several strategies and conflict scenarios when collaborators had to exchange spatial information across distributed ARs. In the object
identification task, video analysis revealed an Interpretation Problem due to
the speaker’s use of basic relations or physical objects as the reference object. The use of physical landmarks and associated interpretation problems
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illustrate the importance of providing key spatial properties. In this study,
virtual landmarks were chosen to increase spatiality. However, other spatial
properties exist, which might contribute collaborators’ spatial referencing capabilities and therefore be investigated in future research.
The Awareness Problem occurred when collaborators’ were unaware of each
other’s actions. Observations suggest that it was easier for the collaborators to
recover from such situations when they could refer to virtual landmarks that
were near the event or the relevant task object. Hence, landmarks can also
serve as reference points to exchange episodic information; the fact that one
group even referred to virtual landmarks when they were no longer provided
supports this assumption and illustrates their effectiveness. Besides the static
landmarks, further event-sensitive visualizations could enhance collaborators’
awareness about ongoing actions of group members (see Section 7.7, Visualize
Interaction).
Furthermore, in the identification task, a Recognizability Problem became obvious, when task objects were outside the collaborators’ tablet’s field of view.
This problem may be strongly dependent on the properties of the task objects,
e. g., their size, and appearance, and how they are distributed in 3-D space,
but also on the field of view that the AR display provides. Such parameters
have to be considered when designing collaborative ARs and should also be
studied in future research.
In the object positioning task, collaborators shifted from phases of loosely
to tightly-coupled collaboration. These Alternating Collaboration Styles might
have been caused by the design of the task scenario, which didn’t require
the collaborators to position task objects collaboratively but allowed them
to do so individually. As collaboration often naturally involves both phases,
collaborative ARs should be designed to Support alternating coupling styles (See
section 7.7).
Also, video analysis of object positioning revealed the Remote Maneuvering
behavior, where one collaborator took the role of an instructor who told the
other collaborators, the executor, how to precisely position the task object.
In such asymmetric, collaborative situations, the assistant typically used relative, directional expressions such as “up, up, up, up, left, up. . . ” Appropriate
preparation of the workspace could support such a highly collaborative behavior. For example, in the interview, some participants wished to discretize
the workspace using a virtual 3-D grid structure. Such a structure might support spatial communication during positioning tasks, as it allows for verbal
expressions such as “five above” instead of repetitive, directional expressions
(see Discretize workspace, Section 7.7). Beside, such alternative key spatial elements feature individual attributes (i.e., grids have a specific resolution).
Future research should study how these individual attributes influence cognition and communication.
During object positioning, participants frequently took a Home Base Perspective, a particular perspective throughout a study condition based on which
they initiated positioning actions. Moreover, some participants wished to
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Table 7.1: Future research areas and related questions.
Analyze Communication Efficiency.
Qf1

How do shared, virtual landmarks (or other propositions that aim at supporting spatial referencing in AR) influence communication efficiency?

Study Key Spatial Elements.
Qf2
Qf3

What other key spatial elements (such as virtual grids and layers) exist that
support spatial referencing?
What are the features of these elements that influence spatial referencing?

have a Positioning Tool that would allow them to stay in place and position
the cubes from a distance (see Section 7.7). Allowing collaborators to stay in
place while positioning objects in AR, however, limits their bodily navigation
and may thus come at the cost of less accurate spatial memory.
Moreover, in the interview, participants reported a Cognitive Ambiguity Problem. This problem affected the speaker and who had to actively differentiate
between virtual and physical elements before initiation of a spatial conversation. This problem gives rise to the question of how much physicality distributed spatial referencing requires.
7.7

design implications

This section presents the implication of the study findings. These implications
aim at supporting distributed, collaborative activities that involve spatial referencing and are formulated as propositions.
P1 Provide virtual landmarks.
Findings related to user experience validate the proposition of providing
shared, virtual landmarks. Moreover, the provided landmarks helped collaborators resolve some of the conflict situations such as the Awareness Problem.
P2 Enhance perceptibility of changes.
Especially in situations, when collaborators did not focus their attention on
the same task object, they became unaware of each other’s actions and the
state of the task. Thus, to increase collaborators’ awareness of events, the perceptional properties of such events should be enhanced. ARs could implement
such enhancements utilizing animations or visual highlights that attract the
attention of non-involved collaborators. A 3-D adaption of the (2-D) Halo
technique [10] could show off-screen events and thereby take account for the
limited field of view of the AR tablets. To further limit the Awareness Problem,
actions that entail critical events, such as the deletion of a task object, should
be confirmed by collaborators who did not initiate the action. Besides, the AR
should store all events and make it possible for AR collaborators to restore
prior states of their AR.
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Virtual objects (
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Figure 7.16: Containment of the shared workspace using large virtual objects.

P3 Constrain effective workspace.
Analysis of spatial expressions revealed that collaborators sometimes referred
to their physical environment (e. g., “in the corner of the room”). Spatial references like these can become problematic when the sizes of the rooms differ
considerably. To prevent the collaborators from using such references, the
AR environments should constrain their shared workspace with large virtual
landmarks such as illustrated in Figure 7.16. Thereby landmarks can create a
frame of reference, guide collaborators’ cognition during a spatial conversation, and may help them separating the relevant from the irrelevant part of
their environment.
P4 Position landmarks near peripheral task objects.
Regardless of the study condition, towards the end of the object identification
task, collaborators sometimes missed some remaining task objects, when they
were located outside their natural field of view (e.g., above their heads). In
the baseline condition, dyads often did not realize such visual outliers until they started actively searching for them. In the landmarks condition, the
virtual landmarks (e. g., the ceiling lamp) sometimes drew collaborators’ attention above their natural field of view and thereby made them aware of the
higher positioned task objects (Figure 7.17). Hence, when AR environments
distribute virtual task objects in such a way that a user can easily overlook
them, the AR should position virtual landmark objects that act as “attractors”
next to them. Alternatively, collaborators could be provided with an overview
visualization of the AR environment.
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Visual outlier

Attractor landmark

Collaborator II

Collaborator I

Figure 7.17: If the shared workspace contains task objects that are outside the collaborators’ natural field of view (e.g., above their heads or far away from
the majority of task objects) proximal landmarks can attract collaborators’ attention to these task objects.

P5 Allow the deactivation of virtual landmarks.
In the landmarks condition, the landmarks could occlude task objects. Occlusion required the collaborators to change their perspectives and search
for the missing cubes actively. Thus, while virtual landmarks generally facilitated communication and improved user experience, they could also influence collaboration negatively, when they became the dominant feature. Such
a conflict scenario may typically occur when the number of task objects fluctuates and reduces over time. To avoid such situations, the AR should allow
the collaborators to deactivate the virtual landmarks temporarily to reveal
the task objects.
P6 Discretize workspace.
Several participants suggested discretizing the workspace using layers, grids,
or frames (Figure 7.18). Adding such elements increases Spatiality [12] of the
shared space. One resulting benefit could be a reduction of the Remote Maneuvering commands in favor of more efficient spatial expressions such as “five
above,” or “two cells behind the potted plant” (where “potted plant” refers to
a virtual landmark). This proposition may also influence individual cognition
positively: Grids provide frames of references, and human spatial cognition
stores information about an object’s location in relation to such frames (see
Section 2.1). Hence, adding a grid may increase collaborators’ spatial memory accuracy. Associated grid parameters, such as the resolution and the line
thickness, may depend on the properties of the task objects, e. g., their distribution, and size.
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Virtual grid (

) to discretize the shared work space.
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Figure 7.18: Discretization of the shared workspace with a grid to support both collaborators’ individual cognition and their ability to coordinate actions.

P7 Provide a positioning tool.
Some participants wished to have a positioning tool that would allow them
to stay in place and position the cubes from a distance. A simple pointer,
however, might not be suitable as it does not provide the means to position
virtual objects in mid-air, nor would it encourage collaboration. Similar to
Pinho et al. [228], we, thus, suggest the concept of collaborative pointing. The
concept requires at least two virtual pointers which can cast a virtual ray into
the collaborators’ AR environments (Figure 7.19). When the rays intersect, a
virtual, semi-translucent proxy of the task object to be positioned appears
at the intersection point. As soon as the collaborators commit the current
position of the proxy object (e. g., by pressing a button on their screen), the
task object is instantiated at the proxy’s current position.
P8 Enable transitions.
During object positioning, collaborators’ work sometimes became tightlycoupled, e.g., during remote-maneuvering. According to participants the physical environment then became unhelpful, too significant, and even disturbing,
which is summarized as the cognitive ambiguity problem. Thus, during such
phases, collaborators benefit from a high degree of spatiality [12]. One possible solution to make the physical environment less significant and increase
spatiality consists in embedding the task objects into a shared, virtual environment (Figure 7.20). Providing such functionality would turn the AR tablet into
a “transitional interface” [18, 141]. Depending on the collaborators coupling
style, the system could turn the tablets into AR configuration (during looselycoupled collaboration) or VR configuration (during tightly-coupled collaboration). The system could infer coupling styles based on collaborators’ communication behavior (e.g., ongoing conversational turns may indicate close

7.7 design implications

Proxy object ( ) at intersection of pointer rays

Collaborator I

Collaborator II

Figure 7.19: Collaborative 3-D Positioning: Collaborators can position a virtual object
from a distance where their pointing rays interfere.

collaboration), or from spatial relations among collaborators and task objects
(e. g., based on frameworks such as F-formations [136, 179] or Proxemics [8, 99,
177]; see Section 4.2). Alternatively, the system could offer the collaborators
explicit control over the display configuration via a virtual button on the GUIs
of their tablets.

Virtual room (

) during tightly-coupled collaboration.

Collaborator I
Collaborator II

Figure 7.20: Transitions from an AR to a VR display configuration depending on the
collaborators’ current coupling style. The system infers that collaborators work tightly-coupled by considering the spatial relations among
collaborators and task objects. It then turns the tablets into the VR configuration that replaces the individual, physical environment with a shared,
virtual one.
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7.8

conclusion

This study addressed the issue of missing reference points during distributed
spatial activities in AR. We proposed the provisioning of shared, virtual landmarks as a means to increase collaborators’ referencing possibilities. To validate the proposition of shared, virtual landmarks during distributed, spatial referencing in AR, we conducted a controlled lab experiment utilizing a
mixed-methods approach. Results of the study show that landmarks positively influence communication behavior by reducing the occurrence of ambiguous basic expressions which leads to conflict situations. Moreover, participants reported a significantly increased user experience and favored the
landmarks condition. Furthermore, video analysis revealed several behavior
patterns and problem scenarios. Based on our findings we provide eight design suggestions on how to further support collaborators during distributed
spatial tasks in ARs. Additionally, we present future research areas and questions.

8

H O W D O E S T H E D I S P L AY C O N F I G U R AT I O N S H A P E
S PAT I A L R E F E R E N C I N G ?

Abstract. Handheld Augmented Reality (AR) displays offer a seethrough option to create the illusion of virtual objects’ being inteRQ
RQ
grated into the viewer’s physical environment. Some AR display
technologies also allow for the deactivation of the see-through option, turning the AR tablets into Virtual Reality (VR) devices that integrate the virtual
objects into an exclusively virtual environment. Both display configurations
are typically available on handheld AR devices, raising the question of their
influence on users’ experience during collaborative activities. In a controlled
lab experiment (N=32), we studied how the different display configurations
(AR and VR) influence user experience, workload, and team performance of
co-located and distributed collaborators during a spatial referencing task. A
mixed-methods approach revealed that participants’ opinions were polarized
towards the two display configurations, regardless of the spatial distribution
of collaboration. Based on our findings, we identify critical aspects to be addressed in future research to better understand and support co-located and
distributed collaboration using AR and VR displays.
RQ1

RQ3

2

4

Parts of this chapter have been submitted as:
“An Qualitative Comparison Between Augmented and Virtual Reality
on Handheld Devices.” Jens Müller, Ulrike Pfeil, Jonathan Wieland, and
Harald Reiterer. Submitted to: 13th Conference on Interactive Surfaces and
Spaces, 2018.
In this study, I formulated the research questions and designed the
study. Jonathan Wieland further developed the study prototype. Daniel
Schweitzer and Jonathan Wieland conducted the experiment. Ulrike
Pfeil helped analyzing the study data and supported the writing process. Harald Reiterer supervised the work.
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8.1 introduction

8.1

introduction

Augmented Reality (AR) applications aim at providing the user a positive experience through the seamless combination of physical and virtual worlds. AR
applications have proven beneficial in many domains such as education [18,
75], medical [7], and computer-aided instruction [87]. In addition, research
has identified several domains in which collaboration can benefit from AR
technology [15, 98, 105, 142, 236, 289, 310]. The overall goal of collaborative
AR is “to augment the face-to-face collaborative experience or to enable remote people to feel that they are virtually co-located” [168]. Collaborative
activities involve basic manipulation tasks, such as the selection and positioning of objects [26]. The coordination of these tasks may involve spatial
referencing, which Neider et al. defines as “the communication and confirmation of an object’s location” Neider et al. [211, p. 718]. Successful spatial
referencing, however, requires the collaborators to generate effective spatial
references [50]. Co-located collaborators can benefit from a seamless combination of virtual objects and the physical environment because their environment offers them useful reference points. For distributed collaborators,
however, the seamless combination of real and virtual worlds can become
problematic, because their environments are individual and therefore do not
provide useful physical references to coordinate their actions. Some AR display technologies allow for the deactivation of the see-through option and
for the integration of virtual objects into an exclusively virtual environment.
Thereby, the physical environment play a less significant role and the virtual
objects are integrated into a shared, virtual environment. Both display configurations are typically available on handheld AR devices, raising the question
of their influence on users’ experience during collaborative activities (RQ3 ,
RQ4 ). More specifically, this study addresses the following study questions:
Q1 Do different display configurations influence collaborators’ experiences?
Q2 Do different display configurations influence collaborators’ workloads?
Q3 Do different display configurations influence team performance?
8.2

related work and hypotheses

Our work studies how collaborators experience different display configurations of AR tablets, where the display configurations vary in the degree of
shared visual information and artificiality. We, therefore, refer to three areas
of related work: examples of collaborative AR, conceptualization of AR as shared
space technology, and studies of different AR display configurations.
Collaborative AR
The overall goal of collaborative AR is “to augment the face-to-face collaborative experience, or to enable remote people to feel that they are virtually
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co-located” [168]. These goals reflect the qualities of collaboration concerning
the spatial condition of collaboration: “Face-to-face conversation provides a
richness of interaction seemingly unmatched by any other means of communication. It is also apparent that living and working near others, whether that
be in the same house, adjacent offices, or the same city, affords certain opportunities for interaction that are unavailable to those not co-located” [116].
Several examples have demonstrated the value of AR technologies to support
both co-located and distributed collaboration (for a detailed discussion see
Lukosch et al. [168]).
The TransVision system [237], which allows for collaborative design using
handheld AR displays, is an early example of AR-based co-located collaboration. Using the Studierstube [289] system, co-located users can view virtual, 3-D visualizations using AR glasses. A follow-up study by Reitmayr and
Schmalstieg [235] investigated the possibilities of collaborative workspaces
using mobile AR devices. Butz et al. [38] introduced EMMI, a collaborative AR
system that allows co-located users to interact with shared virtual information using 3-D widgets and physical objects. The VITA system [13] represents
a multi-modal AR environment for archaeologists to explore offsite visualizations of an archaeological dig. The MagicBook [18] represents a transitional
interface that allows readers of a physical book to vary the degree of immersion during the reading experience in three steps: Physical (only the physical
book is visible), AR (virtual objects appear on the book pages), and VR (users
can immerse themselves into the virtual world of the current page). The Construct3D system [135], a continuation of the Studierstube system, represents
a tool to construct three-dimensional geometries. It uses a Head-Mounted
Display (HMD) and a two-handed 3-D interaction tool for personal interaction with virtual objects. More recent research by Benko et al. [14] introduced
a collaborative, projection-based AR system which creates the illusion of virtual objects using cameras and projectors. Because of the projection-based
image creation, collaborators do not require additional AR displays to view
the virtual objects.
Several systems have demonstrated the value of AR technology to support distributed collaboration. For example, the WearCom system [15] enables distributed conferencing where users can see remote collaborators as
virtual avatars being integrated into their physical environment. Höllerer et
al. [117] presented a collaborative, mixed-space system, where a remote user
can interact with an outdoor user wearing an HMD by placing spatially registered information into the collaborator’s visual environment. Stafford et
al. [279] later presented a similar system. Minatani et al. [190] developed a
system that allows distributed collaborators face-to-face interaction by tracking their upper body and visualizing it into the other collaborator’s environment. Room2Room [226] implements a telepresence system which establishes life-size, co-present interaction between two distributed participants
using projection mapping. Poelman et al. [229] introduced an AR system to
support collaborative investigation of crime scenes. Using their system, the
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on-site investigator wears an HMD. A remote expert colleague can then access the on-site environment and guide his colleague. Similarly, the system
presented by Datcu et al. [65] supports the exchange of context-related information between distributed collaborators in the security domain.
Conceptualization of AR as Shared Space Technology
applications can be classified depending on the proportions of real-world
components and virtual components that are presented to the viewer’s display. Thus, AR applications can be located on a “virtuality continuum” [189],
which ranges from the real environment to a virtual environment. Similarly,
Benford et al. [12] use the term “artificiality” to express “the ratio of physical to synthetic information” that is presented in a shared space. They also
relate artificiality to the concept of transportation, which “concerns the degree to which users are transported into some new space or remain in their
local space” [12]. Because AR displays integrate synthetic information into
the viewer’s physical environment, AR users remain in their local space. In
contrast, Virtual Reality technologies provide users an exclusively virtual environment, giving the impression of leaving behind “their local space and
enter[ing] into some new remote space in order to meet with others” [12].
For distributed collaborators, a virtual environment may, hence, be more beneficial, because it can be shared with collaborators and thereby increase the
sense of being co-located. Besides, collaborators can benefit from “key spatial
properties such as containment, topology, movement, and a shared frame of
reference” [12], because they help in establishing “a reciprocity of perspective” [12]. With a shared frame of reference, for example, collaborators may
“reason about mutual orientation and gaze direction and may be able to spatially reference shared objects (e.g., by pointing or by using spatial language
such as ‘over there’ or ‘to the left’)” [12]. Hence, co-located collaborators using AR displays as shared-space technology can benefit from a high degree
of spatiality because their physical environments provide them with critical
spatial properties such as a shared frame of reference (e.g., the surrounding
walls, the floor, and the ceiling) or reference points (e.g., landmark objects in
the environment).
The benefits of providing key spatial properties and shared visual information have been well-established [81, 89, 90]. For example, Fussell et al. [81]
studied dyads performing a repair task, who were either co-located or distributed. Distributed workers were either connected via audio-video or audio only. Results demonstrated the value of a shared visual workspace and
showed that co-located collaborators were more efficient than distributed collaborators because they had access to shared spatial properties. Gergle et al.
[89] investigated the usefulness of shared visual information in relation to
the duration of visual updates. They conclude that delaying visual updates
reduces the benefits of shared visual information and decreases performance.
Also, they suggest that shared visual information is more beneficial when the
AR
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task is visually complex. Gauglitz et al. [87] studied whether spatial annotations support spatial referencing during remote assistance tasks. Using their
system, the on-site collaborator uses an AR tablet, and the remote user uses
a desktop computer which allows for the placement of virtual annotations
in the on-site collaborator’s physical environment. They conducted a study
and found that the use of spatial annotations can provide performance benefits. The benefits of virtual landmark objects for spatial tasks were shown for
co-located [204] and distributed [205] AR collaboration.
Studies related to Different AR Display Configurations
Several studies have investigated the effect of different configurations of AR
displays on collaboration behavior. Kiyokawa et al. [140] studied how different display technologies influence communication behaviors of co-located
users using AR displays. Examined devices included optical, stereo- and monovideo, and immersive HMDs. They found that the optical see-through device
required the least communication and was the preferred display configuration. Chastine et al. [50] studied co-located and distributed collaborators’
“inter-referential awareness,” which they define as “the ability for one participant to refer to a set of objects, and for that reference to be understood” [p.
207]. In an experiment, dyads had to perform a construction task collaboratively. Study conditions differed regarding the spatial dispersion of collaboration (co-located vs. distributed), whether the model to be built was virtual or
physical, and the display technology used (none vs. AR vs. VR display). They
conclude that collaborators generate different references depending on the
spatial dispersion of collaboration suggesting that the environment should
provide sufficient reference points. Krichenbauer et al. [153] conducted an
experimental comparison between AR and VR configurations in a single-user
object manipulation task. They found performance benefits in favor of the AR
configuration with no differences in the participants’ reported levels of comfort. Similarly, Boud et al. [24] found evidence of reduced task completion of
AR over VR in an assembly task. Research by McGill et al. [182] addressed the
issue of HMDs isolating the viewer from their real-world context during VR
experiences. They suggest adding real-world elements into the viewer’s VR
to reduce this isolation. Gugenheimer et al. [101] addressed the isolation issue from the perspective of bystanders, who are typically excluded from the
viewer’s experience. They propose extending elements of the VR into their
physical environment, to enable bystanders to interact and become part of
the VR viewer’s experience.
During the co-located collaboration, the integration of virtual content into
the viewers’ physical environment supports a natural way to interact with
virtual content [19]. Moreover, co-located collaborators can benefit from their
physical environment because it provides them with a high degree of key
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spatial properties and useful references to facilitate the coordination of joint
actions. As found in a prior study [140], we, therefore, hypothesize that
H1 Co-located collaborators prefer the AR display configuration.
As opposed to the co-located condition, distributed collaborators do not benefit from the spatial properties of their physical environments to coordinate
their joint actions, because it does not provide effective spatial properties,
such as useful reference points and frames of reference. Therefore, distributed
collaborators presumably engage more with the virtual environment than
with their physical environment. We therefore hypothesize, that
H2 Distributed collaborators prefer the VR display configuration.
During the co-located collaboration, the key spatial properties on the collaborators AR displays are the same as the ones they see off-screen, collaborators
do not need to distinguish between them during the task (e. g., when exchanging spatial information), resulting in a lower cognitive workload:
H3 Co-located collaborators’ workload is lower with the AR display configuration.
As opposed to the co-located condition, distributed collaborators do not benefit from the spatial properties of their physical environments but have to
actively distinguish the virtual (and useful) references from the physical (and
ineffective) references, resulting in a higher workload:
H4 Distributed collaborators’ workload is lower with the VR display configuration.
Considering co-located collaboration, and assuming H3 , collaborators can
process and exchange spatial information more effectively using the AR configuration, resulting in an improved team performance:
H5 Co-located collaborators’ team performance is higher with the AR display configuration.
As opposed to the co-located condition, and assuming H4 , collaborators can
process and exchange spatial information more effectively using the VR configuration, resulting in improved team performance:
H6 Distributed collaborators’ team performance is higher with the VR display configuration.

8.3

study design

To address RQ3 and RQ4 and their associated study questions, we used a
split-plot design with the spatial dispersion of collaboration (co-located and
distributed) being the between-subjects factor and the display configuration
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(AR and VR display configuration) being the within-subjects factor (Figure
8.1). The within-subjects factor display configuration was counterbalanced. Additive, virtual landmark objects (Proposition 1) were provided in all study
conditions.
8.3.1 Study Environment and Task

co-located

RQ1

distributed

Two rooms of our research facility served as distributed workspaces for the
participants. The rooms differed in size. In the co-located condition, collaborators used the smaller room. Within each room, a walkable 3-D volume of
3.5m × 2m × 2m was allotted as shared workspace. Regardless of the study
condition, one virtual landmark object was placed in each lower corner of
the 3-D volume (a floor plant, an armchair, a shelf, and a vending machine)
and a virtual ceiling lamp in the top center of the shared work space. In
each room, user interactions were audio/video-recorded using a wide-angle
camera. For handheld AR displays, each user was provided with an AR tablet
with a mass of 370 g and a screen resolution of 1920 × 1200 pixels on a 7.02”
display with 323 ppi [67]. Participants in the distributed condition (4 ) were
able to communicate via Teamspeak 3 [291], which was installed on the AR
tablets.

Spatial referencing
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RQ2

RQ3

Study Questions 1, 2, 3
Hypotheses 1, 3, 5

RQ4

Study Questions 1, 2, 3
Hypotheses 2, 4, 6

P1: virtual landmarks
(deactivated vs. activated)

P2: VR display configuration
(AR vs. VR)

Proposition
Figure 8.1: Study design: to address the three study questions in the context of different distributions of collaborations, a split-plot deisng was used. In each
between-groups condition (spatial dispersion), the display configuration
(AR and VR) was the within-groups factor. Shared virtual landmarks were
provided in all study conditions.

8.3 study design

task 1: object identification We distributed a set of 20 white, virtual cubes with an edge length of 20 cm within a physical 3-D volume of
3.5 m × 2 m × 2 m in the collaborators’ environment. Virtual cubes represented the task objects and the 3-D volume the shared workspace. For the
default texture of each task object, we used a question mark on each surface,
symbolizing the “covered” state (Figure 8.2). Each task object could be “uncovered” by centering its 3-D representation on the tablet display and touching a button. When a task object was uncovered, its texture was replaced by
a symbol. We used symbols from the Wingdings and Webdings fonts. The 20
task objects consisted of 10 unique pairs with the same symbol. At each turn,
each collaborator was allowed to uncover one task object. If the two uncovered task objects formed a pair, the system removed them from the shared
workspace; otherwise, it covered them again four seconds after a participant
had uncovered the second task object. Participants were instructed to find all
matches as quickly and with as few attempts as possible. Furthermore, we
pointed out that the participants should coordinate their actions well and try
to memorize the symbol of each cube.
task 2: object positioning Participants were instructed to indicate the
original positions of all 20 cubes within the work space. Unlike in the previously conducted studies (Chapters 6 and 7) which allowed the collaborators
to position and re-position the cubes independently in arbitrary order, collaborators were required to position the cubes in turn. Once positioned, there
was no possibility for re-positioning. For a cube to be positioned, a virtual,
semi-transparent proxy cube was displayed 0.75 m in front of a collabora-

Figure 8.2: Co-located object identification (baseline condition): Collaborators uncovered two task objects in turn. The collaborator with the magenta tablet
had uncovered the first object and the collaborator with the yellow tablet
has to open the matching second object.
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tor’s tablet. The collaborator could then instantiate that cube at the position
of the proxy cube by touching a button. The other collaborator could also see
the proxy cube and could provide positioning instructions. Allowing the positioning of a cube only once required collaborators to ensure a final agreement
concerning the position and therefore further evoked a tightly-coupled collaboration style. Participants were instructed to position all cubes as quickly and
exactly as possible.
8.3.2 Study Procedure
Two experimenters welcomed the participants in the corridor near the two
study environments. If the participants’ assigned level of spatial dispersion
was co-located, experimenters brought both participants to the same room. If
the participants’ assigned level of spatial dispersion was distributed, each experimenter brought one participant to one of the two rooms. Once the participants had arrived in their study room(s), they received a welcome letter, an informed consent form, and a demographic questionnaire. Afterwards, participants were provided a printed description of the task. Participants were then
asked to perform a short demo task to familiarize themselves with the tablet
computers and tasks. In the demo task, the number of cubes was reduced to
2 pairs. The test cubes were positioned based on a dedicated set of test coordinates, and textured with the numbers “1” and “2” as symbols. Thereby, we
kept the test phase short and minimized possible interference with the following real test task. Participants performed the demo task under the same
study condition as in the following, first study iteration. We encouraged participants to familiarize themselves with the system until they felt comfortable with the procedure. After familiarization, collaborators then started with
the study task (approximately 10 minutes) in their assigned study condition.
Then, participants were asked to answer workload- and experience-related
questionnaires. Afterwards, participants continued with the object positioning task in the same condition (approximately 8 minutes). Then, participants
were again asked to complete the workload- and experience-related questionnaires. Both tasks and assessments were repeated in the respective other
study condition using a different set of coordinates and symbols for the cubes
to avoid carry-over effects. After completion of the second iteration, the concluding, semi-structured group interview was conducted. In both conditions
of spatial dispersion, the group interview took place in one room. Participants were asked to answer the questions individually. Each session took
approximately 1 hour.
8.3.3 Dependent Variables and Analysis
Dependent variables were operationalized and analyzed as follows:

8.4 results from the co-located condition (rq 3 )

• User experience was operationalized by participants’ perceived social presence, based on the sub-dimensions “social presence” and “spatial presence” of the Temple Presence Inventory (TPI) questionnaire [166]. To
deepen our understanding of users’ experiences, we conducted a concluding, semi-structured interview. When asked if the participant would
like to perform the task again, we inquired into the participants’ preferred display configuration and the reasons for their choice. In our
interviews, we also elicited experienced benefits and disadvantages for
each display configuration. Data from the interviews were analyzed for
similar statements in the participants’ responses. Responses in the two
experiments (co-located and distributed) were analyzed separately following an affinity diagramming approach: First, similar responses from
each participant were clustered, and the resulting intra-participant clusters were labeled with a summarizing statement. Finally, similar labels
across all participants were clustered again, and the number of each of
the resulting inter-participant clusters’ elements was determined.
• Workload was measured using the NASA TLX [209] questionnaire.
• Team performance was measured based on task completion time. Implicit
spatial memory was operationalized as the number of trials it took the
collaborators to find all matches in. As in the previous study (Chapter 7), in the object positioning task, we measured the positioning error
of the cubes in relation to their original positions.
We report findings for the two experiments (co-located and distributed) separately. To indicate the display configuration we use subscript A for the condition using the AR display configuration and V for the condition using the VR
display configuration. To analyze for statistical significance, we used the nonparametric Wilcoxon signed-rank test and referred to the median (Mdn) if the
normal distribution was not given and for ordinal data. Otherwise, Student’s
t-test was used and mean values (M) are reported. Statistically significant
differences assumed an alpha < .05. Details on the statistical analysis are provided as tables in Appendix A.3.3. Quantitative results related to the object
positioning task are not reported in this Chapter because they do not extend
the insights gained from the results of the object identification task. They are
summarized in Appendix A.3.3.
8.4

results from the co-located condition (rq 3 )

There were 16 participants (9 female, 7 male), between 23 to 41 years of age
(M = 28.31, SD = 5.19), forming 8 dyads. Members of 6 dyads reported knowing each other. 10 participants were university students, 5 research assistants,
and 1 was a company employee. 6 indicated prior use of tablet computers
with an average usage frequency of 2.17, on a scale from 1 (very infrequently)
to 5 (very frequently). 3 participants reported prior experiences with AR applications, and 4 indicated prior experiences with VR applications.
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User experience
Analysis of Social Presence items (Figure 8.3a) did not reveal statistical differences between the study conditions (see Table A.17 in Appendix A.3.3.1
for details). Analysis of Spatial Presence items (Figure 8.3b) revealed that
participants rated the dimension comeToPlace (“How much did it seem as if
the objects and people you saw/heard had come to the place you were?”)
significantly higher in the AR condition. In addition, when asked whether
their “experience seemed more like looking at the events/people on a movie
screen (-3) or more like looking at the events/people through a window (+3)”
(screen–window, semantic differential), responses from the AR condition indicate a significantly higher tendency towards “Through a window.”
comeToPlace: MdnA = 0.50, IQRA = 2.25, MdnV = −2.00, IQRV = 2.00, Z = −2.55, p < .05;

screen–window: MdnA = −0.50, IQRA = 2.00, MdnV = −2.00, IQRV = 2.00, Z = −2.25, p < .05;

see Table A.17 in Appendix A.3.3.1 for details.

Condition
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VR

3

score (median)

2
1
0

−1
−2
−3
seeing/hearing interacting

leftPlace

togetherPlace talkedDirectly eyeContact

control

(a) User ratings related to social presence.
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screen−window

(b) User ratings related to spatial presence.

Figure 8.3: User ratings related to presence during co-located spatial referencing.

8.4 results from the co-located condition (rq 3 )

Workload
On average, participants’ overall workload was 43.75 in the AR condition
(IQRA = 25.20) and 38.58 in the VR condition (IQRV = 22.70; Figure 8.4). There
were no significant differences between the two study conditions in either
overall workload or any sub-dimension (see Table A.18 in Appendix A.3.3.1
for details).
Condition

AR

VR

100

score (median)

80
60
40
20
0
overall

mental

physical

temporal

performance

effort

frustration

Figure 8.4: User ratings related to workload in the object identification task.

Team Performance
On average, to complete the task, it took the dyads 344 seconds in the AR
condition (IQRA = 117.26 s) and 371 seconds in the VR condition (IQRV =
61.48 s; Figure 8.5a). There was no significant difference between the task
completion times of the study conditions (see Table A.19 in Appendix A.3.3.1
for details). On average, to find all matches it took the dyads 17.50 trials in
the AR condition (IQRA = 3.00) and 16.00 trials in the VR condition (IQRV =
2.25; Figure 8.5b). The number of trials differed significantly.
Z = −1.98, p < .05;

see Table A.19 in Appendix A.3.3.1 for details.

User Experience data from concluding interview
Findings related to user experience result from a qualitative analysis of interview data and are summarized in Table 8.1. 9 participants preferred the AR
condition and 7 the VR condition. When asked about the positive experiences
associated with the AR condition, participants mentioned general positive sensations (n=9) that this condition evoked, for example, that “it was easier to
solve the task” (#3a), that it was “more enjoyable” (#6a), “more pleasant”
(#8a), and “more appealing” (#3b). Also, participants enjoyed having more
reference points (n=13) provided by the physical environment when working
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Figure 8.5: Team performance.

in the AR condition. These reference points improved orientation (n=6) in the
environment according to the participants’ quotes, e.g., “the mental split was
smaller“ (#3b), “you didn’t have to stare into the display all the time” (#2b),
and ”physical navigation was easier” (#2a). Physical reference points on the
display also helped to better assign the task objects (n=5). Also, physical references were used to better coordinate actions (n=2). One participant stated:
“When I saw the real objects, I sometimes found it easier to coordinate ourselves . . . we actually always discussed with the real objects, it was cool when
there were more objects in the room“ (#7a). One participant (#3) valued the
visibility of the collaborator stating it to be “pleasant” and “helpful” to see the
other collaborator on their display.
Reporting negative experiences associated with the AR condition (n=4), participants mentioned that they felt distracted (n=4) by the physical objects of
their environment, and stated that “the many objects were irritating” (#4a),
and “fewer objects might have been more beneficial” (#6a). Also, one participant “found it confusing to see [the collaborator] on [his] display” (#4b), and
another one stated that “it seemed a bit odd, e.g., when [the collaborator]
stood in that plant” (#6b).
When asked about the positive experiences associated with the VR condition, participants mentioned generally positive sensations (n=4) that this condition evoked, for example, that it was “easier to solve the task” (#1a), that
“it looked nicer” (#2b) and was “more homogeneous” (#1b). One participant
(#2a) mentioned that he “could become immersed more easily” when working in the VR condition. Besides, participants valued the tidiness and reduction
of information (n=6) in the VR condition, claiming that this made it easier to
focus on the important aspects. One participant said: “What was important
were the spatial relations of the virtual objects and not the environment. We
actually talked about virtual things only — plant, shelf, etc.” (#4a) Also, the
reduction of objects in the VR condition “made it easier to spot the cubes,
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because [participants weren’t] distracted” (#3a). One participant stated that
“fewer reference points means you focus more intensely on them” (#6a) and
another added that “when there were fewer reference points, I could remember them well” (#6b).
Table 8.1: Summary of participants’ positive (+) and negative (−) experiences in relation to the display configuration.
conf.

experience

AR

Preferred by 9 participants

VR

+ positive sensations (n=9), e. g., “easier,” “enjoyable,” “pleasant.”
+ more references (n=13), orientation, coordination, and mapping of obj.
− distraction (n=4), e. g., “irritating,” “confusing,” “odd.”
Preferred by 7 participants
+ positive sensations (n=4), e. g., “easier,” “nicer,” “homogeneous.”
+ tidiness and reduction (n=6), better overview and focus
− orientation (n=1), because of few reference objects.

151

how does the display configuration shape spatial referencing?

results from the distributed condition (rq 4 )

8.5

There were 16 participants (7 female, 9 male), between 19 to 37 years of age (M
= 27.81, SD = 5.12), forming 8 dyads. Members of 7 dyads reported knowing
each other. 6 participants were university students, 2 assistant lecturers, 7
research assistants, and 1 chief financial officer. 10 participants indicated prior
use of tablet computers, with an average usage frequency of 3.11 on a scale
from 1 (very infrequently) to 5 (very frequently). 5 participants reported prior
experiences with AR applications, and 6 indicated prior experiences with VR
applications.
User experience
Analysis of Social Presence items (Figure 8.6a) revealed that participants
rated the item seeing/hearing (“How often did you have the sensation that
people you saw/heard could also see/hear you?”) significantly higher in the
AR condition. Analysis of Spatial Presence items (Figure 8.6b) did not reveal
*
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Figure 8.6: User ratings related to presence during distributed spatial referencing.
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statistical differences between the two study conditions (see Table A.23 in
Appendix A.3.3.3 for details).
seeing/hearing: MdnA = 2.00, IQRA = 1.00, MdnV = 2.00, IQRV = 0.50, Z = −2.23, p < .05;

see Table A.23 in Appendix A.3.3.3 for details.

Workload
On average, participants’ overall workload was 40.83 in the AR condition
(IQRA = 18.54) and 39.66 in the VR condition (IQRV = 11.66; Figure 8.7). There
were no significant differences between the two display configurations in either overall workload or any sub-dimension (see Table A.24 in Appendix
A.3.3.3 for details).
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Figure 8.7: User ratings related to workload.

Team Performance
Team performance was measured based on task completion time and the number of trials to find all matching pairs of cubes. In the AR condition, it took
the dyads 388.37 second (SDA = 121.32 s) to complete the task and in the
VR condition 368.25 seconds (SDV = 103.73 s; Figure 8.8a). There was no significant difference between task completion times of the two conditions (see
Table A.25 in Appendix A.3.3.3 for details). In the AR condition, it took the
dyads 18.25 trails (SDA = 3.01) to find all matches and 17 trails (SDV = 2.07,
Figure 8.8b) in the VR condition. Results did not differ significantly (see Table
A.25 in Appendix A.3.3.3 for details).
User Experience data from concluding interview
Findings related to user experience result from a qualitative analysis of interview data. 8 participants preferred the AR condition and 8 preferred the VR
condition. When asked about their positive experiences associated with the
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Figure 8.8: Team performance during distributed spatial referencing.

condition, participants mentioned generally positive sensations (n=3) that
this condition evoked, for example, that “it felt more immersive, more natural”(#10a) and “seemed more real”(#14a). Further, they mentioned that “the
experience of being inside was stronger” (#14b) and that working in the AR
condition is “not a huge step from everyday life” (#10a). Also, participants
valued the display of the physical environment as it supported a better orientation (n=8) than the VR condition, because “there were so many more elements
I could refer to” (#9a) and participants “could use the environment [to] work
a lot with relations” (#16a). One participant explains: “Sometimes you could
refer to the real background. I searched for reference points, in my case I
included objects from the real world” (#11a). Furthermore, participants reported that the visibility of the physical environment on the tablet gave them
the opportunity to avoid collisions (n=3) with physical objects, because “it was
easier to see obstacles” (#16b). One participant explains: “I prefer seeing the
real objects, so that I do not run into them, or collide with them” (#15b).
Reporting negative experiences associated with the AR condition, participants mentioned the problem of being in different physical environments (n=8),
causing them to “wonder whether [the collaborator] moves at a different scale
because [his] room seemed to be larger” (#14a). One participant described a
situation when his collaborator referred to a door, he “didn’t know [the collaborator’s] room so I didn’t know that there was a door, but in my room,
there was no door” (#9a). Participants mentioned that seeing different physical environments on their tablets was confusing, stating that “it took me a
minute to realize, that I couldn’t use [the physical objects] in our conversation.” (#9b) and “if [my collaborator] says this chair, I don’t see it” (#10b). One
participant explains that “at first I thought I’d have more reference points,
. . . but then I realized that they were of no use because only I could see
them” (#14b). Reporting how to overcome this obstacle, another participant
explained that “it confused me because we saw different real things, so I to-
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tally shut up about the things that were real and focused on things that were
not real” (#12b).
When asked about the positive experiences associated with the VR condition, participants mentioned, that the virtual environment provided them
with practical constraints (n=3). Participants stated that they “felt that the virtual room was smaller” (#11b) than the physical room, and thus they “knew
that beyond [the virtual walls] there could be no more objects”(#9a). Some
participants also mentioned a higher degree of immersion and estimation possibilities (n=3) as positive aspects of the VR condition, reporting that “it seemed
easier to estimate where things were [and] it was easier to estimate the depth
of the virtual room“ (#13a). Concerning a higher degree of immersion, participants reported being “way more in that world [as] it really allowed me to
dive in . . . I think we performed better” (#11a). Furthermore, participants valued the tidiness and reduction of information (n=3) in the VR condition, stating
that “in this (virtual) room there was less distraction, less going on” (#14b).
The “clear structure [was perceived] less distracting” (#15a) and “provided a
better overview” (#16a). Also, participants mentioned benefits about the unity
of environments (n=2), stating that “[we] see the same things” (#12b) in the VR
condition. In comparison to the AR condition, “it was easier if you’re in the
same room” (#14a) and participants realized that conversations like ”. . . ‘next
to my jacket’. . . ‘which jacket?’. . . ‘at the table’. . . ‘what table?”’ (#14a) did not
occur in the VR condition.
Reporting negative experiences associated with the VR condition, participants reported the problem of collision (n=3), reflected in statements like
“I ran into a chair, because I focused on the display” (#11a) and “I was
afraid to run into something, because you don’t really see what’s in front

Table 8.2: Summary of participants positive (+) and negative (−) experiences in relation to the display configuration.
conf.

experience

AR

Preferred by 8 participants

VR

+ positive sensations (n=3), e. g., “immersive,” “real,” “being inside.”
+ better orientation (n=8) due to physical elements.
+ avoid collision (n=3) because physical elements on-screen.
− different physical environments (n=8)
Preferred by 8 participants
+ constraints (n=3), providing clear boarders of the work space
+ immersion and estimation (n=3),
+ tidiness and reduction (n=3),
+ unity of environments (n=2),
− collision (n=3),
− unification of environments (n=2),
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of you” (#13a). Furthermore, two participants mentioned problems in unifying the two environments (n=2), stating that in the VR condition they “had to
think first where to go” (#16b). One participant explained that “it was not
as if I was always entirely in a different world. However the difference was
more extreme if I shifted my focus away from the display and saw the real
environment” (#14a).
8.6

discussion and limitations

The discussion of results is structured according to the initial research questions.
Q1 Do different display configurations influence collaborators’ experiences?
According to H1 co-located collaborators prefer the AR display configuration
because the integration of virtual objects into their physical environment facilitates natural collaboration [140]. Also, being co-located, collaborators can
make use of spatial references in their physical environment. Furthermore,
co-located collaborators gave higher ratings in favor of the AR condition for
the spatial presence dimensions comeToPlace (“How much did it seem as if the
objects and people you saw/heard had come to the place you were?”) and
screen-window (“The experience seemed more like looking at the events/people on a movie screen (-3) or more like looking at the events/people through
a window (+3)”). These ratings show that the AR display condition is more
closely related to the sensation of spatial presence. When asked about their
preferred study condition, however, results suggest that there is no clear preference of co-located collaborators towards any of the two display configuration (9 preferred AR and 7 preferred VR). Hence, a higher sensation of spatial presence does not necessarily correlate with users’ preferences. Results
from the concluding interview (Table 8.1) gave more insights into how participants experienced each condition and possible reasons behind their preference ratings. In general, most participants associated the AR condition with
several, general positive attributes such as “easier,” “enjoyable,” “pleasant,”
and “appealing.” Besides, some valued the presence of physical reference
points being displayed on the tablets. Others, however, referred to this feature in a more negative way, stating that the physical objects were distracting
(e.g., “confusing,” “irritating, ” “odd”). For those participants, the VR condition was characterized as being more “homogeneous,” and providing a better
overview because of the reduced information and its tidiness, allowing them
to better focus on the task. These nonuniform reports suggest that participants were able to engage with the display conditions differently and with
different motives: Some considered the task to happen in the physical world,
appreciating the natural collaboration it offers (such as face-to-face communication) and thus included the physical environment as part of the overall
experience, others interpreted the task as a digital one focusing on the virtual
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aspects only and thus seeking to engage with the virtual world to be able to
better focus on the virtual task objects. Thus, referring to Q1 , participants experienced the display configurations differently but not in the sense that they
generally preferred the AR condition. Instead, results of co-located condition
indicate that participants’ preferences were polarized towards either of the
two display configurations. H1 , that co-located collaborators prefer the AR
display configuration, therefore, needs to be rejected.
According to H2 , distributed collaborators prefer the VR condition because
it provides them with more useful references. Regarding the findings of the
distributed condition related to social presence, however, participants gave
a higher rating in favor of the AR condition in the dimension seeing/hearing (“How much control over the interaction with the person or people you
saw/heard did you feel you had?”). This raises the question of what leads
to an increase of social presence? During the distributed collaboration, collaborators in the VR condition could see a shared virtual environment on
their tablets and an individual physical environment that surrounded them
whereas with the AR condition they could see their individual physical environments both on screen and off-screen. Seeing one’s individual physical
environment on the tablet (AR condition) may then be the decisive factor for
higher social presence rather than having a shared yet virtual environment
display on the tablets (VR condition). When asked about their preferred study
condition, results suggest that there is no clear preference of distributed collaborators towards either of the two display configuration (8 preferred AR
and 8 preferred VR). As in the co-located condition, a higher sensation of
social presence does not necessarily correlate with user preferences. Results
from the concluding interview in the distributed condition (Table 8.2) gave
more insights into how participants experienced each display configuration
and possible reasons for their preference ratings. For example, participants
reported the AR configuration to be more immersive, real, or raising the sensation of “being inside.” Further positive attributes to the AR condition refer to the provision of better orientation and that it would prevent possible
collisions with physical objects. Participants, however, raised concerns that
were related to the high significance of the physical environment and that
this was the cause for confusion given that the physical environments were
individual. On the other hand, participants valued the VR condition as providing “unification of environments.” Further positive attributes include the
tidiness of the environment and the provision of spatial constraints. As negative aspects, they mentioned the risk of collision and the unification of environments. Two interesting findings related to the “unity” of environments
require further elaboration: Participants in the distributed condition realized
the problems that the individual physical environment caused and stated it
as a negative aspect of the AR condition. Thus non-unification of the physical environment was a problem that became apparent in the AR condition.
Exactly this non-unification of the physical environment was reduced when
participants could engage with the VR because it provided them a shared,
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hence “uniform” environment. This advantage, however, was only reserved
for those who could engage with the virtual environment provided in the VR
condition. For other participants, whose attention was on both the tablet (and
the virtual environment) and off-screen (the physical environment) another
unification problem occurred between these two worlds: Those who could
not fully engage with the virtual environment that the VR provided but also
paid attention to their physical environment, automatically tried to match the
virtual environment with the physical one. Results show that the visibility of
physical space is important for individuals even though individuals notice
that it may not be beneficial to coordinate collaborative efforts, suggesting
a trade-off between these two aspects. Moreover, the ability to engage with
the virtual world (which might be more beneficial in a distributed setting)
may be highly dependent from the proportion of virtual and physical information provided to the user and thus correlated with the field of view. Thus,
referring to Q2 , participants experienced the display condition differently but
not in the sense that they generally preferred the VR condition. Instead, results indicate that participants’ preferences were polarized towards either of
the two display configurations. H2 , that distributed collaborators prefer the
VR, therefore, needs to be rejected. For future research, the question arises
whether presence-related measures correlate with users preferences. For that
matter, other conceptualizations of “presence” and associated questionnaires,
should be taken into consideration.
Q2 Do different display configurations influence collaborators’ workloads?
According to H3 , the workload of co-located collaborators is lower whit the
AR condition, and according to H4 , the workload of distributed collaborators s is lower whit the VR condition. Results related to workload between
the two display conditions, however, did not differ significantly. H3 and H4 ,
therefore, need to be rejected. Given that participants experienced the same
display configuration very differently and that some engaged more with the
physical and others with the virtual world, these differences may explain that
workload did not differ significantly between the display configurations. Future research is necessary to analyze what specific design aspects of the AR
and VR display configuration influence collaborators’ experiences and how
these experiences influence their perceived workload.
Q3 Do different display configurations influence team performance?
According to H5 , co-located collaborators perform better when using the AR
condition, whereas H6 suggests that distributed collaborators perform better
when using the VR condition. Regardless of the spatial dispersion of collaboration, all performance-related measures were in favor of the VR condition.
For example, in the co-located condition, it took the dyads significantly fewer
trials to find all matches. One reason could be that it was easier for the collaborators to recall the positions of the task objects because the virtual environment provided a simplified interior design. Findings from the qualitative data
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of both spatial conditions support this explanation in the sense that collaborators appreciated the tidiness and the reduced amount of visual information
of the virtual environment. Thus, referring to Q3 co-located collaborators did
not benefit from the AR display configuration: concerning the number of trials, team performance in the co-located condition was even lower in the AR
display condition. H5 , co-located collaborators perform better when using the
AR condition, hence, needs to be rejected. Team performance of distributed
collaborators did not benefit from the VR condition as hypothesized. H6 , that
distributed collaborators perform better when using the VR condition, then,
needs to be rejected, too. The fact that team performance related measures,
however, were generally in favor of the VR condition gives rise to questions
of whether a larger sample size might have yielded a statistical difference in
favor of VR.
8.7

implications for future research

With the goal of improving handheld, AR-based collaboration, this study investigated how the display configuration (AR vs. VR) influences co-located
and distributed collaborators’ experiences, workload, and team performance.
Results indicate that:
• participants’ ratings related to social presence and spatial presence are
in favor of the AR condition,
• participants’ experiences and preferences were polarized towards the
two display configurations,
• participants’ workload did not differ significantly between the study
conditions,
• team performance only differed in the numbers of trials in favor of the
VR condition when collaborators were co-located.
Regarding practical implications, these findings suggest that there is no generally preferred configuration of handheld displays due to participants’ polarized preferences. Collaborators can, however, be provided with their individually preferred display configuration. Thus, when their preferences differ from each other imply a “mixed-space collaboration” [98]. Such mixedspace settings may be beneficial for scenarios based on asymmetric collaboration such as remote assistance (e. g., during navigation instructions [98]),
but for symmetric scenarios, mixed-space collaboration may not be suitable
(e.g., when collaborators work co-located). Future studies should, therefore,
address the following question:
Qf1 How suitable is a mixed-space collaboration with handheld devices for
symmetric collaboration?
Results indicated that, on the one hand, participants who preferred the AR
the configuration justified their choice by indicating that they had difficulties aligning the virtual room as provided by the VR configuration with their
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physical environment. On the other hand, participants who favored the VR
configuration indicated that they felt distracted by the physical environment
being displayed in the AR configuration. As a reason, they indicated that it
would keep them from concentrating on the virtual objects. Thus, for cases
where task-related requirements do not determine the display configuration,
a transitional interface, such as the MagicBook [18] could be offered. Transitional interfaces would enable the collaborators to chose and dynamically
adjust the display configuration according to their needs and preferences,
raising the following question:
Qf2 Are there benefits for using transitional, handheld displays for co-located
and distributed collaboration over static AR or VR configurations?
Addressing this question, however, should take into account that transitional
interfaces may result in mixed-space collaboration (when collaborators use
different configurations at the same time).
Study results revealed several reasons behind participants’ preferences.
These reasons enable concluding about the design of same space collaboration
(where both collaborators use the same display configuration). For example,
the AR advocate appreciates a large number of available reference objects provided by the physical environment. Therefore, the VR configuration could be
adjusted in such a way that it offers more referencing options–few enough
for VR advocates to conserve their perceived tidiness, and in a sufficient number for the AR advocate. This way the AR advocate’s costs of not using the
preferred display configuration could be reduced. The study of such design
trade-offs can be formulated as future research questions as follows:
Qf3 What are the properties of the shared workspace that determine taskspecific metrics (such as user experience and performance metrics)?
How can these properties be adjusted to maximize specific metrics?
As for the metrics of collaboration, future work should study the relationship
between users’ individual preferences and other team-based, and performancerelated metrics. For example, due to the limited sample size, results of our
study could not provide clear answers to the question of whether personal
preferences correlate with team performance. Similarly, the study revealed
that it took participants fewer trials in the co-located, VR condition to find all
matches. However, it leaves open the question of whether fewer trials have
to be attributed to better (individual) spatial memory, or to more effective
communication, or both. Thus, the findings can only suggest that VR may
be the better choice, regardless of participants’ preferences. Therefore, future
studies using a higher sample size should address the following question:
Qf4 How do subjective measures relate to team-based measures such as
team performance?
Within the study, a symmetric task was chosen for collaboration. Thus, results primarily apply to symmetric settings. Moreover, the task-specific attributes such as the type of task objects or how often the task requires them
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to shift their gazes between the on- and offscreen area may have further influenced what people perceived and experienced. Thus, the relation of tasks
and how the task-related properties influence both individual experiences
and team-based performance should be studied, addressing the following
research question
Qf5 How do different types of tasks influence individual experiences and
team-based performances?
Finally, a limitation of the study refers to the generalizability of the findings.
In both spatial conditions, collaborators used handheld devices as tools to
support collaboration. Handheld devices provide a particular kind of AR and
VR experience, as AR and VR content is limited to a very narrow field of view.
The massive amount of visual offscreen information, such as the physical environment and the other collaborator (in the co-located condition), may then
have heavily influenced participants’ preference (see, e. g., [130, 233, 239]).
Thus, participants polarized opinions towards the AR and VR configuration
may not necessarily apply to displays that cover a more substantial amount
of the visual field.
8.8

conclusion

This study investigated the influence of display configuration (AR and VR) of
handheld AR devices on co-located and distributed spatial referencing, focusing on user experience, workload, and team performance. Findings show that
participants’ experiences and preferences were polarized towards the two display configurations: Participants favoring the AR configuration valued this
condition because of the physical environment and its numerous referencing
options being displayed on their tablets. These participants also negatively
mentioned that the VR configuration would induce them to align its virtual
environment with their physical environment mentally. Participants favoring
the VR condition, in contrast, valued its reduction of visual information and
the provided ability to focus on the task and the associated task objects. Furthermore, the VR configuration showed performance benefits for co-located
collaborators. Regardless of the dispersion of collaboration, participants’ subjective evaluation of workload, however, did not differ significantly between
the two display conditions. These findings indicate that, regardless of the
spatial distribution of collaboration, there is no distinct display configuration
to be chosen in collaborative scenarios. Findings, however, give rise to several research questions to be addressed to understand the use-case tradeoffs
for the design of handheld AR devices to support co-located and distributed
spatial referencing.
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Part III
CONCLUSION
This part concludes this thesis. Chapter 9 provides a thesis summary and an overview of the research contributions. Chapter 10
reflects on the assumptions and decisions on which this research
is based and how they limit the generalizability of research findings. Additionally, this chapter expands on the conducted research
and discusses future research directions to support collaborative
activities in ARs.
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This work is motivated by the observations that AR technology increasingly
supports collaborative, spatial tasks, and that ARs do not necessarily support
collaborators’ spatial conversations during such tasks sufficiently. Thus, Section 1.1 summarizes the overall goal of this work as the following statement:
With the goal of informing interaction designers, this thesis studies how the composition of ARs can facilitate collaborative, spatial
activities.
Accordingly, Section 1.2 defines the superordinate research question as:
How do we design collaborative ARs to support co-located and distributed collaborative activities that involve spatial referencing?
At the beginning of this work (Section 1.1), two possible solutions are suggested to support collaborators’ spatial conversations:
P1 Provide additive, shared virtual landmarks in AR.
P2 Use a VR display configuration that integrates the task objects into a
shared, virtual environment.
The scope of this work was then further specified concerning the considered
collaborative spatial activity (spatial referencing), properties of collaboration
(e. g., the studied group size amounts to two), and the specific technology of
the collaborators (handheld AR displays). Within the resulting research scope,
four research questions (RQ1–4 ) were formulated. To address the thesis goal,
four research objectives (O1–4 ) were defined that specify the actions to be
taken. By addressing the four research objectives, this thesis makes three contributions (C1–3 ).
Section 9.1 summarizes the Theoretical Foundations and the Empirical Studies. This section also concentrates the main outcomes of the Theoretical Foundations (O1 ). The findings of the Empirical Studies directly relate to the thesis
contributions and are discussed in Section 9.2.
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9.1

thesis summary

The first part of this work represents the theoretical foundations and aims at
substantiating the design of the propositions (O1 , see Table 9.1 ). According
to the defined research scope, Chapter 2 analyzes spatial referencing, related
cognitive and linguistic processes, and resulting requirements for the design
of ARs to support spatial referencing. Chapter 3 introduces Augmented Reality, the technology considered in this thesis. It classifies AR as an interaction
style, discusses the technological characteristics of handheld AR displays and
how they relate to the quality of the viewer’s AR experience. Moreover, this
chapter presents several application areas that involve spatial referencing in
conjunction with handheld AR displays. Chapter 4 consults design-sensitizing
theories in Human-Computer Interaction (HCI) with the goal of analyzing the
design space of AR displays concerning spatial referencing and informing the
design of the two propositions.
The second part reports on the empirical studies that evaluate the propositions. This part starts with Chapter 5 which illustrates how the concrete
propositions are implemented within a testbed environment (O2 ). This approach enables the efficient evaluation of the propositions by addressing their
associated research question in several controlled lab experiments. Chapters
6, 7, and 8 report on these experiments, and what implications are derived for
the design of ARs (O3 ) and for future research (O4 ) to support collaborative,
spatial activities in ARs.

9.2

research contributions

By addressing the four research objectives, this thesis makes thee empirical
research contributions.
9.2.1 Contribution 1: Provides a better understanding of how the propositions shape
synchronous, co-located, and distributed spatial referencing.
This contribution arises through the integration of findings from the individual experimental studies. Results of the studies that address RQ1 and
RQ2 and investigate Proposition 1 (the provisioning of shared, virtual landmarks), indicate that this proposition positively influences spatial referencing: When shared, virtual landmarks were provided, participants used less
basic relations and made extensive use of the landmarks as reference objects.
The reduction of basic relations in conversation is desirable because they
are imprecise and, thus, prone to misinterpretation (see Section 2.2). Furthermore, collaborators generally favored the study condition that included the
shared virtual landmarks, reporting an increase in user experience. In both
spatial conditions, the presence of landmark objects involved further positive
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Table 9.1: Summary of the Theoretical Foundations based on the chapter-specific
guiding questions.
Chapter 2
What requirements does spatial referencing place on the design of the propositions?
– Minimize the use of basic relations.
– Provide landmarks as reference objects.
– Provide landmarks with high referencing affordance.
– Provide landmarks that fit into collaborators’ vocabulary.
– Provide landmarks with intrinsic coordinate systems.
– Landmarks should distinguish themselves from the task objects.
Chapter 3
How does the literature classify AR as an interaction style?
– AR represents a post-WIMP technology which is commonly contrasted with VR.
– The AR design space is versatile concerning the technology’s visualization capacities and
compatibility with Ubiquitous Computing.
– Co-located AR collaborators can benefit from simultaneous interaction with their shared
workspace and their communication space.
– Distributed AR collaborators can benefit from view-port sharing and simultaneous access
to a synchronized workspace.
What are the technological characteristics of handheld AR displays and how do they
relate to the quality of the AR experience?
– Handheld AR displays are flexible and represent the most widespread AR display type.
– They provide a limited field of view into the AR space and limited immersion when
compared to AR HMDs.
– They provide only limited physiological depth cues.
– They can provide psychological depth cues. For example, when landmarks represent
real-world objects with realistic sizes, they can support distance estimation.
In what areas of life does spatial referencing in conjunction with handheld AR displays
occur?
– In education and training, construction and architectural simulation, visual data analysis, and remote assistance.
Chapter 4
What are the implications of HCI theories on the design of the propositions?
– The propositions should be designed with the goal of increasing spatiality.
– The landmarks (Proposition 1) should mimic the appearance and the behavior of realworld objects to provide the collaborators a natural experience when interacting with
the AR environment.
– The virtual environment (Proposition 2) should incorporate Proposition 1 to feature
further key spatial attributes.
– Distributed ARs should feature an avatar of the respective remote collaborator to allow
the collaborators to reason about each other’s perspective.
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side-effects on the participants’ coordination capacities: For example, some
participants who started with the landmarks condition also referred to the
landmarks in the second iteration of study task, when the landmarks were
not displayed anymore. Similarly, when participants of distributed teams did
not observe each other’s actions, some of them could recap the situation by
referring to a virtual landmark that was nearby the missed event. Landmarks
then served as reference points to exchange episodic information.
When the collaborating participants were co-located, Proposition 1 reduced
their subjectively perceived workload in the object identification task and improved their spatial memory accuracy in the object identification task. Furthermore, during co-located, spatial referencing, participants indicated that
their physical environment played only a minor role in both their perception
and communication behavior.
When the participants collaborated from different rooms, Proposition 1 did
not reduce their perceived workload. This can be explained by participants’
responses to the interview questions: When asked how virtual landmarks influenced their communication, some participants reported that they first had
to be clear on whether an object is suitable as a reference object before the
initiation of a conversation with their partner. This conflict was defined as
the cognitive ambiguity problem (see Chapter 7). Hence, the positive effect resulting from the availability of the landmarks as reference objects may have
been partly eliminated by additional mental computation involved with the
cognitive ambiguity problem. Moreover, unlike the co-located participants, the
distributed participants did not benefit from Proposition 1 concerning their
memory accuracy. One explanation is based on two assumptions: 1) the respective other participant’s location plays a central role when judging the
locations of virtual objects from a specific perspective, and 2) participants
overestimate the distances of virtual objects [244]. The distributed participants were provided with a basic, virtual representation of each other only,
which might have caused an overestimation of the distances of virtual objects
in general, i.e., the task objects, landmarks, and player representations.
Another vital aspect that contributes to a better understanding of collaborators’ needs during distributed, spatial tasks in ARs concerns the identified
strategies and possible problem situations (see Section 7).
In summary, findings related to RQ1 and RQ2 validate Proposition 1, i.e.,
the provisioning of shared, virtual landmarks. Moreover, integrating the results from associated experiments suggest two things: First, Proposition 1 can
involve adverse side effects for distributed collaborators (e. g.., the cognitive
ambiguity problem, see Chapter 7), and second, in the perception of distributed
collaborators, the physical environments is more significant, which may be
caused by the problem scenarios that the disparity of their individual and
shared cognitive environments involves.

9.2 research contributions

The evaluation of Proposition 2 (embedding the task objects into a shared virtual environment; RQ3 , and RQ4 ), indicates that participants’ opinions about
this proposition were polarized. Proposition 2, however, improved team performance of co-located participants concerning the number of trials it took
to find all matches. Regardless of the spatial dispersion of collaboration, participants often attributed Proposition 2 with the tidiness and reduction of the
displayed environment and an increased focus on the task and the task object. But because participants’ attitudes towards the task differed (e. g., some
saw in it a playful experience that doesn’t require them to focus that much),
their opinions towards the two display configuration were polarized. Moreover, the two associated studies revealed the problem of co-existing cognitive
environments: When participants worked in distributed ARs, some criticized
the disparity between their physical environment and the shared, virtual objects, whereas, for the VR configuration, others criticized the general disparity
between the shared, virtual environment onscreen and their physical environment offscreen.
In summary, the evaluation of Proposition 2 revealed that co-located collaborators might benefit from a VR display configuration. The participants’ opinions, however, were polarized towards the propositions and the AR display
configuration. Thus, instead of validating Proposition 2, the studies revealed
valuable insights into participants’ motives. These motives and the derived
research questions should be subject to future research to understand the usecase tradeoffs for the design of handheld AR devices to support co-located
and distributed spatial referencing.
9.2.2 Contribution 2: Provides a set of design guidelines on how to support collaborative activities in AR that involve spatial referencing.
As illustrated in Chapter 2, spatial referencing typically occurs as an element
of a higher level task. In this work, two tasks—object identification and object positioning—were chosen as the higher level tasks of spatial referencing.
Accordingly, the design guidelines (DGs) do not exclusively relate to the improvement of spatial referencing, but also to the two tasks.
DG1 Provide landmarks to support spatial tasks that involve spatial referencing. (Chapters 6 and 7)
Studies validate Proposition 1. Thus, to support collaborative spatial tasks in
both AR and VR, sufficient shared landmarks need to be provided.
DG2 Provide landmarks that meet the identified landmark requirements.
(Chapters 2, 6, and 7)
In addition to the landmark requirements identified in Chapter 2 (see also
Table 9.1) only objects with unique names should be used as landmarks to
avoid referencing ambiguities with other potential reference objects.
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DG3 Allow the deactivation of virtual landmarks. (Chapter 7)
Depending on superordinate tasks within which spatial referencing occurs,
the ratio between virtual landmark objects and task objects may vary. This
may lead to the occlusion of the task objects by the landmark objects. Thus,
collaborators should have control over the activation and deactivation of virtual landmarks.
DG4 Constrain the active workspace. (Chapter 7)
Distributed AR collaborators may especially benefit from distinct constraints
that separate the active, i.e., shared, part of their workspace from the individual and thus irrelevant part. Moreover, constraints represent a key spatial
property that increases the spatiality of the shared workspace.
DG5 Discretize the workspace. (Chapter 7)
The discretization of the shared workspace increases its spatiality. Moreover,
especially for object positioning tasks, superimposing a virtual grid on the
workspace facilitates efficient spatial conversation and may reduce Remote
Maneuvering commands. Furthermore, the discretization may also influence
individual cognition positively: Grids provide frames of references, and human spatial cognition stores information about an object’s location in relation
to such frames (see Section 2.1). Hence, adding a grid may increase collaborators’ spatial memory accuracy.
DG6 Position landmarks near peripheral task objects. (Chapter 7)
Depending on the distribution of the task objects and on the AR display type,
there may be visual outliers within the workspace, which are outside collaborators’ typical field of view, i.e., above their heads. In such cases, landmark
objects can act as attractors, which guide collaborators’ gaze into the direction of the peripheral task objects.

DG7 Enhance collaborators’ perceptibility of changes in the AR environment.
(Chapter 7)
Mobile AR displays provide collaborators freedom of physical movement during spatial tasks. Physical navigation favors embodied interaction on the one
hand, but it also may lead to specific spatial relations of collaborators viewing
directions, e. g., when they have their backs to each other, which limits their
awareness of the respecting other collaborators’ actions and the resulting
events in the workspace. Especially distributed collaborators, whose sense
of presence of each other is limited, may benefit considerably from such an
enhancement.
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9.2.3 Contribution 3: Informs future research to support AR-based, collaborative
activities that involve spatial referencing.
The studies that investigate how the propositions shape collaborative activities that involve spatial referencing have yielded new research questions,
which should be subject to future research. The following compilation lists
the most relevant future research questions (Qfs) that Chapters 6, 7, and 8
generate.
Qf1 How does the degree of photorealism of the virtual landmark objects
influence collaborators’ conversation and their perception of the task
objects? Should the degree of photorealism be changed when collaborators work with physical task objects? (Chapter 6)
Participants indicated that the virtual landmark objects attracted more of
their attention than the physical objects in their environment did. According
to their explanation, this was a consequence of the virtual landmarks’ appearance, which they reported was clearly artificial, and, thus, similar to the task
objects. Hence, the effectiveness of the virtual landmarks can be attributed
to their artificial rendering. This raises the question of whether a photorealistic rendering is desirable, and, more generally, how the visual appearance of
the domain-specific task objects interacts with the appearance of landmark
objects.
Qf2 How to determine the ratio between the number of virtual landmark
objects and task objects? Is this ratio the same with an AR as with a VR
display configuration? (Chapters 7 and 8)
Depending on the type of task, the number of the task objects in the workspace differs and may even vary over time. Such a fluctuation raises the question of whether the landmark objects should adapt accordingly. Besides, such
consideration should be taken for both display conditions, AR and VR, individually.
Qf3 What other key spatial elements (such as grids) exist that support spatial referencing? How do their element-specific properties (such as grid
resolution) influence spatial referencing? (Chapter 7)
This work studies two propositions that aim at increasing spatiality and
thereby support spatial conversations among collaborators. However further
key spatial elements (such as grids) exist that increase spatiality. These elements, their specific properties (e. g., the grid resolution), and how they influence spatial conversations should be studied in future research.
Qf4 How can communication efficiency be measured? How is it affected by
the type and design of different key, spatial elements? (Chapter 7)
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This work investigates communication behavior concerning the frequency of
occurrence of different linguistic representations of spatial information. The
resulting quantification does allow for a qualitative evaluation of communication behavior but provides only limited insight into communication efficiency.
Future research should also take into account communication efficiency, because it represents a critical metric in some domains, such as operational
units in the security domain (see Chapter 3).
Qf5 How do different types of tasks influence individual experiences and
team-based performances? (Chapter 8)
Within this research, two turn-based tasks, object identification and objects
positioning, were designed to evaluate the propositions. Collaborative, spatial tasks and associated spatial conversations, however, can vary considerably depending on the application domain and the type of task. These task
characteristics may, for example, influence how often collaborators shift their
gazes between the on- and offscreen area. Thereby, the characteristic task influences how collaborators experience, perceive and interact with the AR- or
VR.
Qf6 How do subjective measures relate to team-based measures such as
team performance? (Chapter 8)
As for the metrics of collaboration, future work should study the relationship
between users’ individual preferences and team-based, performance-related
metrics. For example, the evaluation of Proposition 2 revealed that it took
participants fewer trials in the co-located condition to find all matches when
they used the VR configuration. However, it is unclear whether fewer trials
have to be attributed to better (individual) spatial memory, or to more effective communication, or both. (This is due in part to the limited sample size,
which is a limitation discussed in Section 10.1.)
Qf7 How suitable is a mixed-space collaboration with handheld devices for
symmetric collaboration? (Chapters 7 and 8)
The study that investigates Proposition 2 (Chapter 8) reveals that both display
configurations have individual benefits and that participants’ opinions are
polarized towards the two configurations. One implication on how to address
both preferences consists in providing each collaborator their desired display
configuration. Because collaborators do not necessarily have the same display
preferences, this freedom of choice may lead to mixed-space collaboration,
i.e., one collaborator using an AR configuration while the other uses a VR
configuration. Future research needs to study such constellations and assess
whether they represent an alternative to exclusive AR and VR solutions.
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This work is based on several assumptions and decisions. Some of them were
necessary to frame this research; others had to be taken for pragmatic reasons.
Section 10.1 reflects on these aspects and discusses how they limit the generalizability of research findings and, hence, the scope of the contribution.
Section 10.2 expands on the conducted research and discloses research directions.
10.1

reflection

The central assumptions of this work can be summarized as follows:
Two persons (either co-located or distributed) use handheld AR
displays to collaborate synchronously on a spatial task on virtual
task objects with a very similar or same appearance. Moreover, the
task requires them to exchange spatial information and AR does
not necessarily support spatial conversation sufficiently. Therefore, two possible solutions were proposed that support spatial
conversation and, hence, collaboration. These suggested solutions
were evaluated within controlled lab studies.
Both the assumptions and the research method entail several dependency factors that have implications for the generalizability of research findings and,
hence, the scope of the contributions.
First, as discussed in Section 3, the technology considered represents a specific AR implementation with individual qualities that influence the user’s
AR experience. Especially the limited field of view, which handheld displays
provide into the AR space, may strongly influence how users interact with AR
and VR environment, and how they collaborate. Thus, study results primarily
apply to handheld AR displays and not to AR displays in general. Especially
the evaluation of Proposition 2 (embedding the task objects into a shared, virtual environment) might have influenced by the limited field of view in the
AR space, which is specific to handheld AR displays. AR HMDs, for example,
provide a wider field of view and thus more immersion, and might, therefore,
have yielded a more evident tendency of the participants’ opinions towards
a single display configuration.
Second, this work assumes groups of two as the number of collaborators involved in spatial referencing. Groups of two are special when it comes to
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spatial conversations: The listener’s capacity to interpret spatial relations correctly depends, to some degree, on their ability to infer the speakers’ perspective. In groups of two, the listener can quickly identify the speaker and hence
derive the speaker’s perspective accordingly. With an increasing number of
group members, the identification becomes more difficult. This extra effort
becomes momentous when collaborators are distributed and affordances for
listening (see subsection 4.1.2), such as the localization of sound, are limited.
Third, the evaluation of the propositions is based on sample size, i.e., the
number of participants, which might have been too limited to detect possible
effects of the propositions. Evaluation of Proposition 2, for example, reveals
that task completion time and positioning error are in favor of the VR display
configuration. The analysis of these measures, however, did not yield statistically significant differences between the display configuration and should be
repeated based on a higher sample size.
Furthermore, the two designed tasks implement spatial referencing as a
turn-based task element. The turn-based nature provides a high degree of
control over the studies conditions and associated observations. The task design, however, ignores the fact that real-world tasks are typically less regulated and structured. Moreover, the task objects used are idealized concerning their appearance, and hence, the study of spatial referencing: task objects
were deliberately designed in such a way to look identical and thereby make
it impossible for the collaborators to refer to them by visual features such
as color or shape. The assumption of similar or same looking task objects
may apply to the real-world application areas discussed in Section 3.3 only
to some extent. Collaborators performing a real-world task may, therefore,
benefit from Proposition 1 (shared, virtual landmarks) not as much as they
do in the designed study tasks when they can also use other task objects as
reference objects. These aspects concern the ecological validity of the designs
of the controlled lab studies and suggest that, within a real-world situation,
participants might have behaved and performed differently. Given the fact
that spatial referencing represents a vital element of spatial tasks though (see
Chapter 2), however, implies that various application areas can benefit from
the research contributions.
10.2

research directions

This work is inspired by the vision of Donald Appleyard, an Urban Design
Professor. Appleyard sought to understand how the composition of humans’
living environments shape their experiences and interactions with the goal
of providing a predictive tool for architects and planners. The superordinate
goal of this work is to understand how the design of collaborative AR environments influence the AR collaborators’ experiences and interactions. This
thesis makes three modest contributions to this comprehensive goal which
raises the question of what steps future research should take.
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First, future research should modify the scope of this work by changing the
configurations of the research parameters (i.e., the proposition, the type of
AR technology, the type of spatial task, and the group size). For example, this
work focuses on the evaluation of two design propositions. The presented
theories in HCI, however, illustrate that collaborators’ task-specific communication needs can also be addressed in many other ways. Especially the framing of the design space as suggested by Hollan and Stornetta [116] and Gaver
[88] (Section 4.1) has proven instrumental in structuring the design space
and identifying AR propositions. Following Hollan and Stornetta’s [116] and
Gaver’s [88] approach, researchers should first identify the specific communication needs of the considered task. The goal of the second step refers to
the identification of a proposition. In this step, the target technology should
be analyzed concerning its affordances for collaboration and the mechanisms
they enable. Other HCI theories may then inform the concrete design of the
propositions. Besides alternative propositions, future research should also
study different configurations of the other research parameters, such as different group sizes and different AR display types. Because these parameters
are interdependent, each combination may reveal different communication
needs which have to be addressed with individual propositions.
Second, as part of its contribution, this work has identified future research
questions based on the empirical studies (Subsection 9.2.3, C3 ). Primarily, the
future research questions that refer to Proposition 2 should be considered to
contribute to a better understanding of how different display configurations
influence collaboration and individuals’ experiences.
Third, future research should study real applications in-the-wild [122], i.e.,
in a real-life context. This approach complements the chosen research method
and allows determining how people use technology in situ. Therein, it would
be possible to generate findings with a higher ecological validity. Especially
when AR propositions are designed for embodied interaction, their study can
benefit greatly from such an approach: Designing for embodied interaction
implies focusing on the users’ real-world social context (Chapter 4) and this
context may not be fully synthesized within research labs. Besides, recent
developments (e. g., advancements in tracking technologies and the ongoing
proliferation of devices with AR capabilities such as smartphones) give rise to
the assumption, that ARs may, in fact, become ubiquitous as envisioned by several researchers (Section 3.1). Such a scenario and its technical requirements
were inspired by the testbed environment (Chapter 5) and presented at CrossSurface: Workshop on Interacting with Multi-Device Ecologies in the Wild [199]:
Bob (an architect) and Alice (a civil engineer) are involved in
an architectural project that aims at constructing a new central
station. They meet at Alice’s office to discuss Bob’s latest drafts
of the barrier-free main entrance. As Bob enters Alice’s office, his
tablet notifies him that an Area Description File (ADF) is available
for the current environment. After the ADF has loaded, he looks
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on his tablet and sees a virtual construction site laid out in Alice’s
office. Alice is standing in front of the window where the main
entrance is supposed to be placed on the site. Bob opens the local
folder on his tablet where he stores his drafts. He walks towards
Alice and positions his 3-D draft, which is now a part of the [AR]
environment and thus visible to Alice. After a short discussion,
Alice picks Bob’s newly added model to make some modifications
on it later on her computer. Bob in turn asks Alice for some project
related text documents. Alice browses her local file system on the
tablet and tells Bob that she was going to position them over her
little houseplant (she points at the houseplant on her desk). Bob
instantly sees the documents on his display, which appear as a
virtual stack of papers. He then stores them on his file system.
This concept represented the starting point for two project proposal within
the course “Interactions in Mixed Realities” at the University of Konstanz
in the Summer term of 2017. One group focused on AR-based file-sharing
as a collaborative, real-world scenario (Figure 10.1). With their shAReit pro-

Supplements:
Video Figure

(a) A bluetooth beacon notifies bypassers
about the presence of AR.

(b) A bypasser leaves a virtual birthday card
for a specific person.

(c) The recipient gets notified and starts the
app as he walks by.

(d) The AR space also supports activities such
as co-located, collaborative exploration.

Figure 10.1: The shAReit system, an example of a collaborative walk-up-and-use AR.
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totype [273], they illustrated a ubiquitous walk-up-and-use implementation
for synchronous and asynchronous file-sharing in AR (Figure 10.1). Bluetooth
beacons notify passersby about recently published AR content in their environment. Passersby can then explore, annotate, store, and delete the deposited media files. Moreover, the students suggested a privacy mechanism
that enables publishing of content to specific persons only. Another group
focused on novel ways to explore and experience multimedia files in living
environments using AR displays (Figure 10.2). The group developed the AR
Music Explorer [313], which presents the work of music artists in AR. The
system represents music genres as symbolic landmarks; a grand piano, for
example, represents the classical music station whereas an electric guitar
and an amplifier represent the rock music station. The prototype uses the
proxemic dimensions such as distance to control volume. Besides standard
features, such as creating playlists or marking favorites, the prototype also
enables egocentric exploration of 360◦ music videos. The students initially
developed the AR Music Explorer for Project Tango compatible devices and
later successfully migrated it to the Microsoft HoloLens HMD [61].

Supplements:
Video Figure

(a) Symbolic landmarks represent a
music genre.

(b) Based on the viewer’s proximity to the landmark,
a music gallery opens.

(c) If an album was selected, its containing songs are
displayed.

(d) Some songs provide 3-D video
fotage which can be experienced
in VR mode.

Figure 10.2: The AR Music Explorer featuring an AR music experience in combination
with traditional touch interaction on handheld devices.
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As demonstrated with the two prototypes, today’s technologies pave the
way to Ubiquitous AR. And if AR should eventually become ubiquitous and be
designed for embodied interaction, their study also has to take place in situ
to be able to truly understand how their design shapes peoples‘ experiences
and interactions.
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a.1

miscellaneous publications

During my time as a Ph.D. student, I have worked on three research projects,
all of which yielded several publications. But not all of these projects and
resulting publications were equally relevant to this thesis. The following list
gives an overview of those publications that have not directly contributed to
this thesis and puts them into their project context.
holistic workspace addressed the design of workspaces in control
rooms. Research activities in this project go back to the days when I worked
as a student research assistant, primarily focusing on tangible user interfaces.

Blended Interaction as an Approach for
Holistic Control Room Design
Simon Butscher

Harald Reiterer

Abstract

Human-Computer Interaction

Human-Computer Interaction

Control rooms are facilities that serve as operations
centers to supervise complex processes, e.g. in power
plants or industrial production plants. In today’s control
rooms operators mainly interact with these processes
via desktop computers. From a cognitive point of view
mediation of process dynamics by means of keyboard,
mouse and computer displays is insufficient as
perception is heavily reduced to the visual sense.
Mounted on the framework Blended Interaction we
present novel interaction styles that holistically address
the domain specific requirements and support several
forms of interaction in control room environments.
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Control rooms can be found in various application areas
ranging from energy production to traffic control.

“Blended Interaction as an Approach for Holistic Control Room Design.”
Simon Butscher, Jens Müller, and Harald Reiterer. In: Proceedings of the Workshop on Blended Interaction: Envisioning Future Collaborative Interactive Spaces
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Zusammenfassung
In diesem Beitrag wird Blended Interaction als neuartiger Ansatz zur ganzheitlichen
Gestaltung von Arbeitsumgebungen für Operateure in Leitwarten vorgestellt. Hintergrund ist
die Herausforderung einer stetig ansteigenden Komplexität der Mensch-MaschineSchnittstelle. Leitbild bei der Konzeptentwicklung sind die Prinzipien der realitätsbasierten
Interaktion, die sowohl den Operateur mit seinen natürlichen Fähigkeiten, als auch den
situativen Kontext der Arbeitsumgebung hervorheben. Darüber hinaus werden Ergebnisse
einer Evaluation mit Anwendern aus Verkehrsleitzentralen vorgestellt, in welcher ein
möglicher Paradigmenwechsel hin zu neuen Interaktionsformen untersucht wird.
Leitwarte, Blended Interaction, Realitätsbasierte Interaktion, Multifokale Ansicht, Tangible User
Interface

Abstract
Blended Interaction is introduced as a novel approach to a holistic design of the work
environment of control room operators. It addresses a continuously growing complexity of
human-machine-interfaces in control rooms. The approach bases on the principles of realitybased interaction styles, which emphasize both, the operators with their innate abilities and
the work environment’s situational context. In addition, results of an evaluation with user
from a traffic control room will be presented in which a potential paradigm shift to new
forms of interaction is examined.
Control Room, Blended Interaction, Reality-based Interaction, Multifocus View, Tangible User
Interface

Autorenversion des Artikels „Die Wiederentdeckung analoger
Interaktionsqualitäten in der digitalen Leitwarte“
Erscheinung am 23.11.2013 in i-com - Zeitschrift für interaktive und
kooperative Medien, Interaktive Oberflächen in Forschung und Praxis,
Band 12, Heft 3, Seite 25-33. Oldenbourg Verlag.
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“Die Wiederentdeckung analoger Interaktionsqualitäten in der digitalen
Leitwarte.” Tobias Schwarz, Jens Müller, Simon Butscher, and Harald Reiterer. In: i-com – Zeitschrift für interaktive und kooperative Medien, Interaktive
Oberflächen in Forschung und Praxis, Band 12, Heft 3, 2013.

The return of physical interaction in future control rooms
Schwarz Tobias, Müller Jens, Butscher Simon, Reiterer Harald
Arbeitsgruppe Mensch-Computer Interaktion, Universität Konstanz.
Universitätsstrasse 10, Box D73 78457 Konstanz
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Zusammenfassung
In diesem Beitrag wird das Blended Interaction Designframework als neuartiger Ansatz zur
Vermischung realer und digitaler Interaktionskonzepte für Leitwarten vorgestellt. Hintergrund ist die Herausforderung einer stetig ansteigenden Komplexität der Mensch-MaschineSchnittstelle. Leitbild bei der Konzeptentwicklung sind die Prinzipien der realitätsbasierten
Interaktion und des Conceptual Blendings, die sowohl den Operateur mit seinen inhärenten
Fähigkeiten, als auch den situativen Kontext der Arbeitsumgebung hervorheben. Die Anwendungsmöglichkeiten des Frameworks werden anhand eines Fallbeispiels aus dem Kraftwerkskontext erläutert. Hierzu werden Visualisierungs- und Interaktionskonzepte für die
Manipulation von Prozessvariablen beschrieben. Des Weiteren werden Ergebnisse einer
experimentellen Benutzerstudie vorgestellt, in welcher ein möglicher Paradigmenwechsel hin
zu neuen Interaktionsformen untersucht und diskutiert wird.
Leitwarte, Prozessvariablen, Reality-based Interaction, Blended Interaction

Abstract
Blended Interaction is introduced as a novel approach to a holistic design of the work environment of control room operators. The Framework addresses the continuously growing
complexity of human-machine-interfaces in control rooms. The approach refers to the principles of the Reality-based Interaction framework and the Conceptual Blending theory,
which both stress the operator’s inherent abilities and their working context. The applicabil-
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8.1 Abstract
In this paper we suggest novel interaction and visualization techniques for a prospective ECML crisis room
environment focusing on the analysis of social media data. For this purpose we describe both, concepts providing a
Daily Newsflash and concepts for the preparation of Daily Reports referring to a selected incident or crisis situation.
The Daily Newsflash is an overview of global incidents regarding humanitarian crises, natural disasters, disease
outbreaks, conflicts, etc. Such a bulletin typical contains 1-5 international items with brief facts and 1-5 European
items. For selected incidents or crisis situations a Daily Report is prepared. A typical Daily Report consists of one
page usually providing a map, key facts, and a brief summary of the situation.

8.2 Introduction
Social media services can be a very important data source if it comes to identify and analyze crisis situations. In
recent years there has been a continuous development of such social media services on the web. Unprecedented
success and active usage of these services result in a vast amount of user-generated data containing a large
diversity of information. A popular example is the microblogging platform Twitter. Initially introduced in 2006 as a
simple platform for exchanging short messages (“tweets”) on the internet, Twitter rapidly gained worldwide
popularity (over 140 million active users as of 2012 generating over 340 million of tweets daily) and has evolved
into an extremely influential channel for reporting and commenting about ongoing incidents.
Efficient monitoring of incidents within such data is a very challenging task. Therefor the usage of novel visualization
techniques and automatic knowledge extraction is of vital importance to the analyst to obtain a correct and
significant report about ongoing incidents of interest. Our proposal combines different visualization and interaction
techniques to display the evolution of different dimensions of an incident using the social media service Twitter as
data source.

8.3 Physical Environment
Control rooms are multi-display and multi-user environments. To make use of new interaction and visualization
technologies it is important to consider the physical environment of a control room. While physical environments
comprise various aspects in general, HCI typically focuses on only core aspects in this domain such as size, position,
mobility, and orientation of interactive displays with respect to technological, ergonomic, and social constraints.
Nonetheless, these contributions are very important to avoid situations in which the physical configuration of digital
devices conflicts with natural collaboration styles.
A suitable environment is of vital importance for the design of future control rooms. Based on our visualization and
interaction concepts we make use of different types of displays and input modalities (see Figure 10). The central
device is an interactive tabletop (“Incident Selector”) used for collaboratively selecting and filtering incidents and
distributing information all over the control room. To get an overview and at the same time facilitate the nonverbal
coordination of the operators we make use of a large wall-sized display. The large wall display (“Incident Overview”)
shows the single tweets referring to incidents that are potentially of interest. Additionally, two different device types
are used for a more detailed data analysis: tablets and curved displays. Whereas tablets have the advantage of
mobility and provide the possibility to freely move within the control room the curved display provides new
perspectives to investigate an information space. The tablets (“Mobile Incident Inspectors”) show detailed
information on a particular section of the information space and offer tools for analyzing the information in a
collaborative analysis situation. The curved display (“Stationary Incident Inspector”) is designed as a single user
workplace to analyze data in more detail.

“Multi-user Twitter Analysis for Crisis Room Environments.” Simon
Butscher, Jens Müller, Andreas Weiler, Roman Rädle, Harald Reiterer, and
Marc Scholl. In: Collaborative Human-Computer-Interaction with Big Wall Displays BigWallHCI 2013, 3rd JRC ECML Crisis Management Technology Workshop, 2013.
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Back to Tangibility: A Post-WIMP Perspective on Control
Room Design
Jens Müller, Tobias Schwarz, Simon Butscher, Harald Reiterer
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Figure 1: Adjustment of numerical process variables via tangible-object manipulation (left) and direct-touch manipulation (right).

ABSTRACT

Keywords

In today’s digital control rooms, desktop computers represent the
most common interface for process control. Compared to their
predecessors – manual control actuators – desktop computers
enable quick and effective process intervention but they lack in
process-related interaction qualities such as haptic feedback and
the involvement of motor skills. Thus, design trade-offs have to
be made to combine the strengths of both paradigms: today’s
processing power with the interaction qualities of former control
room interfaces. In this paper related interaction concepts are
presented and evaluated. In a control room scenario, participants
were tasked with adjusting numerical values – so-called process
variables – under two traditional conditions (mouse, keyboard)
and two post-WIMP conditions (touch, tangible). Task
completion time and recall accuracy of the adjusted values were
measured. As a result, traditional desktop interaction proved to be
faster, whereas control actions could be recalled significantly
better using the tangible control elements. We therefore suggest
providing both tangible control for process maintenance and
traditional desktop interaction in critical situations that require
quick intervention.

Control Room, Reality-Based Interaction, Interactive Tabletops,
Tangible User Interface, Multi-Touch

1. CONTROL ROOMS THEN AND NOW
Control rooms are facilities to monitor and control large and
complex processes. They can be found in various industrial areas
such as power plants, traffic control, or production plants. Process
control covers the monitoring of ongoing processes, diagnosis of
problem causes, and interventions into ongoing processes [6]. For
process maintenance and intervention, the operator has to adjust
the physical parameters of the supervised process (e.g.
temperature or flow rate), which are termed process variables.
A fundamental change in the relation between operator and
process variables has been initiated with the gradual digitization
of control rooms. In the era of analog control, operators used to
access process variables via manual control actuators such as
sliders, buttons, and knobs (Figure 2, left). For operators at the
time, the adjustment of process variables was not only perceived
explicitly by visual control indicators but also implicitly through
motor, haptic, and acoustic feedback that accompanies control
actions (e.g. the sound when an actuator clicks into place). As a
consequence control actions could be directly associated with the
underlying physical process variable. For instance, a rotatory
knob typically affects the state of a flow variable. While these
attributes may seem insignificant they provided implicit clues
regarding a variable's state and eventually helped in establishing
an adequate process picture [3].
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“Back to Tangibility: A Post-WIMP Perspective on Control Room Design.”
Jens Müller, Roman Rädle, and Harald Reiterer. In: Proceedings of the International Conference on Advanced Visual Interfaces (AVI), 2014.

Figure 2: Evolution of control rooms: then (left) and
now (right).
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libros was the second project I work on as a Ph.D. student and dealt
with interaction design in public libraries. A main goal of the project was to
the provide library visitors novel approaches to the library archive through a
transparent and playful search and browsing experiences.
ADAPTIKs: Adaptive Information
Keyholes for Public Libraries
Jens Müller
HCI Group
University of Konstanz
jens.mueller@uni-konstanz.de

Abstract

Simon Butscher
HCI Group
University of Konstanz
simon.butscher@unikonstanz.de

When considered through the lens of ubiquitous
computing, interactive wall displays represent a promising
infrastructure to provide information services. In the
context of public libraries the design has to take particular
account on two domain-specific aspects. First, libraries are
valued for their calm atmosphere. Thus, interaction has
to occur in an unobtrusive manner. This is challenging as
interactive displays need to catch passers-by’s attention to
communicate interactivity. Second, given that public
libraries are demographically diverse places, a low barrier
to entry has to be guaranteed to provide access to the
largest possible number of visitors. With ADAPTIKs we
present the concept of an interactive display that makes
use of visual adaption as a means to unobtrusively attract
the visitors’ attention. The concept bases on a contextual
analysis and illustrates how the visitors’ position and body
movements can be used to generate an adaptive silhouette
that acts as a keyhole to an information landscape.

Harald Reiterer
HCI Group
University of Konstanz
harald.reiterer@uni-konstanz.de

Author Keywords
Public Displays; Ambient Displays; Gesture Interaction;
Public Libraries
Figure 1: Accessing information through an adaptive keyhole
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Keywords:-Search!&!information!seeking,!tangible!user!interfaces,!tabletops,!public!displays,!multiL
display!environments,!humanLcomputer!interaction!

ZusammenfassungDer!Beitrag!stellt!neue!Formen!des!Zugangs!zu!den!Inhalten!von!Bibliotheken!vor.!Diese!
wurden! in! Zusammenarbeit! mit! wissenschaftlichen! und! öffentlichen! Bibliotheken! im!
Rahmen! zweier! Forschungsinitiativen! entwickelt.! Zu! Beginn! jeder! Forschungsinitiative!
wurden!eine!Reihe!empirischer!Studien!durchgeführt,!die!wertvolle!Erkenntnisse!über!
die! Nutzung! von! Bibliotheken! lieferten.! Diese! Erkenntnisse! wurden! in! die! vier!
Qualitäten! intuitiver,! kollaborativer,! transparenter! und! kontextueller0 Zugang! überführt.!
Diese!vier!Qualitäten!waren!Ausgangspunkt!für!die!Entwicklung!mehrerer!interaktiver!
Forschungssysteme.! Die! Herleitung! aller! vier! Qualitäten! der! Zugänglichkeit! werden!
erläutert! und! deren! Umsetzung! in! den! Forschungssystemen! „Blended! Shelf“,!
„TwisterSearch“,! „Tiefenrausch“! und! „Expedition“! beschrieben.! Abschließend! werden!
die! mit! Hilfe! von! Forschungssystemen! gewonnenen! Erkenntnisse! und! Erfahrungen!
unter!Betrachtung!der!vier!Qualitäten!der!Zugänglichkeit!diskutiert.!

“Blended Library – neue Zugangswege zu den Inhalten wissenschaftlicher
und öffentlicher Bibliotheken.” Harald Reiterer, Roman Rädle, Simon
Butscher, and Jens Müller. In: Bibliothek Forschung und Praxis, 2016.

AbstractThe! article! discusses! novel! ways! to! access! library! collections! based! on! two! joint!
initiative!projects!with!scientific!and!public!libraries.!In!the!beginning!of!each!scientific!
initiative,!we!conducted!a!number!of!empirical!studies!in!order!to!gain!valuable!insights!
about! users’! patterns! when! accessing! library! collections.! In! detail,! we! distinguish!
between!intuitive,!collaborative,!transparent,!and!contextual!access.!These!four!qualities!
served!as!a!basis!for!the!development!of!interactive!systems.!In!this!article,!we!discuss!
how! we! derived! these! four! qualities! based! on! our! empirical! studies! and! explain! their!
implementation! in! the! inquiring! systems! “Blended! Shelf”,! “TwisterSearch”,!
“Tiefenrausch”! and! “Expedition”.! Finally,! we! elaborate! on! insights! and! experiences!
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ABSTRACT

OPAC interfaces, still the dominant access point to library
catalogs, support systematic search but are problematic for
open-ended exploration and generally unpopular with visitors. As a result, libraries start subscribing to simplified
search paradigms as exemplified by web-search systems.
This is a problem considering that systematic search is a crucial skill in the light of today’s abundance of digital information. Inspired by novel approaches to facilitating search, we
designed CollectionDiver, an installation for supporting systematic search in public libraries. The CollectionDiver combines tangible and large display direct-touch interaction with
a visual representation of search criteria and filters. We conducted an in-situ qualitative study to compare participants’
search approaches on the CollectionDiver with those on the
OPAC interface. Our findings show that while both systems support a similar search process, the CollectionDiver
(1) makes systematic search more accessible, (2) motivates
proactive search approaches by (3) adding transparency to
the search process, and (4) facilitates shared search experiences. We discuss the CollectionDiver’s design concepts to
stimulate new ideas toward supporting engaging approaches
to systematic search in the library context and beyond.
Author Keywords

search, public library, tangible interfaces, multi-display
environment, in-situ study.
ACM Classification Keywords

H.5.m. Information Interfaces and Presentation (e.g. HCI):
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INTRODUCTION

The role of public libraries has changed from a pure provider
of information to an institution of lifelong learning which provides access to global information resources and a local learning setting for guidance and training in media literacy [6]. It
is often libraries where critical (re)search skills are taught—
crucial capabilities in today’s world of ever-increasing information resources of varying quality.
Today’s public libraries offer access to a vast range of media
in physical and digital form. Interfaces to electronic library
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for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for components of this work owned by others than
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and/or a fee. Request permissions from permissions@acm.org.
CHI 2016, May 7–12, 2016, San Jose, California, USA.
Copyright is held by the owner/author(s). Publication rights licensed to ACM.
ACM ISBN 978-1-4503-3362-7/16/05 ...$15.00.
DOI: http://dx.doi.org/10.1145/2858036.2858549

catalogs (known as OPACs: Online Public Access Catalogs)
can be therefore considered as key mediators between visitors’ information needs on one side and physical and digital
library resources on the other. Much research has been done
to understand search practices in physical and digital information spaces [1, 13, 25, 30, 36, 37, 38] and how to support these through interface design (e.g., [16, 46]). However,
the question of how to impart media literacy through the support of systematic and in-situ search in public libraries is still
underexplored. Our research aims to fill this gap by investigating alternative approaches to, still typically text- and listcentered, library catalog interfaces (e.g., see Fig. 2) in order
to promote systematic in-situ media search at public libraries.
While OPAC interfaces provide convenient access to library
resources and are commonly used outside and within public libraries, it is well-known that they are not without difficulties. Early studies found that while targeted, known-item
searches are well-supported, open-ended subject searches are
problematic [2, 26, 29, 45]. More recent studies confirm
that this still holds true: people still often find OPAC interfaces difficult to use, in particular compared to canonical web
search engines which support more free-form queries [18,
23]. Studying book search strategies in public libraries,
Mikkonen and Vakkari found the catalog to be the least popular tactic [30]. This trend is problematic as libraries still host
information resources that are not necessarily represented in
common search engines [3]. Current trends in OPAC interface design go toward search paradigms as exemplified by
canonical web-search engines. While this approach accommodates visitors’ expectations who are typically experienced
in using such search engines, it does not mediate systematic
information seeking skills, such as the specification and adjustment of search criteria along different facets.
We describe the design and study of an alternative library
search system—CollectionDiver—which supports systematic
in-situ search comparable to traditional OPAC interfaces

“Diving in at the Deep End: The Value of Alternative In-Situ Approaches
for Systematic Library Search.” Uta Hinrichs, Simon Butscher, Jens Müller,
and Harald Reiterer. In: Proceedings of the 34th Annual ACM Conference on
Human Factors in Computing System (CHI), 2016.

Figure 1. Small family engaged in shared search on the CollectionDiver.
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bibox: A Tangible Approach to
Motivating Participation in Public
Libraries
Jacqueline Hofmann1, Jens Müller1, Bela Gipp2, Harald Reiterer1
Human-Computer-Interaction Group, University of Constance1
Information Science Group, University of Constance2

Abstract
Within the Library 2.0 model, visitors of public libraries are enabled to actively shape the services of
their library. Unlike previous trends, principles of participation and collaboration should be assimilated
into the physical space of public libraries instead of being added as an extra layer on top of existing
services. We present a set of eight design principles for motivating participatory systems in the Library
2.0 context. Based on these principles, we introduce bibox, a tangible book rating- and recommendation
system for public libraries. In an in-the-wild study, we evaluate how our system motivates active
participation. We show that the proposed design principles can contribute to higher levels of engagement
from the users of the system within the Library 2.0 context.

1

Introduction

With the introduction of Web 2.0, typical web users changed from consumers to contributors
by continuously creating and profiting from new content within the collective intelligence of
all web users (O'Reilly, 2005). The proliferation of the Web 2.0 concept led public libraries to
rethink their role when it came to delivering information, entertainment and services to their
visitors. The idea of Library 2.0 was born. This concept aims to involve visitors in actively
shaping library services (Casey & Savastinuk, 2007). However, present approaches tend to add
Web 2.0 technologies, such as blogs and wikis, on top of existing services without truly
integrating the participation layer within the library space itself (Anttiroiko & Savolainen,
2011). Research has been undertaken on installing interactive technology in the physical
spaces of public libraries in the form of large screens, floor projections or children’s interactive
exhibitions (Kanis, et al., 2012; Krogh, et al., 2004; Lykke-Olsen & Nielsen, 2007). However,
these systems faced difficulties with engaging library visitors and with reusing the systems in

“bibox: A Tangible Approach to Motivating Participation in Public Libraries.” Jacqueline Hofmann, Jens Müller, Belo Gipp, and Harald Reiterer.
In: Proceedings of Mensch und Computer, 2016.
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smartact represents an interdisciplinary project that aims at improving
peoples’ long-term health behavior using mobile apps. Within the research
agenda of the project, I could reflect and discuss the practical applications of
my research on collaborative AR (see Chapter 1.4). In addition, I contributed
to the following publications:
Lightweight Visual Data Analysis on Mobile
Devices - Providing Self-Monitoring Feedback
Simon Butscher, Yunlong Wang, Jens Mueller, Katrin Ziesemer, Karoline
Villinger, Deborah Wahl, Laura Koenig, Gudrun Sproesser, Britta Renner,
Harald T. Schupp, and Harald Reiterer
University of Konstanz, Germany
{[firstname].[lastname]}@uni-konstanz.de
http://hci.inf.uni-konstanz.de

Abstract. Self-monitoring is an important part of behavior intervention
technologies. In order to increase the effectiveness of self-monitoring, we
do not only have to track data but also give feedback to the user. In the
interdisciplinary project SmartAct, we aim at developing and empirically
testing the effectiveness of an open access toolbox for mobile, real-time
interventions targeting healthy eating and physical activity. The SmartAct toolbox for behavior change is a set of tools for personal mobile
technology which decreases the implementation barrier for mobile interventions. It consists of tools for physical activity tracking, food journaling, questionnaires, notifications, feedback and interventions, workflow
management, data storage, and client-server synchronization. The toolbox is still under development, but a first reference implementation for
a food diary application has already been tested in a pilot study. For the
intervention tools an interactive visualization was designed which places
special emphasis on context and imprecision aspects.
Keywords: mobile behavior intervention, behaviour change, toolbox,
interactive visualization, food diary, physical activity
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Introduction

Self-monitoring of diet and physical activity is an important part of behavior intervention technologies. In order to increase the effectiveness of self-monitoring
we do not only have to track data, but also to give feedback to the users [1].
In the context of behavior change technologies ongoing research focuses on food
database reliability, missing log values [2], and meaningful intervention moments
[3]. Also, novel ways of manual and automatic data collection [4] and the visual
presentation of the collected information [5] are investigated. However, there is
still a lack of research on interventions in terms of feedback visualizations, and
their effectiveness [6]. Most commercial applications only provide feedback in
terms of simple one-dimensional visualizations which convey that more (physical
activity) or less (food intake) is better. Whereas this can be true for low-intensity
physical activity (e.g., walking), for vigorous activities, our body needs time for
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Jens Mueller
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Personalized and contextual interventions are promising
techniques for mobile persuasive technologies in mobile
health. In this paper, we propose the “fingerprints”
technique to analyze the users’ daily behavior patterns
to find the meaningful moments to better support
mobile persuasive technologies, especially mobile
health interventions. We assume that for many
persons, their behaviors have patterns and can be
detected through the sensor data from smartphones.
We develop a three-step interactive machine learning
workflow to describe the concept and approach of the
“fingerprints” technique. By this we aim to implement a
practical and light-weight mobile intervention system
without burdening the users with manual logging. In
our feasibility study, we show results that provide first
insights into the design of the “fingerprints” technique.
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the classical era of hci theory

According to Rogers’s classification of HCI theory [242], the classical era began
in the early 1980s, a time when computer systems were used in offices in the
shape of desktop computers. These systems, however, were difficult to learn
and operate. Thus, a major goal of the classical era was to establish competencies that would help design computer systems that were easy to operate.
At this time, HCI researchers imported theories from cognitive psychology
“to model the cognition that is assumed to happen when a user carries out
a task” [242, p. 32]. Resulting theories, models and principles (e. g., Direct
Manipulation [268], mental models [132], the gulfs of execution and evaluation [123, 215], the Model Human Processor (MHP) and Goals, Operators,
Methods, and Selection rules (GOMS) [40]) served to inform the design and
evaluation of computer systems, and to predict user performance. A central
assumption of the classical era was that users have an internal representation,
a so-called mental model, of the technical system and its operating principles.
With the goal of informing the design of future systems, researchers, therefore, sought to access and understand users’ mental models. This approach
has failed to provide the expected answers for two reasons: Mental models
are often deficient (i.e., incomplete or unstable [216]), and users find it difficult to express them [242]. Newer theories proposed alternative approaches to
study how people understood and interacted with computer systems. These
theories do not limit themselves to the study of internal representations and
processes. Instead, they take a broader view of the interaction between humans and computers by taking into account the physical and social context
of interactions.
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a.3

statistics

a.3.1 Statistics related to RQ1

Table A.1: Statistical analysis of communication behavior (co-located object identification).
Spatial expression

Cond.

Mdn

IQR

Z

p

overall

b
l

33.50
34.50

10.50
11.50

−0.94

.92

basic relation

b
l

18.00
8.00

8.50
5.75

−2.29

.01∗

virtual landmark

b
l

0.00
12.00

0.00
9.75

−3.30

<.01∗∗

person

b
l

5.00
3.50

4.00
4.50

−0.70

.59

task object

b
l

3.00
2.00

2.75
2.00

−1.95

.04∗

hand gesture

b
l

2.50
1.00

6.75
1.75

−1.78

.03∗

physical object

b
l

0.50
1.00

2.00
1.75

−0.58

.58

absolute relation

b
l

0.00
0.50

1.00
1.00

−1.21

.31

other

b
l

1.00
0.00

1.25
0.75

−0.89

.41

Table A.2: Statistical analysis of workload (co-located object identification).
Task load dimension

Condition

Mdn

IQR

Z

p

overall

b
l

30.83
27.50

22.29
11.67

−2.33

.02

mental demand

b
l

45.00
37.50

35.00
30.00

−1.63

.10

physical demand

b
l

22.50
20.00

22.50
20.00

−0.62

.53

temporal demand

b
l

25.00
17.50

25.00
16.25

−2.35

.01∗

performance

b
l

42.50
25.00

35.00
20.00

−1.65

.09

effort

b
l

35.00
25.00

31.25
26.25

−1.55

.11

frustration

b
l

17.50
10.00

17.50
16.25

−1.43

.15
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Table A.3: Statistical analysis of communication behavior (co-located object positioning).
Spatial expression

Condition

Mdn

IQR

Z

p

overall

b
l

26.50
38.50

14.75
6.50

−1.36

.17

basic relation

b
l

19.50
15.00

6.00
11.75

−1.82

.03∗

virtual landmark

b
l

0.00
10.50

0.00
9.50

−3.29

<.01∗∗

task object

b
l

3.00
2.00

3.00
2.00

−0.35

.38

hand gesture

b
l

1.50
3.00

5.50
3.75

−0.03

.49

person

b
l

1.50
2.50

2.00
2.00

−0.98

.50

absolute relation

b
l

1.00
0.50

1.00
2.00

−0.55

.60

physical object

b
l

0.00
0.50

1.00
1.00

−0.68

.61

other

b
l

0.00
0.00

1.00
1.00

−0.64

.65

Table A.4: Statistical analysis of workload (co-located object positioning).
Task load dimension

Condition

Mdn

IQR

Z

p

overall

b
l

52.92
46.25

18.53
18.33

−0.71

.47

mental demand

b
l

77.50
75.00

26.25
30.00

−1.03

.30

physical demand

b
l

25.00
25.00

41.25
33.75

−0.31

.75

temporal demand

b
l

35.00
25.00

35.00
36.25

−0.83

.40

performance

b
l

55.00
55.00

30.00
31.25

−0.43

.66

effort

b
l

57.50
55.00

31.25
32.50

−0.12

.90

frustration

b
l

37.50
45.00

46.25
37.50

−0.05

.95

Table A.5: Statistical analysis of positioning error (co-located).
Measure

Condition

positioning error

b
l

Mdn (meters)

IQR

Z

p

1.41
1.29

0.91
0.71

−2.25

.02∗
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Table A.6: Statistical analysis of identification ability on a scale from 1 (very poorly)
to 10 (very well) (co-located).
Measure

Condition

preference rating

b
l

Mdn

IQR

Z

p

5.00
8.00

2.25
2.00

−4.72

<.01∗∗

a.3.2 Statistics related to RQ2

Table A.7: Statistical analysis of communication behavior (distributed object identification).
Spatial expression

Condition

Mdn

IQR

Z

p

overall

b
l

38.00
43.00

22.00
38.00

−0.70

.48

basic relation

b
l

30.00
17.00

12.00
13.00

−2.20

.02∗

virtual landmark

b
l

0.00
12.00

0.00
12.00

−3.06

<.01∗∗

person

b
l

4.00
5.00

5.00
6.00

−1.56

.12

task object

b
l

3.00
3.00

2.00
3.00

−0.67

.50

absolute relation

b
l

1.00
1.00

2.00
2.00

0.00

1.00

physical object

b
l

0.00
0.00

0.00
1.00

−0.51

.60

Table A.8: Statistical analysis of presence-related items (distributed object identification).
Dimension

Mdn

IQR

Z

p

b
l

2.00
2.00

2.00
2.00

−0.88

.38

interacting

b
l

2.00
2.00

1.00
1.00

−0.35

.72

leftPlace

b
l

−1.00
0.00

3.00
2.00

−2.10

.03∗

togetherPlace

b
l

1.00
1.00

3.00
2.00

−1.06

.28

talkedDirectly

b
l

2.00
2.00

1.00
2.00

−1.35

.17

eyeContact

b
l

2.25
3.25

−0.58

.56

control

b
l

−0.50
−1.00

1.25
2.00

−0.35

.72

Item

Condition

seeing/hearing

Social presence

1.00
1.00
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Table A.9: Statistical analysis of ratings related to communication possibilities (distributed object identification).
Item

Condition

communication possibilities

b
l

Mdn

IQR

Z

p

2.00
2.00

1.00
2.00

−2.23

.02∗

Table A.10: Statistical analysis of workload (distributed object identification).
Task load dimension

Condition

Mdn

IQR

Z

p

overall demand

b
l

41.66
46.25

18.75
21.04

−1.08

.28

mental demand

b
l

65.00
70.00

41.25
27.50

−0.66

.50

physical demand

b
l

30.00
25.00

30.00
46.25

−1.06

.63

temporal demand

b
l

37.50
47.50

31.25
40.00

−1.39

.16

performance

b
l

40.00
35.00

41.25
36.25

−1.08

.28

effort

b
l

50.00
55.00

26.25
20.00

−0.47

.63

frustration

b
l

30.00
32.00

20.00
45.00

0.00

1.00

Table A.11: Statistical analysis of task completion time in seconds (distributed object
identification).
Measure

Condition

task completion time

b
l

M (seconds)

SD

t

df

p

350.50
391.31

125.82
135.19

−1.61

15

.12
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Table A.12: Statistical analysis of communication behavior (distributed object positioning).
M (occurrence)

SD

t

df

p

b
l

49.50
49.37

16.37
14.89

0.03

15

.97

basic relation

b
l

30.37
24.18

10.85
8.78

2.88

15

.01∗

task object

b
l

9.12
5.56

5.30
3.36

2.38

15

.03∗

virtual landmark

b
l

0.18
11.50

0.54
5.13

−8.90

15

<.01∗∗

person

b
l

4.43
3.87

4.21
3.38

0.61

15

.54

maneuvering

b
l

2.62
2.18

2.06
2.56

0.86

15

.40

absolute relation

b
l

2.18
1.75

1.79
1.43

0.69

15

.50

physical object

b
l

0.56
0.31

0.96
0.60

0.84

15

.41

Spatial expression

Condition

overall

Table A.13: Statistical analysis of presence-related items (distributed object positioning).
Dimension

Mdn

IQR

Z

p

b
l

2.00
2.00

2.00
1.25

−0.50

.61

interacting

b
l

1.50
2.00

1.25
1.25

−1.68

.09

leftPlace

b
l

−1.00
1.00

3.00
3.00

−2.31

.02∗

togetherPlace

b
l

0.50
1.00

3.25
1.00

−3.26

<.01∗∗

talkedDirectly

b
l

2.00
2.00

1.00
2.00

−1.77

.07

eyeContact

b
l

0.00
0.00

3.25
3.25

0.00

1.00

control

b
l

1.00
1.00

1.25
1.25

−2.28

Item

Condition

seeing/hearing

Social presence

.02∗

Table A.14: Statistical analysis of ratings related to communication possibilities (distributed object positioning).
Item

Condition

communication possibilities

b
l

Mdn

IQR

Z

p

1.00
2.00

2.00
1.00

−2.94

<.01∗
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Table A.15: Statistical analysis of workload (distributed object positioning).
Task load dimension

Condition

Mdn

IQR

Z

p

overall demand

b
l

57.91
51.25

16.66
16.25

−1.20

.23

mental demand

b
l

85.00
80.00

21.25
21.25

−0.70

.48

physical demand

b
l

40.00
37.50

35.00
41.25

−0.58

.55

temporal demand

b
l

45.00
35.00

41.25
26.25

−1.98

.04∗

performance

b
l

50.00
55.00

31.25
31.25

−0.88

.14

effort

b
l

67.50
57.50

31.25
23.75

−1.91

.05

frustration

b
l

47.50
40.00

37.50
30.00

−1.09

.27

Table A.16: Statistical analysis of team performance (distributed object positioning).
Measure

Condition

task completion time

b
l

positioning error

b
l

M (seconds)
447.6
436.6

SD
126.2
150.9

t

df

p

0.41

15

.68

M (meters)

SD

t

df

p

25.44
26.56

5.09
3.68

−0.56

15

.58
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a.3.3 Statistics related to RQ3 and RQ4
a.3.3.1 Co-located Object Identification (RQ3 )

Table A.17: Statistical analysis of presence-related items (co-located object identification).
Dimension

Mdn

IQR

Z

p

A
V

3.00
3.00

1.25
1.25

−0.18

.85

interacting

A
V

3.00
3.00

0.25
1.00

−0.70

.48

leftPlace

A
V

1.00
1.00

3.25
2.00

−0.46

.64

togetherPlace

A
V

2.00
2.00

2.25
3.25

−0.72

.47

talkedDirectly

A
V

3.00
3.00

3.00
1.00

−0.35

.72

eyeContact

A
V

2.25
2.00

−0.66

.50

control

A
V

−2.00
−2.00

1.00
2.00

2.00
3.00

−0.75

.45

comeToPlace

A
V

2.25
2.00

−2.25

.01∗

reachTouch

A
V

0.50
−2.00

2.50
3.00

−1.26

.20

avoidColl

A
V

1.00
2.00

−0.28

.77

beThere

A
V

0.50
0.00

1.00
2.50

−1.25

.21

soundLocal

A
V

4.00
3.00

−1.73

.08

screen–window

A
V

−1.00
−2.50

2.00
2.00

−2.25

.02∗

Item

Condition

seeing/hearing

Social presence

Spatial presence

0.50
−0.50

−2.00
−3.00

−0.50
−2.00
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Table A.18: Statistical analysis of workload (co-located object identification).
Task load dimension

Condition

Mdn

IQR

Z

p

overall demand

A
V

43.75
38.58

25.20
22.70

−1.16

.24

mental demand

A
V

60.00
55.00

31.25
37.50

−0.44

.65

physical demand

A
V

22.50
30.00

40.00
37.50

−0.49

.62

temporal demand

A
V

42.50
35.00

38.75
38.75

−0.51

.60

performance

A
V

27.50
22.50

27.50
23.75

−0.58

.56

effort

A
V

55.00
47.50

22.50
30.00

−0.52

.60

frustration

A
V

20.00
10.00

15.00
31.25

−1.29

.19

Table A.19: Statistical analysis of team performance (co-located object identification).
Measure

Condition

task completion time

A
V

number of trials

A
V

M (seconds)

SD

t

df

p

344.00
271.00

117.26
61.48

1.83

7

.11

Mdn (trials)

IQR

Z

17.50
16.00

3.00
2.25

−1.98

.04∗

219

220

appendix

a.3.3.2 Co-located Object Positioning (RQ3 )

Table A.20: Statistical analysis of presence-related items (co-located object positioning).
Dimension

Mdn

IQR

Z

p

A
V

2.50
3.00

1.00
2.00

−0.14

.89

interacting

A
V

3.00
3.00

1.25
2.00

0.00

.99

leftPlace

A
V

1.00
2.00

3.25
3.00

−1.20

.23

togetherPlace

A
V

2.00
2.00

3.00
2.25

−0.07

.94

talkedDirectly

A
V

2.50
2.00

2.25
2.00

−0.88

.38

eyeContact

A
V

1.00
3.00

−1.31

.19

control

A
V

−1.00
−1.00

1.00
2.00

1.50
2.25

−1.73

.08

comeToPlace

A
V

2.00
2.25

−1.67

.09

reachTouch

A
V

0.00
−0.50
0.00
0.00

2.00
3.00

−1.59

.11

avoidColl

A
V

2.00
2.00

−0.79

.42

beThere

A
V

−2.50
−2.00

0.50
4.00

−2.06

.03∗

soundLocal

A
V

3.00
3.00

−1.29

.19

screen–window

A
V

2.25
3.00

−0.87

.38

Item

Condition

seeing/hearing

Social presence

Spatial presence

1.00
−0.50

−2.00
−2.50
−1.00
−1.50
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Table A.21: Statistical analysis of workload (co-located object positioning).
Task load dimension

Condition

Mdn

IQR

Z

p

overall demand

A
V

58.75
65.00

24.08
29.04

−1.09

.27

mental demand

A
V

80.00
75.00

7.50
17.50

−1.15

.25

physical demand

A
V

50.00
42.50

32.50
50.00

−0.42

.67

temporal demand

A
V

57.50
47.50

35.00
60.00

−1.48

.13

performance

A
V

65.00
70.00

38.75
30.00

−0.74

.45

effort

A
V

55.00
47.50

22.50
30.00

−0.28

.77

frustration

A
V

70.00
70.00

20.00
23.75

−0.81

.42

Table A.22: Statistical analysis of team performance (co-located object positioning).
Measure

Condition

task completion time

A
V

M (seconds)

SD

t

df

p

461.75
200.88

247.17
134.32

0.65

7

.53

0.19
0.17

0.16

7

.87

M (meters)
positioning error

A
V

0.93
0.92
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a.3.3.3 Distributed Object Identification (RQ4 )

Table A.23: Statistical analysis of presence-related items (distributed object identification).
Dimension

Mdn

IQR

Z

p

A
V

2.00
2.00

1.00
0.50

−2.23

.02∗

interacting

A
V

2.00
2.00

2.00
1.00

−0.28

.78

leftPlace

A
V

1.00
1.00

3.25
1.25

−1.85

.06

togetherPlace

A
V

1.50
2.00

3.50
1.25

−0.91

.36

talkedDirectly

A
V

2.00
2.50

2.00
2.00

0.00

1.00

eyeContact

A
V

−1.00
0.00

3.00
3.00

−0.68

.49

control

A
V

1.00
2.00

1.25
1.00

−1.89

.05

comeToPlace

A
V

1.00
0.50

2.25
1.25

−1.55

.12

reachTouch

A
V

1.00
1.00

1.75
3.25

−0.04

.96

avoidColl

A
V

−0.50
0.00

3.00
3.25

−0.33

.74

beThere

A
V

1.00
1.00

1.25
2.25

−0.88

.37

soundLocal

A
V

2.25
3.00

−1.73

.08

screen–window

A
V

−2.00
−0.50

3.25
3.25

−0.84

.40

Item

Condition

seeing/hearing

Social presence

Spatial Presence

−1.00
−0.50
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Table A.24: Statistical analysis of workload (distributed object identification).
Task load dimension

Condition

Mdn

IQR

Z

p

overall demand

A
V

40.83
39.66

18.54
11.66

−0.45

.64

mental demand

A
V

40.00
60.00

38.75
32.50

−1.68

.09

physical demand

A
V

40.00
35.00

48.75
36.25

−0.82

.41

temporal demand

A
V

40.00
42.50

33.75
36.25

−0.48

.62

performance

A
V

15.00
20.00

42.50
20.00

−1.23

.22

effort

A
V

45.00
45.00

25.00
25.00

−0.42

.67

frustration

A
V

20.00
25.00

33.75
23.75

−0.44

.65

Table A.25: Statistical analysis of team performance (distributed object identification).
Measure

Condition

task completion time

A
V

number of trials

A
V

M (seconds)

SD

t

df

p

388.38
368.25

121.32
103.73

0.41

7

.69

3.01
2.07

0.86

7

.41

M (trials)
18.25
17.00
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a.3.3.4 Distributed Object Positioning (RQ4 )

Table A.26: Statistical analysis of presence-related items (distributed object positioning).
Dimension

Mdn

IQR

Z

A
V

2.00
2.00

1.25
1.00

0.00

1.00

interacting

A
V

2.00
2.00

0.25
1.25

−0.28

.77

leftPlace

A
V

1.50
2.00

1.25
1.25

−0.63

.53

togetherPlace

A
V

1.00
1.00

2.00
1.25

−1.03

.30

talkedDirectly

A
V

2.00
2.00

2.00
2.25

−0.63

.52

eyeContact

A
V

4.00
3.25

−1.29

.19

control

A
V

−0.50
−1.00

1.00
2.00

1.25
1.00

−0.06

.95

comeToPlace

A
V

1.00
1.00

3.25
3.00

0.00

1.00

reachTouch

A
V

1.50
0.00

2.25
2.00

−1.65

.10

avoidColl

A
V

−0.50
1.00

3.00
3.00

−0.68

.49

beThere

A
V

1.00
1.00

0.50
2.25

−0.25

.79

soundLocal

A
V

2.00
3.00

−1.90

.05

scree–window

A
V

−2.00
−1.00

3.25
3.00

−0.28

.77

Item

Condition

seeing/hearing

p

Social presence

Spatial presence

−1.00
−1.00
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Table A.27: Statistical analysis of workload (distributed object positioning).
Task load dimension

Condition

Mdn

IQR

Z

p

overall demand

A
V

63.33
55.00

10.20
22.08

−0.75

.45

mental demand

A
V

82.50
77.50

11.25
11.25

−1.27

.20

physical demand

A
V

62.50
65.00

28.75
13.75

−0.13

.89

temporal demand

A
V

47.50
35.00

45.00
47.50

−0.35

.72

performance

A
V

75.00
65.00

36.25
41.25

−0.81

.42

effort

A
V

72.50
70.00

11.25
21.25

−1.37

.17

frustration

A
V

45.00
40.00

26.25
45.00

−0.36

.71

Table A.28: Statistical analysis of team performance (distributed object positioning).
Measure

Condition

task completion time

A
V

positioning error

A
V

M (seconds)

SD

t

df

p

504.75
460.63

292.29
190.09

0.48

7

.64

0.35
0.26

0.94

7

.37

M (meters)
1.05
0.92
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