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Abstract

The goal of this thesis is to design, implement and evaluate novel techniques for enhancing
handheld navigation systems with Augmented Reality (AR). AR is an increasingly popular
technology for handheld navigation systems but is rarely studied from a Human-Computer
Interaction (HCI) perspective. We rather argue that advantages and limitations of AR
must be clearly identified and taken into account when designing navigation systems that
integrate AR.

In this thesis, we apply typical HCI methodologies to tackle this argument. We design
and evaluate novel interfaces to support the integration of AR in handheld navigation
systems, and evaluate all our designs with real-world users on common tasks of exploration
and wayfinding. In particular, we analyse when AR enhances navigation systems and when
it does not enhance them. In the latter case, we investigate how AR can be complemented
by other interfaces to be more effective.

The results from our evaluations show that AR offers two intuitive interaction
metaphors for accessing information: pointing at the environment and browsing paper
maps. Further, the availability of physical props in AR, such as paper maps, also fosters
and supports discussion between multiple users. AR fails when users need an overview of
the information, or when tracking is inaccurate; however, our work shows that overlays
and transitions to other interfaces can compensate for these shortcomings. Finally, our
results suggest that decision points are key scenarios in which AR can enhance handheld
navigation systems.

The work presented in this thesis deepens the understanding on how AR can be inte-
grated into handheld navigation systems in an effective way. It also provides insight on
the tracking technologies and evaluation methodologies necessary to successfully deploy
and evaluate handheld AR navigation systems in real-world settings. Our contribution
supports interface designers in making informed design decisions for handheld AR naviga-
tion systems, and it helps developers understanding the technical components necessary
for implementing handheld AR navigation systems and deploying them on the field.
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Kurzfassung

Diese Dissertation behandelt das Design, die Implementierung und die Evaluierung neuer
Techniken zur Verbesserung von mobilen Navigationssystemen durch Augmented Reality
(AR). Obwohl AR-Technologie im Bereich mobiler Navigationssysteme immer mehr an
Popularität gewinnt, mangelt es an wissenschaftlicher Forschung im Zusammenhang mit
Human-Computer Interaction (HCI). Bei Navigationssystemen mit integrierter AR muss
vorrangig die Abwägung von Vor- und Nachteilen diskutiert werden.

Diese Arbeit behandelt dieses Thema anhand typischer HCI-Methoden. Wir entwick-
eln neuartige Interfaces, die die Integration von AR in mobilen Navigationssysteme er-
möglichen, und evaluieren alle Designs im Rahmen von gewöhnlichen Navigationssauf-
gaben mit Benutzern. Insbesondere untersuchen wir, wann AR die Navigation unterstützt,
und falls AR sie nicht untersützt, wie sie mit anderen Interfaces vervollständigt werden
kann, um die Effizienz zu steigern.

Unsere Ergebnisse zeigen, dass AR zwei intuitive Interaktionsmetaphern für den In-
formationszugang bietet: das Zeigen auf die Umgebung und das Durchsuchen von Karten.
Weiterhin fördert und unterstützt die Verwendung von physischen Hilfsmitteln in AR –
wie etwa Landkarten – die Zusammenarbeit zwischen mehreren Benutzern. Allerdings
scheitert AR, dem Benutzer einen Überblick über Informationen zu geben, oder wenn die
Positionierung fehlerhaft ist. Diese Arbeit zeigt, wie die Überlagerung mit, und der Über-
gang zu anderen Interfaces diese Mängel kompensieren können. Die Ergebnisse zeigen,
dass Entscheidungspunkte jene Schlüsselszenarien sind, bei denen AR mobile Navigation-
ssysteme aufwerten kann.

In dieser Arbeit wird vertieft darauf eingegangen, wann AR in mobile Navigation-
ssysteme effektiv integriert werden kann. Sie gibt Einblick in Trackingtechnologien und
Evaluierungsmethoden, die für die erfolgreiche Anwendung sowie Bewertung mobiler AR-
Navigationssysteme in realen Umgebungen notwendig sind. Dieser Beitrag ermöglicht
es Interface-Designern, fundierte Entscheidungen für die Gestaltung von mobilen AR-
Navigationssystemen zu treffen. Weiters untersützt sie Entwickler beim Verständnis der
technischen Komponenten, die für die Implementierung und Anwendung von mobilen AR-
Navigationssystemen in der Welt notwendig sind.
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Chapter 1

IntroducƟon

Handheld navigation systems have become widespread over the last decade, and there
have been huge improvements in the computing and sensing capabilities of these devices.
Similarly, in the last few years, a large amount of aerial and street-level imagery, 3D recon-
struction data and geo-tagged hypermedia has enabled the development of rich interfaces
for handheld navigation systems, which go way beyond simple 2D-map interfaces.

1.1 A trend towards first-person views

The trend towards first-person views is clear in the latest handheld navigation systems.
Figure 1.1 shows a few examples of this trend: TomTom [192] uses first-person renderings
to support car drivers; OVI Maps [130] are enhanced with 3D renderings of prominent
landmarks, to give users clear visual anchors for matching the map view and the physi-
cal environment; and Google Maps Navigation [44] augments street-level imagery with a

(a) (b) (c)

Figure 1.1: Examples of first-person views in modern handheld navigaƟon systems. (a) TomTom [192], (b)
OVI Maps [130], (c) Google Maps NavigaƟon [44].

3
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Figure 1.2: An early example of augmented first-person imagery by Chapin [20]. Reprinted from http:
//www.davidrumsey.com/luna/servlet/detail/RUMSEY~8~1~34014~1170167 under the CreaƟve
Commons License.

virtual path to aid users’ navigation through first-person views.
Supporting navigation with first-person views is a well-known idea, already exploited

by Chapin [20] in the early 1900s in his popular series Photo-auto maps (see Figure 1.2).
The idea is rooted in the way that humans navigate: first-person knowledge (such as
the visual appearance of intersections) is quickly absorbed by humans during navigation,
whereas third-person knowledge (such as maps) takes longer to develop [190]. Further-
more, not all people are equally good at developing, maintaining and using third-person
knowledge. Recently, various studies [24, 58, 204] supported the intuition of Chapin
with empirical evidence, highlighting that enhancing handheld navigation systems with
augmented photographs (see Figure 1.3) improves navigation. In particular, augmented
photographs help making correct navigational decisions faster, compared to map-based
interfaces.

Compared to other first-person interfaces, Augmented Reality (AR) offers one unique

http://www.davidrumsey.com/luna/servlet/detail/RUMSEY~8~1~34014~1170167
http://www.davidrumsey.com/luna/servlet/detail/RUMSEY~8~1~34014~1170167
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(a) (b) (c)

Figure 1.3: ComparaƟve evaluaƟons between augmented photographs and other interfaces. Sample
screenshots from a user study by ChiƩaro et al. [24] that compared maps (a), compass-like arrows (b)
and augmented photographs (c) in an outdoor navigaƟon scenario.

advantage: due to the use of live-video, the augmented view exactly matches the ac-
tual appearance of the environment. In contrast, pre-recorded data typically differs from
the current appearance of the environment, due to a number of factors such as seasonal
changes, daylight differences, moving objects, and the offset between the user and the
position from which the image was originally recorded. Intuitively, AR should be able
to provide better support for navigation than any other interface based on pre-recorded
data.

1.2 Problem statement

A large body of previous work (discussed in the following chapter) effectively applies AR
to various navigation scenarios, including exploratory and wayfinding tasks, both indoors
and outdoors.

However, AR has a number of shortcomings that impacts its usability in navigation
scenarios. First, the information is augmented only within the field of view and from
the viewpoint of the video camera. This limits the overview achievable and the possible
viewpoints on it. Second, AR requires continuous tracking of the position and orientation
(the pose) of the user’s device. Tracking is not always achievable with the necessary accu-
racy, because of current technological limitations (e.g., sensor accuracy) and algorithmic
shortcomings – for example vision-based tracking in unknown environments is a known
hard, and not fully solved, problem. Finally, the necessity to continuously hold the hand-
held device upright, in order to point the camera at the environment, poses ergonomic
and social questions: the user may not be willing to continuously point the device at her
surroundings, and that behaviour may not be socially acceptable.
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Previous work applies AR to navigation mostly with a technical focus, as an application
scenario to showcase or evaluate technological improvements. As the focus is principally
on advancing the underlying technology, usability issues are only marginally considered.
There is a general lack of work that takes an Human-Computer Interaction (HCI) per-
spective on the usability of AR interfaces to support navigation tasks and there is little
experimental evidence to support the argument that AR enhances human performance in
such tasks.

1.3 Research quesƟons

This thesis takes an HCI perspective on handheld AR navigation systems, targeting re-
search questions that have not been thoroughly addressed yet:

Q1. When* does AR enhance handheld navigation systems?

Q2. When does it fail to enhance them?

Q3. In the latter cases, how can we complement AR with other interfaces to build
a hybrid and more effective interface?

Our basic research hypothesis is that AR can enhance handheld navigation systems
only (1) if its advantages and limitations, for each specific task, are clearly identified
and (2) taken into account in the interface design, and (3) if the limitations are properly
addressed by supporting AR with complementary interfaces.

In this thesis, we test this hypothesis through standard HCI methodologies: we first
select representative tasks and scenarios for handheld AR navigation systems, and design
interfaces to support the selected tasks. We then conduct user evaluations to gain qualita-
tive and quantitative insight on the usability of our interfaces, and further understanding
on the conditions in which AR can effectively enhance handheld navigation systems. We
finally use the results from our evaluations to reflect on our interface designs, to propose
corrections to them, and in some cases to re-iterate the design process.

1.4 ContribuƟons

This thesis’ contribution is focused on two main navigational tasks: exploration and
wayfinding. Exploration refers to users exploring the space that surrounds them.

*As typical in HCI, “when” denotes a combination of user population, task and all other contextual
conditions related to specific experiments.
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Wayfinding refers to users physically moving in space to reach a chosen destination. In
everyday life, these two tasks are complementary and typically intermixed – for example,
we can think of a user exploring the restaurants in her surroundings, choosing the most
interesting one, and finally wayfinding to get to it. However, to clearly separate the
impact of AR on each of the two tasks, we avoid overly complex experimental designs
and study them separately. For both exploration and wayfinding, this thesis contributes
a number of novel interface designs, and the results and insight from several user
evaluations of such designs.

For exploration, we consider two possible ways of providing AR support. First, we
consider using AR to give an egocentric view on the information – in this case, informa-
tion is augmented directly on its corresponding physical anchor in the environment (for
example, a shop’s name is augmented on the shop’s window). We discuss the case in which
the interface knows that the user is looking for a specific piece of information and must
help the user understand its location in the environment. We contribute a comparative
study between AR and other state-of-the-art non-AR interfaces, that gives understanding
on the advantages and shortcomings of AR for this task. We then discuss the more generic
case in which the system does not know exactly what the user is looking for and the in-
terface must provide a full overview on all surrounding information. We contribute two
novel zooming-interface designs that support this overview, and evaluate their usability
with a pilot study and two comparative studies with a state-of-the-art non-AR interface.
We conduct a further design iteration on one of the two zooming interfaces, contributing
a novel interface design for browsing panoramic overviews, applicable not only to AR but
also to generic location-based systems. We evaluate its usability with one pilot study and
three controlled studies. Finally, we consider using AR to give an exocentric view on the
information, as a complementary support to egocentric views – in this case, information
is not augmented on the environment but on its corresponding location on a paper map.
We contribute an exploratory user study to gain insight on how users operate augmented
maps in real-world tasks.

For wayfinding, we first consider supporting outdoor navigation with AR. We con-
tribute a preliminary study that investigates how often, where, and how AR is useful in
such scenario. We then consider indoor navigation as a more challenging scenario, be-
cause of the complex three-dimensional paths and the difficulty of continuously tracking
the user’s position. We contribute three iterations of interface design: in a first itera-
tion, we study sparse localisation (the user’s position is tracked only at certain info points
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in the building, rather than continuously) – a concept that strongly reduces tracking-
infrastructure requirements for indoor navigation systems. We evaluate its validity with
one controlled study and one real-world exploratory study. In the next iteration, we en-
hance sparse localisation with AR cues and evaluate their usability with one user study.
Finally, in the last iteration we propose a novel design that transitions between AR and
Virtual Reality (VR) interfaces, exploiting human navigation abilities to provide continu-
ous navigational support in our sparse localisation scenario. We evaluate this last iteration
with one further study.

The results presented in this thesis deepen the understanding on how AR can be
effectively integrated into handheld navigation systems. This contribution can support
interface designers in making informed design decisions. Furthermore, the large number
of user evaluations presented in this thesis provides an overview of possible methodologies
for evaluating handheld AR navigation systems in controlled and uncontrolled scenarios.
Finally, the contribution of this thesis also has a strong technical component, as all pre-
sented interface designs were implemented and evaluated with users in realistic settings.
The author made not only minor contributions to the underlying tracking technology,
but also major contributions in bridging it with rapid prototyping and HCI. Overall, this
thesis gives an outline of the interdisciplinarity necessary to design and develop handheld
AR navigation systems, and to evaluate them under real-world conditions.

1.5 Selected publicaƟons

The following list of selected peer-reviewed publications gives an overview of the scientific
activities and the collaborations which occurred during the work of this thesis.

First, the related work in this thesis is partially based on the following book chapter.

• Raphael Grasset, Alessandro Mulloni, Mark Billinghurst, and Dieter Schmalstieg.
Navigation Techniques in Augmented and Mixed Reality: Crossing the Virtuality
Continuum. In Borko Furht, editor, Handbook of Augmented Reality, pages 379–407.
Springer New York, New York, NY, 2011. [46] [Chapter 2: Related work]

The author mainly contributed the sections on human navigation and AR as a pri-
mary source of spatial information, whereas Raphael Grasset did most of the work
for the other sections of the chapter.

The following publications are focused on tracking technology. The author was mostly
involved in the discussion of the algorithms, making minimal contributions to the imple-
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mentation and optimisation of the actual trackers, but major contributions were made
to the final evaluations of the tracking accuracy. These papers are tightly connected to
this thesis as they form the enabling technology for all interface designs: the robust and
accurate tracking algorithms are the foundations that allowed the implementation of all
prototypes, and their evaluation under real-world conditions.

• Daniel Wagner, Gerhard Reitmayr, Alessandro Mulloni, Tom Drummond, and
Dieter Schmalstieg. Pose tracking from natural features on mobile phones. In 2008
7th IEEE/ACM International Symposium on Mixed and Augmented Reality, pages
125–134, Cambridge, UK, September 2008. [201] [Chapter 3: Tracking planar
targets]

• Daniel Wagner, Gerhard Reitmayr, Alessandro Mulloni, Tom Drummond, and
Dieter Schmalstieg. Real-Time Detection and Tracking for Augmented Reality
on Mobile Phones. IEEE Transactions on Visualization and Computer Graphics,
16(3):355–368, May 2010. [202] [Chapter 3: Tracking planar targets]

For both papers, the author made minor contributions to the idea and implementation
of the SIFT-based tracker, which was principally conceived and developed by Daniel
Wagner. Gerhard Reitmayr did most of the work on the Ferns-based tracker. The
author contributed mostly to the implementation and execution of the performance
tests, and the analysis and presentation of the results.

• Daniel Wagner, Alessandro Mulloni, Tobias Langlotz, and Dieter Schmalstieg.
Real-time panoramic mapping and tracking on mobile phones. In 2010 IEEE Virtual
Reality Conference (VR), pages 211–218, Boston, MA, USA, March 2010. [200]
[Chapter 4: Tracking panoramas]

The author made minor contributions to the idea and implementation of the
panorama tracker, which was principally conceived and developed by Daniel
Wagner. The author and Tobias Langlotz were the main contributors of the
final application-oriented part of the paper.

• Gerhard Schall, Alessandro Mulloni, and Gerhard Reitmayr. North-centred ori-
entation tracking on mobile phones. In ISMAR 2010, pages 267–268, Seoul, Korea
(South), October 2010. [173] [Section 4.2: World-aligned panorama tracker]
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The author made minor contributions to the idea of the north-aligned panorama
tracker, which was principally conceived by Gerhard Reitmayr. The author con-
tributed the implementation on a mobile phone, while Gerhard Schall mainly
worked on the tablet implementation. The author and Gerhard Schall worked
jointly on the execution of the performance tests and the evaluation of the results.

Finally, the following publications have a strong HCI focus and form the main contri-
bution of this thesis. The author was a main contributor at all stages of the work – forming
the design ideas, designing and implementing the interfaces, designing and conducting user
evaluations, analysing and discussing the final results.

• Eduardo Veas, Alessandro Mulloni, Ernst Kruijff, Holger Regenbrecht, and Dieter
Schmalstieg. Techniques for view transition in multi-camera outdoor environments.
In Proceedings of Graphics Interface 2010, GI ’10, page 193–200, Toronto, Ont.,
Canada, Canada, 2010. Canadian Information Processing Society. [198] [Section
5.1: Pointing to a specific augmentation]

The author was a main contributor of the design and the implementation of the
transitional interface, while Eduardo Veas contributed the other two interfaces. All
paper co-authors jointly worked on the design and the execution of the experiment,
and the analysis of the results.

• Alessandro Mulloni, Andreas Dünser, and Dieter Schmalstieg. Zooming interfaces
for augmented reality browsers. In Proceedings of the 12th international conference
on Human computer interaction with mobile devices and services, MobileHCI ’10,
page 161–170, New York, NY, USA, September 2010. ACM. [119] [Section 5.2:
Providing overview on all augmentations]

The author contributed the design and implementation of all interfaces and the pilot
study, while he jointly worked with Andreas Dünser on the design and execution
of the user evaluations.

• Alessandro Mulloni, Hartmut Seichter, Andreas Dünser, Patrick Baudisch, and
Dieter Schmalstieg. 360° Panoramic Overviews for Location-Based Services. In
Proceedings of the 2012 ACM annual conference on Human Factors in Computing
Systems, CHI ’12, page 2565–2568, New York, NY, USA, 2012. ACM. [120] [Section
5.3: A digression on the design space of panoramic overviews]
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The idea of exploring the design space of panoramic overviews started from a discus-
sion between the author and Patrick Baudisch. The author worked jointly with
Hartmut Seichter and Patrick Baudisch on designing the visualisation tech-
niques, and designing and executing the evaluations. The author also contributed
the implementation of all prototypes. Andreas Dünser collaborated in designing
and executing the experiments.

• Ann Morrison, Alessandro Mulloni, Saija Lemmelä, Antti Oulasvirta, Giulio
Jacucci, Peter Peltonen, Dieter Schmalstieg, and Holger Regenbrecht. Collaborative
use of mobile augmented reality with paper maps. Computers & Graphics,
35(4):789–799, August 2011. [117] [Chapter 6: Exocentric exploration]

The author was not involved in the first design iteration of the prototype, which was
previous work by Ann Morrison et al. [118]. The author was involved in the
design and implementation of the second iteration of the prototype, although a large
part of the work is based on a previous implementation by Antti Juustila from the
University of Oulu, Finland. All paper co-authors jointly worked on the design and
execution of the evaluation of the second prototype.

• Alessandro Mulloni, Hartmut Seichter, and Dieter Schmalstieg. Enhancing Hand-
held Navigation Systems with Augmented Reality. In Proceedings of the 13th Inter-
national Conference on Human Computer Interaction with Mobile Devices and Ser-
vices, Workshop on Mobile Augmented Reality, 2011. [121] [Chapter 7: Outdoor
navigation]

• Alessandro Mulloni, Hartmut Seichter, and Dieter Schmalstieg. User experiences
with augmented reality aided navigation on phones. In Proceedings of ISMAR 2011
(Poster), pages 229–230. IEEE, October 2011. [123] [Chapter 7: Outdoor navi-
gation]

For both papers, the author contributed the design and implementation of the proto-
type, and the design and execution of the evaluation. Hartmut Seichter collabo-
rated with the author both on the interface design and on the evaluation.

• Alessandro Mulloni, Daniel Wagner, Istvan Barakonyi, and Dieter Schmalstieg.
Indoor Positioning and Navigation with Camera Phones. IEEE Pervasive Comput-
ing, 8(2):22–31, April 2009. [125] [Section 8.1: Sparse localisation]
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The author made minor contributions to the interface design and the implementation
of the application used in the experiments, which is heavily based on previous work by
Istvan Barakonyi and Daniel Wagner. The author contributed the design and
execution of the controlled experiment and the real-world experiment at TechReady7,
whereas all other real-world experiments were conducted by Istvan Barakonyi and
Daniel Wagner.

• Alessandro Mulloni, Hartmut Seichter, and Dieter Schmalstieg. Handheld aug-
mented reality indoor navigation with activity-based instructions. In Proceedings of
the 13th International Conference on Human Computer Interaction with Mobile De-
vices and Services, MobileHCI ’11, page 211–220, New York, NY, USA, 2011. ACM.
[122] [Section 8.2: Sparse localisation and Augmented-Reality cues]

• Alessandro Mulloni, Hartmut Seichter, and Dieter Schmalstieg. Indoor Navigation
with Mixed-Reality World-in-Miniature Views. In Proceedings of AVI 2012, 2012.
[124] [Section 8.3: Sparse localisation and Mixed-Reality Cues]

For both papers, the author contributed the design and implementation of the proto-
type, and the design and execution of the evaluation. Hartmut Seichter collabo-
rated with the author both on the interface design and on the evaluation.

1.6 Other collaboraƟons

The co-authors in the list of selected publications give an indication of all the people who
contributed to the various pieces of work that form this thesis. However, the following
people have to be explicitly mentioned, as their contribution was not limited to the scope
of a single publication but had a broader impact on the work presented in this thesis.

• Daniel Wagner and later Hartmut Seichter were a driving force for the re-
search work at the Christian Doppler Laboratory for Handheld Augmented Reality.
They contributed to this thesis through countless discussions on use cases for AR in
handheld navigation systems, possible interface designs, and implementation details.
Tobias Langlotz, Lukas Gruber and all later members of the Christian Doppler
Laboratory for Handheld AR were also involved in discussions on the research work
presented in this thesis. They also contributed in generating a shared framework
for mobile AR (Studierstube ES), which was of enormous help for this thesis as it
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allowed quick multi-platform prototyping of all interfaces presented. All prototypes
presented in this thesis are developed on top of our Studierstube ES framework.

• Ernst Kruijff and Eduardo Veas shared with the author a strong research interest
on the possible applications of AR as a support to human navigation. Besides our
joint publication, our numerous discussions and brainstorming sessions had a broader
influence in forming the ideas presented in this thesis.

• Andreas Dünser provided valuable suggestions on most of the experimental designs
and data analysis procedures employed in this thesis.





Chapter 2

Related work

The vast amount of geo-referenced information available enables the development of rich
interfaces for handheld navigation systems. Modern handheld navigation systems go be-
yond the first research prototypes of the past decades, which were typically based on 2D
maps. Navigation systems now include photographs, 3D renderings, audio and multimodal
feedback. Furthermore, interface designers of handheld navigation systems often exploit
psychological knowledge of how humans navigate to design more effective and usable sys-
tems.

In the first part of this chapter, we introduce the reader to these topics: how humans
form navigational goals, how they build mental models of the surrounding environment,
and which environmental cues they exploit for navigation. We also show how this knowl-
edge can be used to inform interface design.

We then discuss related work on handheld navigation systems. We focus in particular
on recent trends that are related to AR and, consequently, to the topic of this thesis.

In the final part of the chapter, we present a broad discussion on related work in
AR navigation systems. We discuss in particular: how AR has been integrated into the
interface designs of various navigation systems, how it has often been combined with other
types of interfaces, and how previous work has addressed the usability of AR navigation
systems. As we discuss the results of previous studies, we also present the usability
questions that are still open: these questions are the starting point of our research work,
and they will lead us directly to the main contribution of this thesis. We conclude the
chapter with a brief overview of the tracking technology which is necessary to develop
handheld AR navigation systems.

15
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2.1 Human navigaƟon

Navigation is the task of moving within and around an environment, and can be divided
into travel and wayfinding activities [16]. With travel, we refer to the motor component of
navigation – a person performing low-level motor activities in order to control her position
and orientation within the environment. With wayfinding, we refer to the cognitive com-
ponent of navigation – a person understanding her position within the environment and
planning a path from her current position to a chosen destination. Besides wayfinding,
people typically also perform exploratory tasks such as browsing the environment and ob-
taining information about the surrounding buildings and objects. Clearly, the amount of
wayfinding and exploration involved during navigation is a function of the person’s goals:
a person in a hurry will most likely perform exclusively goal-directed wayfinding, whereas
exploration will be prominent for a tourist navigating an unknown city.

Landmarks are the foundation of human navigation, in particular for pedestrians, who
are the focus of this thesis. Lynch [101] bridges urban planning and environmental psy-
chology in a broad study on how people create mental maps of the city they live in. From a
large number of participants, Lynch builds a classification of five key elements that form a
mental map of a city: landmarks, paths (or routes), nodes, districts and edges. Landmarks
are found to be the fixed reference points, external to the user, which can be either distant
prominent elements or small local details, but always possess a strong singularity. People
use landmarks as clues for the whole structure of the environment. Paths are channels
through which people can travel, and all other elements of the environment are structured
along and in relation to the paths. Nodes – typically the convergence of paths – are points
where wayfinding decisions are often made and also have a strategic role in the environ-
ment. Edges and districts typically define borders and areas of common identity. More
recent studies by Michon et al. [111] and Hirtle et al. [59] stress the value of landmarks
as anchors for the navigational instructions used by people. More specifically, May et al.
[106] identify two crucial roles of landmarks: the first role of landmarks is at nodes in a
path, to support navigational decisions (e.g., “turn left after the church”); the second, but
almost equally important, role of landmarks is along paths, to provide confirmation (e.g.,
“if you pass in front of the bakery, you know you are on track”). We illustrate this dual
role of landmarks in Figure 2.1.

Navigation always requires the acquisition and use of spatial knowledge, and ways to
structure, store and update such knowledge into a mental map [16, 28]. Spatial knowledge
is typically acquired from various sources – Darken and Peterson [28] make a distinction
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a" b"A"

B

Figure 2.1: Role of landmarks in human navigaƟon. On a path from A to B, landmarks can act both as
confirmaƟon ((a), ``if you pass in front of the bakery, you know you are on track") and as a support for
navigaƟonal decisions ((b), ``turn leŌ aŌer the church").

between primary and secondary sources. A primary source of spatial information is the
environment itself: as we navigate the environment, we extract information from it, which
we can then use to support our navigational tasks. Secondary sources of spatial information
are all other sources, such as a map. In the case of a user who acquires information from a
secondary source, we can make a further distinction between when she is immersed in the
environment related to the information (e.g., browsing a map of the surroundings) and
when she is not (e.g., browsing a map while in a hotel room).

There is still no definitive model to detail how spatial knowledge is structured into a
mental map. The most established and long-standing model is the Landmark, Route and
Survey (LRS) model of Seigel and White [180], which was later refined by Goldin and
Thorndyke [43]. The LRS model not only defines a classification of spatial knowledge, but
also describes the sources from which the different classes of information can be acquired.
Landmark knowledge represents the visual appearance of prominent cues and objects in
the environment. This is the first knowledge a person develops, by directly experiencing
the environment during navigation (but also through indirect exposure to it, for example
by looking at photographs or videos). Route knowledge (or procedural knowledge) fol-
lows landmark knowledge and represents a point-by-point sequence of actions needed to
travel a specific route. It provides information on the distance along the route, the turns
and actions to be taken at each point in the sequence, and how landmarks are ordered
throughout the path. Route knowledge can be acquired by navigating the route. Finally,
survey knowledge represents the relationships between landmarks and routes in the envi-
ronment in a global coordinate system. Survey knowledge typically develops over time, by
numerous and repeated exposures to the environment. Browsing a map can be a shortcut
for rapid acquisition of survey knowledge, but the knowledge acquired from a map tends
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to be orientation specific and lacks the landmark and route components, as discussed by
Thorndyke et al. [190]. This type of knowledge is inferior to the knowledge obtained from
repeated route traversals: for example, it causes higher errors when users are required to
estimate the distance of the route from a point to another [190].

These navigation models directly inform the design of handheld navigation systems,
showing not only the type of information needed by users during navigation, but also
what information is needed for different types of navigational tasks. For example, route
knowledge supports egocentric tasks (such as estimating orientations and route distances)
better than survey knowledge, whereas survey knowledge better supports exocentric tasks
(such as estimating Euclidean distances, or the relative position of generic points in the
environment) [190]. Overall, people performing navigational tasks need to use various
types of spatial knowledge, and multiple frames of reference. One key element of a navi-
gation system is therefore providing support for both types of knowledge: while maps are
good at supporting survey knowledge, integrating them with first person views guarantees
better support for tasks that require route knowledge, and stressing the presence of certain
landmarks can enhance navigational performance.

In the next section, we present an overview of previous work in handheld navigation
systems. As we will show, handheld navigation systems are increasingly adding first-person
views and landmarks into their interface designs, to support users with egocentric cues
during their navigation.

2.2 Handheld navigaƟon systems

Digital maps play a central role in handheld navigation systems, reflecting the fact that
for centuries paper maps are the most established tool for human navigation. Cyberguide
by Abowd et al. [1] and GUIDE by Davies et al. [23] pioneered the field in the 1990s; a
vast number of other map-based handheld navigation systems followed later (see Figure
2.2). A broad discussion of map-based navigation systems is outside the scope of this
thesis. For an introduction we refer the reader to the survey by Chen et al. [22], and
the more recent work of Kenteris et al. [76]. The survey by Baus et al. [10] also gives
a good introductory overview on the topic, and is part of a whole book [108] devoted to
technological and user-interface topics in map-based navigation systems.

In this section, we discuss three recent trends in handheld navigation systems, which
are tightly connected to our research work on handheld AR for navigation. The first topic
is the integration of first-person views into navigation systems, and is clearly connected to
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(a) (b) (c)

Figure 2.2: Map-based handheld navigaƟon systems. (a) Cyberguide by Abowd et al. [1]. (b) GUIDE by
Davies et al. [23]. (c) LoL@ by Pospischil et al. [146].

the way AR interfaces present information. The second topic is non-visual and multimodal
interaction, which informs AR interface designers how non-visual senses should also be
considered in the interface designs. The final topic is exploiting human navigation abilities
to cope with technological limitations, and highlights how AR, which is very technologi-
cally demanding, could benefit from human abilities when the technology fails. We present
and discuss the work related to each of these three topics separately, also highlighting how
the related work impacts the work presented in this thesis.

2.2.1 First-person views

Handheld navigation systems are increasingly enriching map interfaces with first-person
views and landmark-based cues, exploiting the egocentric quality of landmarks to support
the users’ understanding of the information. As we discussed in Section 2.1, this is rooted
in the way humans navigate, which is often landmark-centred and based on egocentric
knowledge, in particular when navigating through unknown places.

The use of landmarks in handheld navigation systems is strongly supported by related
work. Millonig et al. [113] discuss the role of landmarks both as a support for navi-
gational decisions and as checkpoints for confirmation of being on track. Their work is
principally theoretical and focused on the information requirements for a pedestrian nav-
igation system, but it sheds light on why anchoring instructions to landmarks, which are
clearly and quickly understood by users, makes navigation systems more effective. The
presence of landmark information is found to enhance navigation not only in map-based
navigation systems (Puikkonen et al. [147], Raubal et al. [150]), but also in systems based
on textual instructions (Chung et al. [27]) as well as in those based on audio instructions
(Rehrl et al. [151]). However, given the focus of our research on AR, we believe that the
work most related to our research are those that consider photographs or 3D renderings
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as enhancements for handheld navigation systems, and we discuss them in detail in the
following.

Beeharee et al. [11] enhance landmark-centred textual instructions (for example, “turn
left through the gate”) with photographs of the corresponding landmarks (e.g., a picture
of the correct gate), as shown in Figure 2.3 (a). They validate their photo-based system
in a real-world user study, whose results confirm the theory of Millonig et al. [113]:
photographs enhance navigation both during decision tasks and when confirmation of
being on track is needed. Au et al. [5] propose using live videos from street cameras,
instead of static photographs, but they do not conduct a formal evaluation of the concept.
Kolbe [82] further explores the concept of photo-based navigation systems, proposing the
use of augmented photographs – static photographs overlaid with virtual navigational cues,
a concept very close to AR. His work, however, does not include a user evaluation and
therefore does not provide understanding of the effectiveness of augmented photographs
during navigation. Hile et al. [58] conduct an evaluation of a navigation system based
on augmented photographs (Figure 2.3 (b)). A key finding from their study is that users
typically use photographs only for a fraction of the overall navigation time, at decision
points on the path, while they mostly rely on the map interface for the remaining part of the
path. These results are consistent with those from Walther-Franks et al. [204] and Chittaro
et al. [24], who also found that photographs are not used continuously during navigation,
but mostly at decision points, where they improve navigational performance. All three
works also provide consistent results on an intrinsic drawback of pre-recorded photographs:
the photographs do not always match the actual appearance of the environment, due to
seasonal changes or because they are taken from a different viewpoint than the user’s.

(a) (b)

Figure 2.3: Use of first-person views in handheld navigaƟon systems. (a) Beeharee et al. [11] explore the
use of photographs to support text-based instrucƟons. (b) Hile et al. [58] extend this concept further,
exploring the usage of augmented photographs (photographs overlaid with virtual cues).
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Wither et al. [210] investigate this issue and show that the time needed by a user to identify
a landmark in a photograph progressively increases the further she is from the actual
location from which the photograph was taken. Hile et al. [56, 57] try to address this issue
in their most recent research, using computer vision to correctly align the augmentations
and the photograph with the actual current view from the user’s position.

Google Maps Mobile [44] uses street-level images to aid user navigation, often allowing
users to browse them through a magic lens metaphor. The magic lens metaphor is where
a handheld device acts like a lens through which the user can see an enhanced view of
the real world. The user can physically turn the device at different directions in the
environment in order to see corresponding spatial information. In the case of street-level
images, the navigation system shows the portion of the panorama that matches the current
view direction of the device. This is clearly an interaction concept very close to AR. In a
recent work, Rohs et al. [163, 164] formalise magic-lens interaction, proposing a two-phase
Fitts’ law adaptation that better fits this novel interaction metaphor. Hürst et al. [65, 66]
investigate browsing street-level panoramas with a magic lens, in real-world settings. As
they discuss, users like the magic lens interaction metaphor when they can stand up and
rotate freely, but they favour manual panning of the panorama with touch-screen gestures
if they are more restricted in their movements (for example, sitting on a chair). This has
an impact on AR, as it shows that AR might not be the best interaction choice for users
who are not free to stand up and turn around. Continuously holding the device upwards
in the environment also raises social concerns: not all passersby might be comfortable with
this, as it might look that the user is taking a picture or a movie of them. It also raises
ergonomic concerns due to the strain of holding such posture for long periods of time.
These issues have not yet been studied but may have a clear impact on all magic-lens
interfaces, including AR.

Zheng et al. [214] propose combining multiple street-level panoramas to give a first-
person view of all the landmarks occurring during the navigation of a path. In their work,
they stitch together all panoramas throughout a path, to form a continuous multi-view
panorama that represents the whole path. A similar concept is implemented by Kopf et al.
[84] in Street Slide, a technique that stitches all building façades of a street into a single
multi-view panorama. Results from a user study are encouraging, as they show that the
system is found easier to use than jumps between disjointed street-level panoramas. In
their work, Kopf et al. show how Street Slide can be easily integrated into Bing Maps
Mobile [83] (see Figure 2.4).
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Figure 2.4: MulƟview panoramas create first-person views of a long path. Kopf et al. [84] present Street-
Slide, a system that allows moving between typical street-level images (leŌ) and mulƟ-view panoramas
(right). The laƩer give a first-person overview of the street façades of a whole street.

Kray et al. [86] discuss using 3D maps (renderings of 3D models of the environment)
in place of photographs. The results of their evaluation show that users prefer bird’s eye
views to street-level views, because of the higher amount of overview available when the
point of view is higher above the street. The results are consistent with the findings from
Fröhlich et al. [38] and Oulasvirta et al. [133] (Figure 2.5 (a)), who also find that the
street-level perspective does not provide sufficient overview compared to a bird’s eye view.
Oulasvirta et al. also show the switch in strategy between 2D and 3D maps: 3D map users
base their navigation strongly on landmarks, whereas 2D map users exploit more symbolic
cues, like street names. The use of 3D maps is also validated indoors by Chittaro et al.
[25, 26], who apply it to an evacuation scenario within a public building (Figure 2.5 (b)).

(a) (b)

Figure 2.5: Use of 3D maps in handheld navigaƟon systems. (a) Oulasvirta et al. [133] study the use of 3D
maps in outdoor seƫngs, discussing differences in usage between street-level views and bird's eye views.
(b) ChiƩaro et al. [25] explore the use of 3D maps indoors, as a support for building evacuaƟon.
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This related work clearly shows the value of enhancing handheld navigation systems
with first-person views, and therefore highlights the potential of adding AR views to such
systems – this is a basic assumption for the whole thesis. However, previous work on the
usability of AR navigation systems (presented later in this chapter) does not investigate
in depth how AR can effectively improve navigation performance. For example, from
the work on augmented photographs, we see that first-person views are mostly useful at
decision points over a path, and users only access them for a small fraction of the overall
navigation time. We use these results as a starting point for our research presented in
Chapter 7, where we study how often and where users need to access AR cues during
outdoor navigation, and where they rather prefer to rely on maps and audio instructions.
The related work also shows that users often need more overview than the one provided by
a street-level view: in Chapter 5, we study when AR does not provide sufficient overview,
and how to combine it with other interfaces to provide the missing overview.

2.2.2 Non-visual and mulƟmodal interacƟon

Research on handheld navigation systems is increasingly looking at how to offload the
visual sense by adopting non-visual and multimodal input and output solutions. Such re-
search originates from the need to reduce the attentional resources necessary for operating
a navigation system while physically moving in the environment – for example, a recent
report by Madden et al. [103] shows that one out of six adults bumped at least once onto
another person, while engaged in mobile-phone usage.

Audio is often used for providing navigational instructions in a non-visual mode. For
example, Rehrl et al. [151] show that timely triggered spoken instructions can suffice
in guiding users, with no need for visual instructions. Other research shows that audio
instructions can be embedded in a handheld navigation system in a more subtle way than
spoken instructions, for example by modulating artificial sounds, as done by Holland et
al. [60], or even by adapting panning and volume in music playback, as done by Jones et
al. [71]. Audio can also be used as an input modality, as done by Wasinger et al. [205].

Vibration can also be used to communicate directions. For example, Rümelin et al.
[168], Pielot et al. [142] (Figure 2.6 (b)) and Robinson et al. [161] show that users can suc-
cessfully navigate with only the help of vibration patterns on the phone, although Pielot
et al. show that users prefer to receive also visual feedback, when they are uncertain.
While on-phone vibration still requires constantly holding the device in one hand, Van
Erp et al. [197] explore hands-free vibrotactile waist belts and show their effectiveness
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(a) (b) (c)

Figure 2.6: MulƟmodal interacƟon with handheld navigaƟon systems. (a) Adding a vibro-tacƟle belt to
communicate the direcƟon of waypoints in the environment (Pielot et al. [141]). (b-c) PoinƟng as an input
metaphor to explore the informaƟon in the surroundings (Pielot et al. [142], Lei et al. [93]).

in communicating directions. Pielot et al. [140, 141] show that vibrotactile belts (Figure
2.6 (a)) successfully offload users’ attentive resources during navigation, but navigational
performance is worse than with a map. Similarly to the phone experiments, this suggests
that receiving also visual feedback is important. Vibration feedback has also been ex-
plored in contexts where attentional resources are even more precious, such as for cyclists
(Poppinga et al. [145]) and for motorbike drivers (Bial et al. [13]).

Pointing has been explored as a metaphor for inputting queries: both Simon et al. [181]
and Lei et al. [93] suggest accessing information by physically-pointing the mobile phone
in the direction of the corresponding buildings in the real world (see Figure 2.6 (c)). Their
validation of this interaction technique has a clear connection to AR, where information
queries are also based on pointing the phone’s camera in the direction of corresponding
objects in the environment. A similar technology is now also produced by GeoVector and
commercially available [41].

The need to offload users’ attentional resources during navigation has a direct impact
on our research. Since our focus is on visual AR, we question what are the most important
situations where users need to operate the AR interface, and where it is sufficient to
support users with less attention-demanding interfaces. In Chapter 7, we present an
exploratory evaluation centred on these questions, in an outdoor-navigation scenario.

2.2.3 ExploiƟng human abiliƟes

Research on handheld navigation systems is starting to look at how human navigation
abilities can be exploited to compensate for technological shortcomings. Humans are
usually able to navigate the environment by themselves: handheld navigation systems can
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be therefore designed to support and enhance such human abilities, rather than replace
them.

For example, in the context of an indoor navigation system, Butz et al. [19] suggest
adapting the amount of information on the screen depending on the localisation accuracy:
if the navigation system cannot accurately localise the user, it should increase the amount
of information visualised, so that users can exploit the presented information to localise
themselves. Kray et al. [87] extend the concept even further, proposing a system that asks
users for support whenever it can not localise them. If the system loses localisation, it
shows the user photographs of the surrounding landmarks and asks her to identify which
landmarks are visible from her position (Figure 2.7 (a)). The system can then triangulate
the visibility areas of the different landmarks to localise itself within the environment.
Schöning et al. [177] also present a handheld navigation system that exploits users’ abilities
to improve localisation. In their system, users take a photograph of a public map and later
use it as a digital map on their mobile device. The problem of correctly registering the
photograph of the map to Global Positioning System (GPS) coordinates is outsourced to
the user, who is asked to manually tell the system where the “you-are-here” mark is on the
map (the mark is then automatically matched with the phone’s GPS position). Löchtefeld
et al. [102] present a similar system for indoor maps, working with dead-reckoning rather
than GPS.

Brush et al. [18] discuss a handheld navigation system that works completely without
localisation technology. Their system is based on activities (Figure 2.7 (b)), which are
user-centric turn-by-turn instructions (e.g., “walk 30 steps north”). In a user evaluation,

(a) (b)

Figure 2.7: ExploiƟng human abiliƟes in handheld navigaƟon systems. (a) Kray et al. [87] ask users for
informaƟon on landmark visibility, to localise them when GPS does not work. (b) Brush et al. [18] explore
the usage of acƟvity-based instrucƟons to support indoor navigaƟon when localisaƟon is absent.
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they show that users are able to navigate a path with only a static list of such activities and
a magnetic compass. Robinson et al. [161] also investigate how users navigate with only
minimal information. In their work, Robinson et al. only provide users with vibrotactile
feedback that indicates the direction of the destination and the amount of possible path
choices to reach it. In a user evaluation, they show that users are able to reach the
final destination with such minimal information. Interestingly, providing only information
on the direction of the final destination is exactly what many handheld AR navigation
systems do (in particular, AR browsers). In Section 2.3.3, we discuss some related work
that looks at how users navigate with an AR system that only shows the direction of the
final destination.

Since AR poses high demands on the technological requirements of a navigation sys-
tem, the possibility of outsourcing some processing to the user when a failure occurs
(for example, when tracking breaks) is clearly an interesting fallback. In Chapter 8, we
investigate how AR can be complemented by human navigation abilities when tracking
does not work. We employ a scenario of indoor wayfinding, where continuous tracking is
particularly hard to achieve.

2.3 Augmented Reality NavigaƟon Systems and Their Usability

The work presented in Section 2.2.1 shows the potential of AR for enhancing navigation
with first-person views. However, as we also discuss in that section, usability questions
arise in the use of AR to enhance navigation systems. Overall, the usability and effective-
ness of AR in navigation systems cannot be taken for granted, but it has to be carefully
evaluated with proper user studies.

In this section, we present related work in AR navigation systems. As we
will see, related work in the field often addresses the problem from a technical
perspective, while only a small part of it questions the actual usability of the
systems. At this stage, we therefore remind the reader of our three research ques-
tions for this thesis, as we will then discuss how the related work addresses these questions:

Q1. When does AR enhance handheld navigation systems?

Q2. When does it fail to enhance them?

Q3. In the latter cases, how can we complement AR with other interfaces to build
a hybrid and more effective interface?
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The research questions clearly cover a broad research field, and the advantages and
disadvantages of AR cannot be properly studied with only a single large user evaluation.
As already discussed in Chapter 1, in this thesis we subdivide the research field into four
sub-topics: this allows us to explore the impact of AR on smaller subsets of navigational
tasks, with sufficiently deep and focused experimental designs. We divide exploration and
wayfinding tasks: as we previously discussed in Section 2.1, these two groups cover the
space of tasks mainly involved in people’s navigation. With respect to exploration, we
separately study egocentric exploration and exocentric exploration. These reflect the two
possible ways in which AR can be used to support navigation: the former refers to aug-
mentations placed directly in the environment, whereas the latter refers to augmentations
placed on paper maps (or other props). With respect to wayfinding, we separately con-
sider outdoor and indoor wayfinding: these are the two possible wayfinding scenarios and,
despite their similarity, indoor wayfinding is typically more complex in terms of tracking
infrastructure necessary for locating the user in the building – we therefore dedicate two
distinct chapters to them.

In the following, we adopt the same subdivision for discussing the related work: for
each of the four tasks, we first present the interface designs used by other researchers to
support the task and then present related usability studies. We conclude each section
highlighting the usability questions that have not yet been addressed, as they define the
starting point for our research work in this thesis.

2.3.1 Egocentric exploraƟon

In the case of egocentric exploration, the environment becomes an anchor for
geo-referenced hypermedia databases and users can explore the information naturally,
by physically moving in the environment. A pioneering work in this field is the Touring
Machine, first presented by Feiner et al. [32, 33] and later evolved into MARS (Mobile
Augmented Reality System) by Höllerer et al. [61–63] (Figure 2.8 (a)). The Touring
Machine and MARS allow users to browse a geo-referenced hypermedia database related
to the Columbia University campus through AR. Users can navigate the campus and
interact with the digital content overlaid on the physical buildings, labeled with virtual
information shown through a head-worn display. The authors intentionally label whole
buildings and not smaller building features, so that tracker inaccuracies do not affect
the usability of the application. The wearable setup of MARS is used in combination
with a handheld device, which provides contextual information as a web page. While
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(a) (b) (c)

Figure 2.8: Egocentric exploraƟon of informaƟon in augmented environments. AR navigaƟon systems typ-
ically augment physical objects in the environment with short text labels: (a) MARS by Höllerer et al. [63],
(b) MARA by Kähäri et al. [88], (c) Wikitude [207].

the AR context is useful for intuitive exploration and selection of annotations in the
environment, it is reasonable to provide details on-demand with a more appropriate
interface – in the case of MARS, the interface designers chose to use a web browser.
Reitmayr et al. [158] also show a navigation system in which users can explore detailed
information regarding the buildings and tourist attractions in their surroundings by
simply looking at the corresponding buildings. The usability of all these systems was not
formally evaluated in realistic outdoor settings.

The MARA project by Kähäri et al. [88] is the first to implement the concept of the
Touring Machine on a mobile phone (Figure 2.8 (b)). MARA provides AR annotations
related to the points of interest in the surroundings of a mobile user. Clicking a button on
the phone while pointing the camera towards a point of interest shows further information
about it. This same concept is recently implemented by a number of commercial AR
browsers available on the app stores, for example Wikitude [207] (Figure 2.8 (c)), Layar
[91] and Junaio [110]. AR browsers are applications that retrieve geo-referenced content
from online databases and present such content to a mobile user on their phone through an
AR interface. Most AR browsers (Figure 2.9) augment the environment with annotations,
whose distance is typically mapped to the size of the icon. Selecting an annotation typically
opens a web browser (or another hypermedia-based interface) that provides further details
on the selected annotation. Besides the AR view, AR browsers also provide map and list
views that give a better overview of the surrounding information.

The augmentations can present not only static points of interest, but also dynamic
content: for example, the Battlefield Augmented Reality System (BARS) by Julier et al.
[73] and Livingston et al. [97, 99] focuses on supporting situation awareness for soldiers and
informing them about the location of personnel, vehicles and other occluded objects in the
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(a) (b) (c)

Figure 2.9: User interface of modern AR browsers. All browsers combine an AR view with map and list
views: (a) Junaio [110], (b) Layar [91], and (c) Wikitude [207].

soldiers’ view. In BARS, AR is used to support navigation by showing soldiers the position
of other moving elements in the environment. The use of AR in this context is justified
by three key reasons [73]: first, the urban environment is inherently 3D and not easily
represented by a 2D map; second, accessing secondary sources of information requires
the soldiers to switch their attention from the environment, which is clearly undesirable;
finally, the information to be displayed is often dynamic (e.g., the position of snipers), and
can easily be shown by digital technology.

One further advantage of using digital technology is that the AR view can be person-
alised based on the user’s needs and interests. In the context of BARS, Julier et al. [72]
also discuss methods for reducing information overload, by filtering out unneeded visual
information based on the current mission, the soldier’s goals, and physical proximity. We
can also consider the results from BARS outside the military context, highlighting how
AR can be used to show the dynamic position of moving objects, for example friends:
Kähäri et al. [88], in their MARA project, use AR to show the position of other MARA
users in the surroundings.

Since annotations are merged with live images from the video camera, AR is bound to
the frame of reference of the video camera. In the case of handheld navigation systems, the
camera is physically bound to the egocentric street-level view of the user. As we discussed
in Section 2.2.1, users often prefer higher viewpoints (for example, bird’s eye views),
because they provide a broader overview of what is in their surroundings. In contrast,
with egocentric exploration in AR the amount of information visible from the viewpoint
of the camera can be insufficient, either because of occlusions between the camera and the
information, or because the information is outside the current camera view. As shown in
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(a) (b)

Figure 2.10: Egocentric exploraƟon of occluded informaƟon. See-through interfaces for AR navigaƟon
systems: (a) tunnel metaphor by Bane et al. [9], (b) x-ray vision by Avery et al. [7].

a user study by Fröhlich et al. [39], a usability issue is that users need to physically turn
around a lot, in order to find the information. This highlights the value of an interface
that combines AR with third-person views such as 2D maps, 3D maps or VR.

Supporting users in the case of occluded augmentations has been already extensively
explored. Various navigation systems employ transparency and x-ray vision to communi-
cate depth and occlusion of annotations. Livingston et al. [98] conducted an experiment
to evaluate various transparency cues to communicate multiple levels of occlusion. Their
results show that a ground plane is the most powerful cue, but rendering occluded objects
in wireframe and filled with a semi-transparent colour is also a good cue. In a later exper-
iment, Tsuda et al. [193] obtain analogous results. Bane et al. [9] discuss a technique for
x-ray vision in a mobile context, but the authors do not conduct a user evaluation of the
technique. A tunnel metaphor is used to browse the rooms of a building from the outside,
and a wireframe rendering of the tunnel provides cues about the depth of the various
rooms (Figure 2.10 (a)). Avery et al. [6, 7, 139] show a similar x-ray vision technique that
employs transparency and cut-outs to communicate multiple layers of occlusion (Figure
2.10 (b)). Schall et al. [172] and Zollmann et al. [216] apply x-ray techniques in the
context of exploration of underground infrastructure. Wither et al. [209] conduct a study
of various depth cues for exploring information in AR, showing that adding a non-AR
top-down view enhances depth understanding. Sandor et al. [169, 170] recently suggest
a metaphor different than x-ray vision: they use a 3D model of the city to virtually melt
the closest buildings, to show the occluded content behind them. However, the authors
do not conduct a user evaluation of the technique. In summary, the evaluations suggest
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(a) (b) (c)

Figure 2.11: Guiding users to the informaƟon outside the current view. In the related work, different
interfaces are applied for this purpose: (a) the aƩenƟon funnel by Biocca et al. [14], (b) the context compass
by Lehikoinen et al. [92], (c) a radar-like interface in Layar [91].

that rendering a ground plane, various transparency and see-through effects, as well as
providing an alternative top-down view are effective depth cues in AR.

Supporting users in the case of augmentations outside the current camera view has not
been studied so extensively, and is the topic of our work presented in Chapter 5. Biocca et
al. [14] present the attention funnel (Figure 2.11 (a)), an AR visualisation element shaped
as a tunnel which guides the attention of a user towards a specific object in the environ-
ment. The authors evaluate the technique in a head-worn setup, comparing it against
visual highlighting (a 3D bounding box) and a verbal description of the object. Results
show that the attention funnel reduces visual search time and mental workload. However,
the interface also provides visual clutter, so the user should be able to disable the tunnel
when it is not needed. Schwerdtfeger et al. [175, 176] apply the technique to the context
of order picking in a warehouse, but their evaluations are limited to different designs of the
interface and not comparative against other navigation interfaces (for example, a map). In
general, all evaluations of the attention funnel are conducted in small indoor settings, and
there is no clear indication of the effectiveness of such interface outdoor, or in comparison
to more established interfaces such as maps. Furthermore, it is not clear if the tunnel
metaphor, which works well in head-worn setups, can also work well on handheld devices.

AR is also often combined with other non-AR interfaces that support users in un-
derstanding where off-screen augmentations are located. For example, Lehikoinen et al.
[92] propose a 2D overlay interface called the Context Compass (Figure 2.11 (b)), very
similar to the 2D overlay used in Tinmith by Thomas et al. [189]. This interface uses a
compass metaphor to show the horizontal orientation of annotations with respect to the
user. It is a linear and user-centred indicator of orientation: icons in the centre of the
overlay represent annotations currently visible by the user, whereas icons to the side of the
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Problem SoluƟon User evaluaƟons
Occluded
augmentaƟon

X-ray view /
transparency

Livingston et al. [98], Tsuda et al. [193]

3D AR cue
Biocca et al. [14], Schw-
erdƞeger et al.
[175, 176]

Schinke
et al. [174]Off-screen

augmentaƟon 2D overlay Lehikoinen et al. [92]
Our

contribuƟon
(Chapter 5)TransiƟon to

another
interface

Güven et al.
[47, 48]

Table 2.1: User evaluaƟons in egocentric exploraƟon, and placement of our contribuƟon. Previous work
focuses mostly on one specific soluƟon for off-screen augmentaƟons. In contrast, we sistemaƟcally study
different soluƟons for providing overview of off-screen augmentaƟons, for various types of user tasks.

overlay represent annotations outside the field of view of the user. The Context Compass
is only evaluated in a small-scale indoor setup, and not in comparison to other interfaces.
Güven et al. [47, 48] discuss moving between AR and VR modes for browsing distant
and occluded hypermedia objects. A user evaluation shows that the VR techniques are
slower than a transparency-based interface, but more accurate. Höllerer et al. [62] also
use a design that transitions between AR and VR, to allow users browsing remote camera
views on demand, but they do not conduct an evaluation of their technique. Sandor et
al. [169] uses a 3D virtual model of the environment to provide a distorted view of the
surroundings, with a much larger field of view than the used camera. This technique is
partially related to our Zooming Panorama technique (presented in Section 5.2) but the
authors do not conduct any usability evaluation. Most AR navigation systems use a map
or a World-in-Miniature (WIM) (a 3D miniaturised version of the surrounding environ-
ment, first presented by Stoakley et al. [187]) to provide overview, either on a separate
handheld device that can be brought into view whenever needed (as done, for example, by
Höllerer et al. [63] and by Reitmayr et al. [157]) or by tilting the view down (as down, for
example, by Bell et al. [12] and by Kähäri et al. [88]). The tilting motion is an established
way to space-multiplex AR and other interfaces: users look up for the AR view and look
at the floor, where there is usually no augmentation, to access another interface. We will
also use tilting motions for the same purpose in our work, in Section 5.2, 7.1 and, in a
slightly different form, in Section 8.2 and 8.3. In commercial AR browsers, radar-shaped
overlays and 2D maps (Figure 2.9, Figure 2.11 (c)) are also often used to show the position
of all the surrounding augmentations. In parallel with our research work, Schinke et al.
[174] conducted a first comparative evaluation of 3D AR arrows against a radar-shaped
overlay interface. Their evaluation shows that AR arrows outperform the radar overlay in
accuracy, when users are asked to estimate the physical direction of off-screen annotations.
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In general, however, there is no systematic evaluation of the usability of AR and non-
AR cues for off-screen augmentations for different user tasks (see Table 2.1). In Chapter
5, we present a broad research on the usability of AR for egocentric exploratory tasks,
studying not only how AR supports search tasks where one single augmentation is involved
(Section 5.1) but also how to support AR with other interfaces when users need an overview
on multiple surrounding augmentations (Section 5.2).

2.3.2 Exocentric exploraƟon

Exploring detailed digital information by simply pointing a mobile device to different
locations on a paper map has already been studied outside the AR community, for example
in the pioneering work by Fitzmaurice et al. [35], or more recently by Norrie et al. [131] and
Reilly et al. [153]. The last two works show evaluations both in controlled and real-world
settings: their results highlight the value of the mixed-media approach of augmenting
physical maps.

Within the AR community, the feasibility of augmenting paper maps has been largely
validated for small-size maps, for example by Bobrich et al. [15] and Hagbi et al. [49], as
well as for larger table-size maps, for example by Ishii et al. [68], Reitmayr et al. [156]
(Figure 2.12 (a)) and Olwal et al. [132]. Moore et al. [115] exploit the tangible nature
of paper maps, using a 3D paper cube as an interface for exploring a potentially infinite
augmented map. Martedi et al. [104] further consider the tangible nature of paper maps,
proposing tracking and interaction solutions for partially folded maps.

The first related work to study how users operate a handheld navigation system based
on augmented maps is the one by Schöning et al. [178] and Rohs et al. [165, 166] (Figure
2.12 (b)). The focus of these studies is on how users explore the map, and the systems
are not validated outdoors in real-world navigation tasks. The results of the evaluations
are very encouraging for the use of augmented maps, showing that the key advantage
of using an augmented map over a digital map lays in the physical interaction with the
map [166], which allows for faster and more efficient exploration of the map. The visual
context provided by the physical map behind the mobile device has a smaller impact than
the proprioceptive feedback give by the physical movement of the user when hovering the
device over the map; this is also due to the fact that switching attention between device and
paper map is cumbersome. Furthermore, having a paper map becomes more advantageous
when the map is large and the information sparse on it [165]. Schöning et al. [179] present
a further iteration of their augmented-map interface that uses a pico-projector, rather than
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(a) (b)

Figure 2.12: Exocentrix exploraƟon with augmented maps. (a) Reitmayr et al. [156] invesƟgate tabletop
augmented maps and tangible interacƟon with the map for details on demand. (b) Rohs et al. [165, 166]
conduct deep quanƟtaƟve studies on the usage of augmented maps for exploring informaƟon.

a magic-lens metaphor. An evaluation of this new design shows that projector-based AR
speeds up search tasks compared to a magic lens, but the projector-based solution is not
studied under outdoor lighting conditions. Overall, all these works study in detail how
users operate augmented maps in controlled settings, but lack insight on how users would
really use an augmented map in real-world settings and for outdoor navigation tasks.

The first to study augmented maps in outdoor settings are Morrison et al. [118]. Their
experiments confirm the benefit of using an augmented map over a digital map for easily
browsing information, but also show the value of a paper map as a physical prop that
fosters collaboration and communication between multiple users. Two limitations of this
work are the weak tracking technology, which forces users to operate the augmented map
solely after laying the map onto a stable surface, and the fact that users were forced to share
one single mobile device – in real-world settings, we can assume that multiple users will
typically all have their own phone. In Chapter 6, we extend the work by Morrison et al.,
in collaboration with the original authors. In our work, we study how stable tracking and
multiple devices change the way users operate augmented maps for exploring information
in real-world outdoor settings.

2.3.3 Outdoor wayfinding

Besides the use of AR for exploring information, users can also receive support for wayfind-
ing to a specific destination, by visualising the path from one location to another in AR. A
pioneering work in this field is Tinmith by Thomas et al. [189], later refined by Piekarski
et al. [137, 138]. In Tinmith, a user explicitly defines a desired path as a finite sequence
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(a) (b)

Figure 2.13: Outdoor wayfinding in AR navigaƟon systems. (a) Reitmayr et al. [158] guide users by aug-
menƟng the environment with a set of viewpoints. (b) Rehrl et al. [152] show the final desƟnaƟon and its
distance from the user as an augmentaƟon in the environment.

of waypoints: Tinmith then interactively shows users the position of the next waypoint as
they navigate the environment through a head-worn display. Tinmith was only evaluated
in the context of collaborative navigation [185, 186], but the focus of the evaluations was
on different cues for collaboration rather than on wayfinding performance. MARS [63] also
supports a collaborative wayfinding mode between an outdoor user and a remote guide:
the remote guide can sketch a path to appear in the AR view of the outdoor user, to
support her wayfinding. In a recent work, Reitmayr et al. [158] show an interesting AR
navigation system for collaborative wayfinding: for example, the system can be instructed
to guide multiple users so that they can meet halfway between their start locations. All
waypoints are visualised in the environment and connected to each other by arrows (Figure
2.13 (a)).

The value of AR as a support for wayfinding is also largely shown in the automotive
field, typically considered a more attentional-demanding – and thus more critical – field
than pedestrian navigation. Numerous AR cues have been designed and evaluated in driv-
ing simulators. Kim et al. [78] and Medenica et al. [107] show that AR improves attention
on the driving task compared to traditional in-car navigation systems, but in both cases
the comparison is conducted between a heads-up AR condition and a heads-down non-AR
condition, thus the effect of AR vs. non-AR is hardly separated from the effect heads-up
vs. heads-down. Tönnis et al. [194–196] show that in-car AR cues improve drivers’ perfor-
mance, but Plavšić et al. [144] highlight a usability issue when augmentations are outside
the current view of the driver, in which case a non-AR overview is preferred. Fröhlich
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et al. [37] are the first to perform an evaluation of in-car AR wayfinding cues outside
a simulated environment, with users driving on the motorway. They compare audio in-
structions, a map interface, and an AR interface similar to the one presented by Tönnis
et al. [196]. The results are more conservative than those from simulator-based studies,
suggesting that AR does not generally improve drivers’ performance, but it is beneficial
for communicating instructions in emergency settings (for example, for telling the driver
to stop immediately, and communicating the lane in which she has to stop).

AR cues have also been validated in aviation, a more demanding scenario in which
reducing the pilots’ workload is uttermost important. In aviation, it is common to use
pathway displays, visualisations which augment the cockpit view with virtual tunnels that
the pilot has to follow. A good overview of pathway displays is given by Newman et
al. [129]. It is now generally acknowledged that tunnel-like AR cues can improve flight
performance, as shown for example by Kramer et al. [85]. Foyle et al. [36] also apply
a similar concept to surface aircraft taxi operations, but do not conduct an evaluation
of their system. Similar AR cues are also adopted by commercial handheld navigation
systems, such as Augmented Driving [67] and Virtual Cable [184]. However, Wickens et
al. [206] highlight the potential risk of cognitive tunneling when using the tunnel cues in
an aircraft, with the risk that the pilot might miss important information located outside
the AR display. Tönnis et al. [195] discuss the same issue for AR cues in cars. It is
unclear if this issue applies also to handheld devices, which are not always-on screens
like the heads-up displays in cars and airplane cockpits. However, this issue poses safety
concerns that should be taken into consideration when designing AR navigation systems.

In the context of handheld navigation systems for pedestrians, the same AR solution
used for car navigation system and head-worn displays is often applied (for example, in
the work by Narzt et al. [127] or in Wikitude Drive [208]). It is however arguable that
pedestrians are willing to constantly use AR to navigate (and constantly hold the phone
upwards): this is already a theme of discussion in the AR community (e.g., see Tokusho
et al. [191]). Indeed, as discussed in Section 2.2.2, a current trend in handheld navigation
systems is rather to offload the burden from the visual sense onto other senses, relying
on vision only when necessary. In Chapter 7, we present the first real-world evaluation
that studies how often, where and how users need to access AR cues for turn-by-turn
instructions during outdoor wayfinding. In parallel with our research, the topic was also
investigated by Dünser et al. [31] and Rehrl et al. [152]. They both use AR cues different
than ours, showing the direction of the users’ ultimate destination (Figure 2.13 (b)) rather



2.3. Augmented Reality NavigaƟon Systems and Their Usability 37

than turn-by-turn arrows – a cue similar to the vibrotactile one used by Robinson et al.
[161] and presented in Section 2.2.3. This AR cue shows increased workload compared to
a map-based interface [161], but works better than a map when the destination is within
visible line of the user [31]. This result is in line with our findings, presented in Chapter
7, where we found that maps can be sufficient for outdoor wayfinding, while AR cues are
most needed for decision within visibility range (for example, the turns to take or the
position of the final destination to reach). Our results also differentiate from the related
work because our study is exploratory and not comparative, thus leaving the users full
freedom in using either the map or AR whenever needed.

2.3.4 Indoor wayfinding

Indoor wayfinding is a more complex scenario than outdoor wayfinding, because there is
no standardised interface (as compared to the 2D maps outdoors) or reliable localisation
technology (as compared to GPS outdoors). Many researchers look at supporting indoor
navigation with AR cues from the technical perspective of how to continuously localise a
user in a building. For example, Kalkusch et al. [74] and Reitmayr et al. [157] present
an indoor navigation system that uses an AR arrow to show the directions to the next
waypoint. Their system is based on black-and-white artificial markers, densely placed
on the corridors’ walls. Wagner et al. [203] later show how the same indoor navigation
system can also run on handheld devices (Figure 2.14 (a)). Piekarski et al. [135, 136] use
a similar marker-based approach, while other researchers use more advanced computer-
vision tracking (for example, Kim et al. [77] and Hile et al. [55]), or sensor-based tracking
(e.g., Tenmoku et al. [188]) and dead-reckoning (e.g., Merico et al. [109]). This work
focuses on the technical feasibility of indoor navigation systems, but there is no formal
evaluation of the usability of such systems.

Höllerer et al. [64] are the first to discuss the issue of tracking degradation from a
usability perspective. Similarly to the work by Butz et al. [19] (discussed in Section
2.2.3), Höllerer et al. suggest transitioning between AR and a WIM view depending
on tracking accuracy. When the tracking is sufficiently accurate, annotations and route
arrows are superimposed on the environment using AR. When the tracking accuracy
degrades, the interface smoothly transitions to a WIM view, and an avatar representation
is used to indicate the current position of the user in the WIM. Rather than inaccurately
placing the augmentations – which could potentially confuse users – the authors choose
to transition the system to a WIM interface that is more robust to tracking inaccuracies,
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(a) (b)

Figure 2.14: Indoor wayfinding in AR navigaƟon systems. (a) Wagner et al. [203] conƟnuously guide the
users with AR arrows in the environment. (b) Müller et al. [126] support users with augmented maps at
sparse locaƟons in the building.

and more informative for the user to navigate. This idea is developed further by Hallaway
et al. [50], but the authors do not conduct any user evaluation of the system. This work
is tightly related to our work presented in Chapter 8, where we further explore the issue
of tracking degradation evaluating the case of complete loss of localisation.

Also similar to our work from Chapter 8, Müller et al. [126] support indoor navigation
with augmented public maps at sparse locations in the building (Figure 2.14 (b)). The
results from a preliminary evaluation show that the availability of augmented maps im-
proves navigational performance, significantly reducing the amount of navigational errors.
These results are consistent with our results. However, Müller et al. do not provide any
navigational cue to the user when a map of the building is not visible. In Chapter 8
we extend the concept of augmented information points at sparse locations, conducting
a number of evaluations aimed at discovering what type of information users need when
departing from such accurate information points and entering areas in which localisation
is completely unavailable.

Finally, there are strong commercial efforts for supporting indoor navigation, such as
the most recent version of Google Maps [44], which seamlessly merges outdoor and indoor
maps, or recent research work on Ovi Maps*. However, there is currently no AR navigation
system that supports continuous navigation guidance indoors, and the systems that have
been demonstrated at large-scale indoor venues are typically based on localisation at sparse
locations, such as our system Signpost, presented in Section 8.1, and Junaio [110], which
has been demonstrated at the Intel Developer Forum in 2010†.

*Nokia Indoor Navigation: http://research.nokia.com/news/11809.
†Indoor AR at the Intel Developer Forum: http://www.youtube.com/watch?v=k3bFBn_Bs8Y.

http://research.nokia.com/news/11809
http://www.youtube.com/watch?v=k3bFBn_Bs8Y
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2.4 Tracking requirements for AR navigaƟon systems

Accurate tracking is a fundamental requirement for all AR applications, because augmen-
tation is only possible when the position and orientation of the device in the environment
can be estimated. Given the importance of the topic of tracking for any AR navigation
system, we give here a brief overview of the state of the art in the field. Since the focus of
this thesis is on handheld platforms, we put particular emphasis on the challenges involved
in performing tracking on handheld devices.

Due to the interactive nature of AR applications, tracking estimates have to be cal-
culated in real-time, ideally at the speed of the camera updates (usually 30 frames per
second). Furthermore, the estimates have to be extremely accurate. Azuma et al. [8]
argue that tracking accuracy should be a fraction of a degree in orientation and a few mil-
limetres in positioning, in order to achieve reasonable augmentations. While Feiner et al.
[33] show that lower accuracy still allows coarsely labelling large buildings, it is typically
desirable to position augmentations at a finer grain than that, for example to highlight a
building’s entrance. Therefore, trackers should typically offer centimetre or millimetre ac-
curacy in position and sub-degree accuracy in orientation, to allow for correctly registered
augmentations in navigation systems.

Early navigation systems targeting large-scale outdoor scenarios, such as the Tour-
ing Machine [33] or Tinmith [189], perform tracking using sensors. Typically, GPS is
used to estimate the position of the user, while an inertial unit and a magnetometer are
used for estimating the orientation. Another approach is to incrementally measure users’
movements (dead reckoning), as shown for example by Hallaway et al. [50] and Löchte-
feld et al. [102], but these solutions typically drift over time. Sensor-based solutions are
usually inaccurate and unreliable – for example, Feiner et al. [33] report that they can
place annotation only on whole buildings, and not on finer details, due to the tracking
inaccuracy. While advancements in technology have improved the accuracy of high-end
sensors, the sensors available on handheld devices do not provide an accuracy suitable for
AR applications. The issue does not only depend on the use of cheap sensors, but also
on the need of mounting all parts close to each other, due to intrinsic space constraints,
with the resulting problem of interferences. In general, positioning accuracy with assisted
GPS on mobile phones is in the range of several meters [212], while orientation accuracy is
typically a few degrees [173]. A phone’s magnetometer can further deviate due to external
factors, for example by simply wearing a metal wristwatch while holding the device [173].
This level of accuracy is clearly a few orders of magnitude worse than the one needed for
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correct augmentations. Nevertheless, many commercial AR navigation systems on mobile
phones (for example, Wikitude [207] or Layar [91]) employ mostly sensor-based tracking
and typically produce inaccurate and unstable augmentations.

Vision-based approaches offer promising results for accurate real-time tracking in AR
applications. Early work in vision-based tracking uses fiducial markers, artificial tracking
targets designed for good tracking performance. Kato et al. [75], for example, developed
ARToolkit, a tracking system that works with tracking targets that have a prominent
black-on-white border. Möhring et al. [114] present a tracking solution for mobile phones
that uses colour-coded 3D markers. Around the same time Rohs et al. [162] create the
VisualCodes system for phones. Both works provide only simple tracking of 2D position
on the screen, 1D rotation and a very coarse distance measure. Wagner et al. [203]
and Henrysson et al. [53] are the first to show the feasibility of accurate 6 degrees of
freedom (DOF) marker-based tracking on handheld devices. The accuracy of modern
marker-based trackers is typically of a few millimetres and a fraction of degree [134], and
therefore suitable for AR.

Instrumenting the environment with artificial tracking targets is impractical in many
scenarios, and more recent work looks at natural features as a support for tracking. Point-
based approaches use corner detectors and matching schemes to obtain correspondences
between 2D locations in the video image and known 3D locations in the environment. For
example, Skrypnyk et al. [182] describe a classic system based on the SIFT descriptor
[100]. Lepetit et al. [94] recast matching as a classification problem, using a decision tree.
This work was later improved by Ozuysal et al. [217], while further reducing the necessary
computational work. Despite the efforts on reducing the computational load of natural-
feature tracking, such approaches were considered too demanding for handheld platforms
until recently. Our work [201, 202], presented in Chapter 3, is the first one to show
the applicability of point-based natural-feature tracking of planar targets on handheld
devices. Very recent commercial products for handheld devices, such as Vuforia [149] or
Junaio [110], incorporate natural-feature tracking solutions for planar and 3D objects,
ultimately bringing this enabling technology outside the research labs. The accuracy
of natural-feature trackers is typically presented in pixels, and state-of-the art trackers
can achieve an accuracy of one pixel or better [202] – the metric value of such accuracy
depends on the distance of the camera from the tracking target. Independent of the
metric accuracy, the ability to position augmentations with pixel accuracy clearly makes
this tracking technology suitable for AR.
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In larger-scale scenarios, such as outdoor navigation, the need for accuracy brought
research in the direction of hybrid tracking solutions, which combine sensor measurements
with computer-vision techniques. For example, Reitmayr et al. [154, 155] show a system
that benefits from combining vision-based edge tracking with sensors. Their system uses
GPS to obtain an initial estimate of the user’s position in the environment; edge tracking
is then used at runtime for accurate augmentations, while an inertial unit helps coping
with fast camera movements or occlusions that occur during normal usage. Klein et
al. [79] also combine accurate edge tracking with gyroscope measurements, for higher
robustness. These systems use a model-based tracking approach and therefore require
previous knowledge on the appearance of the outdoor environment, which is not always
possible.

Indoor scenarios are even more challenging, because GPS is typically unreliable due to
bad signal reception, while magnetometers often suffer from the strong magnetic influences.
Different types of sensing infrastructure have been used as a basis for indoor localisation
in AR, for example wireless or infrared tracking [50]. Position accuracy typically varies
between about 1 metre for infrared tracking [50] and several meters for wireless tracking
[105], while orientation must be usually estimated using sensors. High-end ultrasonic or
infrared trackers offer an accuracy of a few millimetres, but they can cover only a small
volume in the size of a few metres and are therefore not suitable for indoor navigation.
Wagner and Schmalstieg [203] use computer vision to localise users, by detecting markers
mounted on the walls. Overall, all these solutions require instrumentation of the environ-
ment and knowledge about the location of emitters/receivers or of artificial markers in the
environment, which is not always a viable solution in large-scale environments.

An interesting hybrid tracking approach is taken by adaptive tracking systems, which
dynamically select the best tracking technology available depending on the user’s location,
as done for example in the Ubitrack project by Pustka et al. [148] or by Hallaway et al. [50].
An analogous approach is also used in commercial map-based products: for example, both
Apple‡ and Google§ combine GPS, cell ID and Wi-Fi positioning in their map applications.
In this case, the accuracy of the tracker varies over time, depending on the technology
available.

If no model of the environment is available, sensor-based trackers can still benefit from

‡Apple Q&A on Location Data: http://www.apple.com/pr/library/2011/04/
27Apple-Q-A-on-Location-Data.html.

§Google, Location source and accuracy: http://support.google.com/gmm/bin/answer.py?answer=
81873.

http://www.apple.com/pr/library/2011/04/27Apple-Q-A-on-Location-Data.html
http://www.apple.com/pr/library/2011/04/27Apple-Q-A-on-Location-Data.html
http://support.google.com/gmm/bin/answer.py?answer=81873
http://support.google.com/gmm/bin/answer.py?answer=81873
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the integration of frame-by-frame computer vision methods. For example, You et al. [211]
combine sensor estimates with optical tracking to stabilise the augmentations. Jiang et
al. [69] discuss using gyroscopes for a first orientation estimate and frame-by-frame edge
tracking for refining such estimate. Similarly, Satoh et al. [171] and Ribo et al. [159]
also combine sensor tracking with point-based natural-feature tracking. The results of
Satoh et al. show strong improvements in registration accuracy even after 40 minutes of
usage, highlighting the value of vision-based refinements of the sensor-based estimates.
Wagner et al. [199] discuss the use of frame-by-frame optical flow on handheld devices, for
improving tracking robustness. In a recent work [200], presented in Chapter 4, we show
a vision-based system that constrains the tracking problem to 3 DOF (only orientation),
thus achieving very robust real-time execution on a mobile phone. In a further work [173],
also discussed in Chapter 4, we show how this system can be combined with sensors, to
obtain very robust hybrid orientation tracking in a world-aligned reference frame.

More recent research on the topic of tracking in unknown environments goes beyond
frame-by-frame vision tracking and aims at building a model of the environment on the
fly. Knowledge is borrowed from the field of robotics, where Simultaneous Localisation
and Mapping (SLAM) approaches were first proposed [183]. The key idea behind SLAM
is to extract natural features from the environment and store them in a 3D map, which is
incrementally refined over time as the user moves in the environment. SLAM-like systems
have been applied to AR by various researchers, for example Klein et al. [80] and Davison
et al. [29] with a monocular camera, or by Newcombe et al. [128] using a depth camera.
In recent works, Klein et al. [81] and Pirchheim et al. [143] demonstrate the feasibility of
SLAM also on handheld devices. The research on SLAM clearly opens up novel possibilities
for AR applications, as any unknown environment can potentially be augmented.

However, in contrast to model-based tracking, a semantic link to the tracked scene
is typically missing in SLAM systems, because the system has no knowledge about the
meaning of the features that are being tracked. Furthermore, SLAM-based systems only
track the device in an arbitrary initial reference frame, which is not aligned to world coor-
dinates. A separate and complementary branch of research looks exactly at the problem
of localising from an image (for example, Li et al. [95], Chen et al. [21], or the recent
project Read/Write World [112]). These methods are an important and very promising
complement to tracking in unknown environments, as they can serve to provide an initial
estimate of the device’s position and orientation in the environment, which the device can
then exploit for aligning the SLAM coordinate system to world coordinates. In the context
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of AR, Arth et al. [4] show a system that runs on mobile phones and can localise users
with sub-meter accuracy in a wide-area scenario, both indoors and outdoors. Their system
exploits an offline-generated point cloud, divided into GPS-referenced feature blocks, to
perform on-device localisation. In a more recent work, Arth et al. [3] also show how this
localisation system can be combined with our orientation tracker [200] (Chapter 4), suc-
cessfully combining accurate localisation in world-coordinates with real-time tracking of
the device. Overall, combining a model-based localisation system with an accurate tracker
that does not need a model of the environment is a very recent development in the field.
It will certainly be a key technology for handheld AR navigation system in the upcoming
years, once it will be proven to be sufficiently robust for end-user applications.

2.5 Summary

In summary, while there are several examples of AR navigation systems, there is signif-
icantly less work on the usability of AR in such systems. In particular, there is little
evidence that AR is an effective enhancement to navigation systems. Furthermore, most
user evaluations are conducted in laboratory studies, while there is a lack of validations on
real-world navigation tasks. In this thesis, we combine laboratory studies with evaluations
in real-world settings, to gain novel insight into the usability of AR navigation systems in
realistic scenarios. This is the core contribution of this thesis and is presented in Chapter
5–8. In order to evaluate our work in real-world settings, we faced the need of robust and
accurate tracking: as a secondary contribution of this thesis, we implemented two novel
trackers. These are fundamental for the robust functioning of our interface prototypes.
We briefly present these two trackers in the following part of this thesis, in Chapter 3–4.
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Chapter 3

Tracking planar targets

In this part of the thesis, we briefly discuss our contribution to the field of mobile AR
tracking. A new tracking solution represents a fundamental enabling technology for our
interface-design work on AR in handheld navigation systems, as it typically opens up
new possibilities for interaction with the augmentations. Furthermore, robust tracking is
necessary to develop prototypes that must be operated by end users and work robustly
in real-world conditions. During the course of this thesis, the author contributed to a
number of tracking systems, which we present in this chapter and in the following one.
Given the focus of this thesis, we try to give a brief overview of the technical contribution
of each tracking system, while putting more emphasis on how the system can be used to
build new interactions for handheld navigation systems.

In this chapter, we present our work on natural-feature tracking of planar targets.
This relies on real-world elements, rather than on artificial targets, to accurately calculate
the position and orientation (pose) of the user’s device in the environment. This gives
handheld navigation systems the possibility of augmenting everyday’s life planar objects,
such as paper maps, with accurately registered AR cues.

Natural-feature tracking is computationally demanding and only recently became feasi-
ble on handheld platforms. Our natural-feature tracking system is the first system capable
of tracking planar targets with 6 DOF at real-time frame rates (30Hz) on modern handheld
platforms, using only the computational resources and the built-in camera of the handheld
device. In the following, we give an overview of the functioning of our tracking system
and present evaluation results on its robustness and performance. For further details, we
refer the reader to our publications [201, 202].

47
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3.1 Tracking system

Our tracking system relies on two separate trackers: PhonySIFT and PatchTracker (Figure
3.1). PhonySIFT does tracking by detection: for every video image, it detects all the
natural features in the image, matches them against a database of known features and
finally estimates the camera pose. Frame-to-frame coherence is not considered in the
tracking process. In contrast, PatchTracker does only active search: based on a motion
model, it estimates where to look for known features and how they will appear due to
locally affine transformations.

PhonySIFT*

Feature'detec*on'

Descriptor'crea*on'

Descriptor'matching'

Outlier'removal'

Pose'es*ma*on'

PatchTracker*

Predic*on'

Ac*ve'search'

Pose'
es*ma*on'

Mo*on'
model'
update'

Switch'to'PatchTracker'if''
a'tracking'target'was'found'

Switch'to'PhonySIFT'if''
the'tracking'target'was'lost'

Figure 3.1: RunƟme pipeline of our natural-feature tracking system. We combine two separate trackers,
PhonySIFT and PatchTracker.

PatchTracker requires another tracker to start, because it cannot initialise without a
previously known pose. In our tracking system PhonySIFT is used for initialisation. As
soon as PhonySIFT detects a target and estimates a valid pose, it hands tracking over to
PatchTracker. PatchTracker uses the pose estimated by PhonySIFT as a starting pose,
and then uses its own poses from frame to frame for continuous tracking. In typical
application scenarios, PatchTracker works for hundreds or thousands of frames before it
loses the target. In such case, our tracking system switches again to PhonySIFT, for
reinitialisation.
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3.1.1 PhonySIFT

PhonySIFT derives its name from a tracking approach called Scale Invariant Feature
Transform (SIFT), originally proposed by Lowe [100]. PhonySIFT is a model-based
tracker, like the original SIFT, and therefore requires previous knowledge of the track-
ing target. In the next sections, we present both the runtime tracking pipeline and the
offline step, which is necessary to create a database of features for a given tracking target.

3.1.1.1 RunƟme pipeline

As shown in Figure 3.1, the realtime pipeline of PhonySIFT combines a sequence of steps:
feature detection, descriptor creation, descriptor matching, outlier removal, and finally
pose estimation. The next sections detail each of these steps separately.

Feature detecƟon. We detect features using the FAST corner detector from Rosten et al.
[167] with non-maximum suppression. FAST is known to be one of the fastest corner
detectors, while still providing good repeatability [40]. Since FAST does not estimate a
feature’s scale, we store feature descriptors from multiple scales of the video frame. We
build an image pyramid, each level scaled down with a factor of 1/

√
2 from the previous

one, and calculate FAST corners at each scale level (Figure 3.2).

Figure 3.2: Feature detecƟon in PhonySIFT. Since FAST [167] does not esƟmate the features' scale, we
extract features at mulƟple scale levels.
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Descriptor creaƟon. We first blur the patch around a feature with a 3×3 Gaussian kernel.
Like in the original implementation, we then estimate feature orientations by calculating
gradient direction and magnitude for all pixels of the kernel, and use them to assign one
or more orientations to the feature. For each feature and each orientation, we then rotate
the image patch surrounding the feature with sub-pixel accuracy (Figure 3.3). We finally
create a 36-element SIFT descriptor using 3× 3 sub-regions with 4 gradient bins each. As
Lowe outlines in his paper [100], this combination performs only ∼10% worse than the
best variant.

Figure 3.3: Patch rotaƟon in PhonySIFT. For the three main orientaƟons of the feature, we rotate the sur-
rounding image patch with sub-pixel accuracy before calculaƟng a feature descriptor.

Descriptor matching. After creating the descriptors for all features in the camera image,
we match them against a database of known descriptors for a specific tracking target (see
Section 3.1.1.2). To speed up the matching, we use spill trees [96], a variant of k-d trees
that uses an overlapping splitting area. We combine a number of spill trees into a spill
forest: multiple spill trees with randomised dimensions for pivoting allow for a highly
robust voting process, similarly to the randomised trees [94]. Since only a few values of a
descriptor are expected to be wrong, a descriptor has a high probability of showing up in
the “best” leaf of most trees in the forest. We therefore visit a single leaf in each tree and
merge the resulting candidates. Descriptors that show up in only one leaf are discarded.
All others are matched using Sum of Squared Difference (SSD).

Outlier removal. Although SIFT is known to be a very strong descriptor, it still produces
outliers that have to be removed before the pose estimation step. Our outlier removal works
in three steps. The first step uses the feature orientations: we correct all relative feature
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Figure 3.4: Outlier removal tests in PhonySIFT. Before running a RANSAC-based outlier removal, we conduct
two simple and fast tests, that typically remove a large part of the outliers. In the orientaƟon test (leŌ),
we see that all matches in the live video image (boƩom) are rotated about 45°–60° counterclockwise,
compared to the reference image (top). Only the match for feature C is rotated differently, and is therefore
considered an outlier and removed. In the geometric test (right), we consider the line between feature A
and feature D, and detect that the match for feature E in the live video image (boƩom) lies on the wrong
side of such line, compared to the reference image (top). We thus consider such match an outlier and
remove it.

orientations to absolute rotation using the feature orientations in the database. Since the
tracker is limited to planar targets, all features should have roughly the same absolute
orientation (Figure 3.4, left). We estimate a main orientation and use it to filter out
all features that do not support this hypothesis. Since feature orientations are available,
this step is very fast, yet also very efficient in removing most outliers. The second step
uses simple geometric tests (Figure 3.4, right): all features are sorted by their matching
confidence and, starting with the most confident features, we estimate lines between two
of them and we test all other features to lie on the same side of the line both in the camera
image and in the database. The third step removes final outliers using homographies, in
a RANSAC fashion [34]. Since most outliers have been already removed, this last step
typically requires only a few iterations.

Pose esƟmaƟon. We finally estimate a 6 DOF camera pose from the point correspondences
between the feature points observed in the camera image and the original feature points
in the database. We use a Gauss-Newton iteration scheme to minimise the reprojection
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error under a standard camera model.

3.1.1.2 Offline acquisiƟon of the tracking target

PhonySIFT requires a feature database to be prepared beforehand for each tracking target.
Our tracking system is limited to planar targets, therefore a single orthographic image of
the tracking target is sufficient. Data acquisition starts by building an image pyramid,
similar to the realtime pipeline, each level scaled down with a factor of 1/

√
2 from the

previous one. Features are detected and described as in the real-time pipeline (see Section
3.1.1.1). Finally, all descriptors and their position on the target are stored in a database.

3.1.2 PatchTracker

Unlike PhonySIFT, PatchTracker does not require an offline preparation of the tracking
target, but only requires an orthographic image of the tracking target at runtime. This
is typically a scaled-down version of the image used for the offline phase of PhonySIFT
(Section 3.1.1.2).

PatchTracker uses active search, based on a motion model that predicts where to find
features and how they will appear, and only searches for such features within a small area
around their predicted location. Such an approach is efficient because it makes use of
the fact that typically both the scene and the camera pose change only slightly between
two successive frames – the coarse position of features can be therefore predicted from
the previous pose estimates. PatchTracker combines three steps (Figure 3.1): prediction,
active search and finally pose estimation. Ultimately, the motion model is also updated
with the new pose estimate. In the following, we briefly explain all steps.

PredicƟon. For each new frame, PatchTracker predicts the location where features should
appear in the camera image. Feature locations are calculated by projecting the features
of the reference image into the camera image, using a camera pose predicted by a motion
model.

AcƟve search. After the feature locations have been predicted, we search the features
within a predefined search window around the predicted location (Figure 3.5). We first
create an affinely warped representation of each feature – we use the reference image as
a source for the pixel values. The exact location of the feature is then estimated using
Normalised Cross-Correlation (NCC) over the search window and, once a good match is
found, performing a quadratic fit into the NCC responses of the neighbouring pixels, to
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Figure 3.5: AcƟve search in PatchTracker. AŌer detecƟng the same feature in two consecuƟve frames (a-
–b), we use a linear model to predict where the feature will be located in the third frame (c, predicƟon
shown in red). We then define a search region around the predicted feature locaƟon (d). Typically, the
actual feature is found within such search region (e, shown in green).

achieve sub-pixel accuracy. Since a small search window limits the speed at which camera
motion can be detected, we employ a multi-scale approach to track fast moving cameras.
First, we estimate the new pose from a camera image downscaled to half size, with a large
search radius. If a new pose is found, we refine it using the full-resolution camera image
and a smaller search radius.

Pose esƟmaƟon. The pose estimator is analogous to the one used by PhonySIFT (Section
3.1.1.1). We feed it with the correspondences between the features in the reference image
and the features found by the active search.

Update of themoƟonmodel. We finally update the motion model with the newly estimated
pose. Since our motion model is linear, we use the difference between the current pose
and the previous one as a measure for camera velocity. This model works well, as long as
the camera motion does not change drastically, which is rarely the case.

3.2 EvaluaƟon

We evaluated both the robustness and the performance of our tracking system with a
number of tests, presented in the following of this section.

3.2.1 Tracking targets

We tested the robustness of PhonySIFT on seven different tracking targets (see Figure
3.6), in stand-alone mode as well as in combination with PatchTracker. The targets were
selected to cover a range of different objects that might be of interest in real applications,
to gain understanding on what are the characteristics of a good tracking target. We
applied our trackers to one test video sequence for each target and measured the number
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Figure 3.6: Robustness of our tracking system on different tracking targets (we also show the percentage
of successfully tracked frames without/with PatchTracker). We ran our tests over seven different tracking
targets, covering a broad range of possible real-world AR applicaƟons.

of frames for which the pose was estimated successfully (we define a pose to be found
successfully, if the number of inliers in the correspondences is 8 or greater). The results
are shown in percentage in Figure 3.6.

The Book and Cars datasets performed worst. The Book cover consists of few large
characters and a low-contrast blurred image, making it hard for the feature detector to
find features in large areas of the target. In the Cars dataset the sky and road are of
low contrast and therefore also respond badly to corner detection. Like the Book dataset,
these areas are hard to track with our current approaches. The Ad, Map and Panorama
datasets show better suitability for tracking. Both the Ad and the Panorama consist of
areas with few features, but they are better distributed over the whole target than in the
Cars or Book targets. The Map target clearly has well distributed features, but robustness
suffers from the high frequency of these features, which creates problems when searching
at multiple scales. The Photo and Satellite datasets work noticeably better than the other
targets, because the features are well distributed, of high contrast and more unique than
the features of the other datasets.

We therefore conclude that drawings and text are less suitable for our tracking ap-
proaches. They suffer from high frequencies, repetitive features and typically few colours
(shades). Probably, a contour-based approach is more suitable in such cases. Real objects
or photos on the other hand have often features that are more distinct, but can suffer from
poorly distributed features creating areas that are hard to track.

3.2.2 Overall robustness

We further tested the robustness of our tracking system on five different test sequences,
each showcasing a different practical situation that can occur in any real-world AR ap-
plication (see Figure 3.7). The first sequence resembles a smooth camera path, always
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(a) (b) (c)

Figure 3.7: We evaluated the robustness of our tracker in various pracƟcal scenarios: (a) occlusion, (b)
strong Ɵlt, and (c) fast camera movements.

pointing at the target. The second sequence tests partial occlusion due to a user inter-
acting with the target, up to the point that less than one fourth of the target is visible
(Figure 3.7 (a)). The third sequence checks how well the tracker works under strong tilt
angles, up to about 60° degrees from the perpendicular to the tracking target (Figure 3.7
(b)). The fourth sequence imitates fast camera movement, typical in mobile usage, up
to the point of introducing very strong motion blur (Figure 3.7 (c)). The final sequence
checks how well the trackers cope with pointing the camera away from the target and
back. We used the Satellite dataset to generate these sequences, as it is the dataset that
worked best in our previous test.

All five sequences were tested with PhonySIFT alone and in combination with Patch-
Tracker. The results of all tests are shown in Figure 3.8. For each sequence and tracker,
we visualise the tracking success (again defined as finding at least 8 inliers) as a horizontal
line. The line is broken at those points in the sequence where tracking fails. Tracking
success is also shown as the percentage of successfully tracked frames in each sequence,
next to the corresponding line in Figure 3.8.

Both trackers work very well with the simple sequence: while PhonySIFT loses tracking
for a few frames during the sequence, PatchTracker takes over after the first frame and
never loses it. The two variants perform most differently at the occlusion sequence, where
large parts of the tracking target are covered by the user’s hand. Here, PhonySIFT breaks,
while PatchTracker again takes over after the first frame and does not lose track over the
complete sequence. PhonySIFT is known to have problems with strong tilts, because it is
designed to tolerate tilt but not actively take it into account. Since PatchTracker directly
copes with tilt, it does not run into any problems with this sequence. The fast camera
movements and hence strong motion blur in the fourth sequence create a severe problem
for the FAST corner tracker used for PhonySIFT, while PatchTracker has no problems
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Figure 3.8: Robustness of our tracking system in five pracƟcal scenarios. Wedesigned three test sequences:
(a) simple, (b) occlusion, (c) Ɵlt, (d) fast movement, and (e) loss of target. The horizontal bars encode
tracking success over Ɵme, defined as esƟmaƟng a pose from at least eight keypoints (we also show the
percentage of successfully tracked frames). The reference image and test sequences can be downloaded
from http://studierstube.org/handheld_ar/vienna_dataset.

even with strong blur. The last sequence tests reinitialisation after moving the target out
of the camera view. We see that PatchTracker loses the target later than PhonySIFT,
while the combined PhonySIFT+PatchTracker clearly reinitialises at the same time as the
standalone PhonySIFT tracker (because in both conditions the reinitialisation is based on
PhonySIFT).

We also looked at the reprojection error of our trackers for all sequences. The accuracy
results, presented in more detail in our publication [202], show that both our trackers
operate on average with sub-pixel accuracy.

http://studierstube.org/handheld_ar/vienna_dataset.
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Figure 3.9: Robustness of PatchTracker. We tested PatchTracker against losing target, occlusion, Ɵlt, moƟon
blur, and reflecƟons. The first image of each column shows a typical frame of the test sequence that was
tracked well. The second image shows when the tracking quality starts to degrade. The third image shows
the first frame that breaks tracking.

3.2.3 Robustness of PatchTracker

The robustness tests in the previous section show that PatchTracker strongly improves the
overall tracking robustness of our tracking system, resulting in 100% tracked frames in most
of our tests (see Figure 3.8). We therefore created an extra series of tests, in which each
image sequence makes the tracking increasingly more difficult, allowing us to analyse when
exactly PatchTracker breaks. All sequences were designed so that PhonySIFT detects the
pose in the first frame and then hands over tracking to PatchTracker, until it loses the
target.

Figure 3.9 shows a typical good frame for each test, the first frame when tracking
degrades and the first frame, in which tracking breaks. As PatchTracker was configured
to search 100 features per frame, we defined degrading as finding less than 100 features.

The first sequence tests at which point the tracker loses a target moving out of view.
Tracking starts degrading when the target covers only ∼17% of the camera image and
breaks when it goes down to ∼8%. This percentage clearly depends on the distribution of
features on the tracking target. Since the target we used has almost uniformly distributed
features (see Figure 3.2), we can assume that PatchTracker works provided that about
8% (or more) features are visible. The second sequence tests partial occlusion of the
tracking target. As can be seen in the second image, tracking works well even under
large occlusions, and breaks only when the target is hardly visible anymore; as shown in
Figure 3.9, second column, the target occupies less than 5% of the pixels in the video
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image when tracking fails. The tilt test checks how strong the camera can be tilted with
respect to the tracking target. Due to the affine warping of patches, very strong tilts can
be tolerated and tracking works without degradation, until it suddenly breaks at an angle
very close to 90° from the perpendicular to the target (see Figure 3.9, third column). The
motion blur sequence tests how fast the camera can be moved – long exposure times are a
typical problem of mobile phones, which are not very tolerant to low-lighting conditions.
Tracking degrades only when there is severe blur and breaks at a point when the target
can be hardly recognised anymore (Figure 3.9, fourth column). Finally, we estimated how
well the tracker can cope with reflections on the target. The second image in the last
column of Figure 3.9 shows that tracking starts degrading at a point where the camera
image is already poor in contrast and then loses the target quickly.

3.2.4 Performance

Finally, since we need to run our tracking system in interactive prototypes, we conducted
a further test to verify if it can guarantee sufficient performance on a mobile phone.
Performance typically scales linearly with the CPU clock rate on mobile phones, and is
independent of the operating system: we therefore benchmarked on a single mobile phone,
an Asus P552W, which has a Marvell PXA930 CPU running at 624MHz. We tested the
trackers against the simple sequence of the robustness tests of Section 3.2.2, since we
wanted to prevent tracking failures and to measure only full-frame processing times. The
mobile phone runs PhonySIFT in roughly 40ms per frame. Adding typical overhead of AR
applications (camera image retrieval, rendering, application overhead) this performance
allows running an AR application at about 15 frames per second on the 624MHz phone of
our test. When activating PatchTracker, per-frame time decreases to about 8ms, reducing
performance requirements to a level that even average smartphones are capable of tracking
at interactive frame rates. We further looked at the relative speed of the different steps
of the PhonySIFT and the PatchTracker pipelines: results are presented in Figure 3.10
and in Figure 3.11. Although we did not formally benchmark the tracker on more recent
devices, we use it constantly in our research prototypes and we have empirical evidence
that tracking runs at full 30fps on the >1GHz CPUs of latest smartphones.

3.3 Conclusion

This chapter presented a natural-feature tracking system that allows robust pose estima-
tion from planar targets at real-time frame rates on mobile phones. We combine simplified
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Figure 3.10: Speed of the different parts of the PhonySIFT pipeline.
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Figure 3.11: Speed of the different parts of the PatchTracker pipeline.

feature detection, description and matching steps with fast but effective heuristics for fil-
tering outlying correspondences. Our robustness and performance tests clearly show the
suitability of PhonySIFT for being used in interactive systems.

We further improve the robustness and the performance of our tracking system by
carefully considering the usage scenario in real-world settings. By observing that users
mostly perform small and smooth movements of the device while interacting with the
AR system, we combine PhonySIFT with PatchTracker, a tracker designed to perform
fast active-search tracking. This drastically reduces the execution time of our tracker
(from 40ms per frame with PhonySIFT to 8ms for PatchTracker, on our test device) and
increases the robustness to occlusions, tilts, fast camera movements and strong reflections.

This technical contribution has a large impact on the usability of handheld AR nav-
igation systems. First, systems that use our tracker have a good amount of free CPU
cycles available for non-tracking tasks, such as path planning and rendering, while still
guaranteeing a smooth interactive experience at 30 frames per second. Second, they can
augment real-world planar objects (such as maps or posters) with AR navigational cues
robustly, typically without tracking failures that could hinder the user experience.

As we will show in the next chapters of this thesis, this tracking system allowed us to
implement an outdoor navigation system based on augmented paper maps (Chapter 6),
and an indoor navigation system based on augmented posters (Chapter 8). Our evaluations
also informed us while choosing appropriate tracking targets – in Chapter 6, for example,
we use a satellite image with street overlay, rather than a pure map, as our work shows
that this is a more robust tracking target. Finally, the robustness of our tracker allowed
us to successfully conduct a number of evaluations of our prototypes with end users under
real-world conditions.





Chapter 4

Tracking panoramas

The previous chapter presented a natural-feature tracking system that enhances augment-
ing planar targets – such as maps and posters – with AR navigational cues. Such tech-
nology does not enable tracking generic three-dimensional environments: this limits the
possibilities that can be explored in our research on handheld navigation systems – ide-
ally, we would like to place AR navigational cues not only on maps and posters, but also
directly on buildings, streets, and other generic environmental features.

In this chapter, we present another tracking system, designed with the goal of aug-
menting the physical environment surrounding the user. This second system is based on
panorama tracking. Six DOF tracking on mobile phones in outdoor scenarios is still largely
an unsolved problem, in particular with the robustness necessary when the tracker must
be operated by end users. In our panorama tracking system, we constrain the problem to
3 DOF, assuming that the user will operate the system while standing still and only per-
form rotational movements. This assumption is often reasonable when users are focused
on exploring the AR cues. The assumption of pure rotational movements is typically not
respected in real-world usage: users do not rotate their device on the camera axis but
rather with extended arms, for more comfort. However, in most outdoor scenarios the
distance between the camera and the objects in the environment is large, compared to the
translational motion that occurs when users rotate the handheld device. DiVerdi et al.
[30] show that, in this case, errors in the panoramic mapping process are negligible.

Due to this simplified 3 DOF problem, our system allows for robust real-time orienta-
tion tracking on mobile phones, using solely the computational resources and the built-in
camera of the device. We use a panoramic map and, optionally, the sensors to track
the user’s orientation in the environment. In the following section, we first present the
vision-based implementation of such panorama tracker. In Section 4.2, we then discuss
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Figure 4.1: The pipeline of our panorama tracking system. We combine two interdependent phases of
mapping and tracking.

how we combine our vision-based tracker with sensor measurements, to be able to track
the user’s orientation in a world-aligned reference frame. Similar to the previous chapter,
we give here an overview of our tracking systems, focusing in particular on their impact
on handheld navigation systems. For further details on the tracking technology, we refer
the reader to our original publications [173, 200].

4.1 Panorama tracker

In this first part of the chapter, we present our vision-based panorama tracking system.
Similarly to the tracking system presented in the previous chapter, we rely on natural fea-
tures for creating the panorama and for tracking the user’s movements in the environment.
We also present an evaluation of our tracking system, discussing both its robustness and
its performance on mobile devices.

4.1.1 Tracking system

Our tracking system works by incrementally creating a panoramic map on the fly from
the live camera video, and simultaneously tracking the camera orientation from the same
panoramic map.

Figure 4.1 shows how our tracking system is composed of two phases of mapping and
tracking, which depend on each other in our tracking pipeline: while tracking requires the
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Figure 4.2: Mapping of the camera image onto the cylindrical panoramic map. The mapping process is
composed of two consecuƟve steps: first, we determine the area on the cylinder which is covered by the
current camera image. Then, we fill all pixels of such an area with the pixel colours from the camera image.

panoramic map for estimating the orientation of the user’s device, mapping requires an
orientation from the tracker for updating the map with the data from new camera images.

4.1.1.1 Mapping phase

The mapping phase of our tracker uses a cylindrical map to capture and store the panorama
on the fly. Our panoramic map covers 360° horizontally, while the range covered verti-
cally is [-38.15°, 38.15°]. We consider this a reasonable tracking range for typical urban
scenarios. Our system generates a colour panoramic map of 2048× 512 pixels, which can
also be used for user-interface purposes.

For each camera image, we assume that the camera position is in the centre of our
mapping cylinder and project the camera frame onto the cylinder, to identify which areas
of the panoramic map are covered by the current frame (see Figure 4.2). Once we have
identified such areas, we conduct a second step to fill the panoramic map with the pixel
values from the camera image. In the following, we explain both steps.

ProjecƟng from camera image onto the map. We first define a bounding rectangle for the
whole camera image in camera space, setting its vertices as the pixel coordinates of the
corners of the camera image. Given the current camera orientation, we then use forward
mapping to estimate the projected position of the vertices of the bounding rectangle onto
the cylinder’s surface. More details on the equations used in forward mapping can be
found in our paper [200]. Due to radial distortion and the nonlinearity of the mapping,
we sample five points on each side of the rectangle – rather than just the two extremes –
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to get a smooth curve in the target space.

Filling the map with pixels. This forward-mapped bounding rectangle tells us which pixels
in the panoramic map are covered by the current camera image. Since using forward
mapping to fill the map with pixels can cause holes or overdrawing of pixels, we rather use
backward mapping for this operation. We again refer the reader to our paper [200] for the
equations used in backward mapping. Essentially, for each of the pixels in the panoramic
map identified in the previous step, we apply the inverse of the transformation used for
forward mapping, to calculate the corresponding pixel coordinate on the camera image.
The resulting coordinate generally lies somewhere between pixels, so we finally interpolate
linearly to achieve a colour with sub-pixel accuracy. Since a complete backward mapping
of all camera images would cause a large computational workload, we set each map pixel
only once, as soon as it can be mapped for the first time.

Loop closing. Due to errors that accumulate as the panoramic map extends away from
the starting orientation, after a full 360° sweep the edges of the panorama typically do
not align correctly. Rather, there is often a noticeable discontinuity at the location in the
map where the left-most and right-most mapped pixels touch. Our system integrates a
loop-closing procedure (see Figure 4.3) that accurately estimates this error in the map and
corrects it. We explain this method in detail in our paper [200].

Figure 4.3: The typical output of our panorama tracker before and aŌer loop closing. Top: a full 360° loop
with overlapping areas highlighted. BoƩom: the same panorama aŌer the applicaƟon of our loop-closing
procedure.
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4.1.1.2 Tracking phase

The previous section describes how we build and store a panoramic map on the fly, using
the live video images from the camera. The whole mapping process assumes that an
accurate estimate of the camera orientation is available. In this section, we present an
efficient method that uses the panoramic map (as it is being built) for tracking the camera
orientation.

Feature detecƟon. Similarly to the feature detector presented in Section 3.1.1.1, our
panorama tracker also applies the FAST corner detector [167] on the panorama to extract
features. We extract features for the full-scale panorama as well as for downscaled
versions at half and quarter resolution. For each feature, FAST also gives a score of how
strong the corner appears. We sort all features by corner strength and only keep the
strongest features. In a 64 × 64 pixel area of the panorama we typically keep only the
strongest 40 features at full scale, 20 at half scale, and 15 at quarter scale. We empirically
found these thresholds to allow for robust tracking with low memory requirements.

Feature tracking. Feature tracking works similarly to the PatchTracker tracker presented in
Section 3.1.2. We use the panoramic map as a natural-feature tracking target, and adopt
an active-search approach, based on a motion model, to track features from one frame
to the next. Due to the active-search approach, the tracker needs a rough prediction of
the camera orientation for every new frame, in order to accurately estimate the actual
orientation. In the first frame, this corresponds to the orientation used for initialising the
system. For all successive frames, we use a motion model with constant rotational velocity
(under the assumption of zero translation) to predict the orientation in the next frame.
We calculate velocity as the difference in orientation between the current and the previous
frame. We then refine this initial prediction to an accurate orientation estimate: for each
feature, the tracker applies NCC over a search area at the expected feature location in a
camera image scaled down to a quarter resolution, and then refines the feature position
to sub-pixel accuracy by fitting a 2D quadratic term to the matching scores of the 3 × 3

neighbourhood.

OrientaƟon esƟmaƟon. Feature tracking returns a first set of correspondences between
3D cylinder coordinates (from the panoramic map) and 2D camera coordinates (from the
current camera image). We use these correspondences in a non-linear refinement process,
using the initial orientation prediction as a starting point. The refinement uses a Gauss-
Newton iteration, running the same optimisation as used for a 6 DOF camera pose (see
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Section 3.1.1.1) but ignoring all translational terms. Like in Section 3.1.2, we first refine
the orientation at half resolution and finally at full resolution, to cope with large camera
movements without using large search areas.

RelocalisaƟon. The active-search approach can only follow the features from one frame
to the next, and is therefore not able to reinitialise when frame-to-frame tracking breaks.
A relocalisation mechanism is fundamental for any practical system. We therefore add a
separate relocalisation step, which is triggered if the tracker does not find enough feature
matches (we typically set the minimum number of matches to 40 for full resolution, 20
for half resolution and 12 for quarter resolution), or when the reprojection error after
refinement is too large to trust the orientation estimate (we typically allow for a maximum
reprojection error of 4 pixels). Relocalisation works by storing low-resolution keyframes
with their respective camera orientation, as the map is being created. To limit the memory
needed to store the keyframes, we downsample the camera image to quarter resolution.
The orientation is then quantised into 12 bins for yaw (±180°), 4 bins for pitch (±30°)
and 6 bins for roll (±90°): we store a unique keyframe for each bin (we thus have a
maximum of 288 keyframes). A keyframe is only overwritten if it is older than 20 seconds.
Whenever active-search tracking is lost, we use brute-force NCC to compare the current
camera image with all the stored keyframes. If we find a keyframe that matches the current
camera image, we run the orientation-refinement step using the keyframe’s orientation as
a starting point.

4.1.1.3 IniƟalising from a previous panorama

One advantage of our panoramic tracking is that it works without any previous knowledge
of the environment, because the panoramic map is not prerecorded but created on the
fly. If an application needs to use the tracker on prerecorded panoramas, for example to
completely avoid mapping errors, we propose another method that allows initialisation
from a prerecorded (partially) finished panoramic map (Figure 4.4).

Starting with a map loaded from a file, we extract features from the map and create
PhonySIFT descriptors (Section 3.1.1.1). We then match all features in the camera im-
age against all features in the panoramic map, obtaining a set of correspondences. We
finally apply a RANSAC approach [34] to estimate the camera orientation from the list
of correspondences. As soon as initialisation successfully completes, tracking continues as
described in the previous part of the chapter.
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Figure 4.4: IniƟalizaƟon of the panorama tracker from a prerecorded panorama. LeŌ: camera image to
localize. Right: 3DOF localizaƟon of the camera image on the prerecorded panorama.

4.1.2 EvaluaƟon

We conducted an evaluation of our panorama tracker, to analyse its robustness, accuracy,
and to verify that it allows interactive usage on a mobile phone. To evaluate our panorama
tracker, we created 30 panoramas at different indoor and outdoor locations.

4.1.2.1 Robustness

We specifically included difficult scenarios, to investigate when the tracker breaks. For 5
of the 30 panoramas, tracking broke before we could finish a 360° loop.

In Figure 4.5, we qualitatively analyse where tracking breaks, showing a few practical
examples. We can see that the most typical problems are poorly textured surfaces or
surfaces with unevenly distributed features, and also moving objects in the environment.
This knowledge is useful to inform our experimental designs, suggesting that we should
avoid poorly textured and extremely crowded environments for our evaluations.

(a) (b) (c) (d)

Figure 4.5: ProblemaƟc scenarios for our panorama tracker. A few cases are typically problemaƟc: (a) a
floor that is poor on texture, (b) awall that is poor on texture, with only line details on the floor, (c) repeƟƟve
line details on the wall (features are due to sampling arƟfacts) and pebbles on the floor, (d) moving objects
(tram, people) covering most of the image.
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4.1.2.2 Accuracy

We evaluated the accumulated mapping error, using only the 25 complete panoramas, and
measured the offset in the overlapping regions using our loop-closing method. With a
proper camera calibration, 16 out of the 25 panoramas have an error of ∼1° (given the
panorama width of 2048 pixels, this corresponds to an error of about 5–6 pixels). We
also analysed pose jitter, using a static live camera (zero motion): we measured a jitter of
∼0.05° for both head, pitch and roll angles (this corresponds to a fraction of a pixel). These
results show that our panorama tracker is sufficiently accurate for adoption in handheld
navigation systems.

4.1.2.3 Performance

We finally benchmarked the performance of our panorama tracker on an Asus P565 smart-
phone with an XScale ARM CPU at 800MHz. Overall, the panorama tracker takes an
average of ∼15 milliseconds for each video frame – about 10.6 milliseconds for the tracking
phase and 4.5 milliseconds for the mapping phase. Timings further decrease once the map
has been completely filled, or if the user points the camera only at areas that have already
been mapped, because the mapping time goes close to zero in such cases. Although we
did not formally benchmark the tracker on more recent devices, we use it constantly in
our research prototypes and we have empirical evidence that tracking runs at full 30fps
on the >1GHz CPUs of latest smartphones.

Loop closing is a more expensive operation, taking ∼10 seconds for a full colour map
on the 800MHz phone, when using the Lanczos filter for pixel sampling. Most of the time
is spent on updating all pixels in the map, thus loop closing takes less than 2 seconds
on the phone if we replace Lanczos filtering with nearest-neighbour filtering. This cre-
ates noticeable visual artifacts, but generates a panorama that is still good for tracking.
In practice, it is reasonable to assume a small slowdown of the system for loop-closing,
because it is a rare situation and is required at most once for a map. Localisation from
a pre-recorded panoramic map takes ∼120 milliseconds per frame, and can therefore run
interactively.

4.1.3 Discussion

The panorama tracker presented in this section allows for accurate, robust and drift-free
orientation tracking and is sufficiently efficient to run at high frame rates on common
smartphones. As a side effect of the tracking-and-mapping approach, the method also
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creates coloured panoramic maps, which can be used for the user interface (as we do, for
example, in the case of Section 5.2.1).

A limitation of our panorama tracker is that it can only estimate a camera orientation
with respect to the initial orientation. In AR navigation systems, we want to augment
the physical environment with virtual cues, and we therefore need tracking of the device
orientation with respect to the world reference frame (i.e., correctly aligned to gravity and
north directions). A naïve way to track orientation in world coordinates is to use the data
from the magnetometer and accelerometer to initialise the panorama tracker. However,
sensor measurements are typically noisy, particularly on mobile phones. Due to this noise
in sensor measurements, directly using them would mean initialising the panorama tracker
most of the times with an inaccurate – or completely wrong – world orientation. A more
robust approach is to consider all sensor measurements over a large time span, integrating
them to estimate a world registration of the panorama tracker that gets incrementally
more accurate. We explain this method in the next section.

4.2 World-aligned panorama tracker

In this tracking system, we still use our vision-based panorama tracker (presented in
the previous section) as the main tracking modality. At the same time, we use sensor
measurements to register the panoramic map to a world-aligned reference frame (based
on gravity and north directions), as shown in Figure 4.6.

Mapping' Tracking'

Orienta(on**
es(ma(on*

PANORAMA'TRACKER' SENSOR'TRACKER'

Magnetometer'
measurements'

Accelerometer'
measurements'

KALMAN''
FILTER'

WorldAaligned'
orientaBon'

Figure 4.6: Pipeline of our world-aligned panorama tracker. We combine the vision-based panorama
tracker (see Figure 4.1) with sensor measurements, through a Kalman filter.
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While our vision-based tracker provides accurate and low-jitter orientation estimates
with respect to an initial reference frame, sensor measurements provide inaccurate and
jittery orientation estimates with respect to a world-aligned reference frame. The outcome
of our approach is therefore an accurate and low-jitter orientation estimate with respect
to the world reference frame, that can be directly used in handheld navigation systems to
place accurate augmentations in the environment.

4.2.1 Tracking system

The key idea behind our tracking system is to continuously refine an estimate of the
rotational offset between the panorama tracker and a sensor-based orientation tracker
(see Figure 4.7). The sensor-based tracker assumes a world-aligned reference frame N ,
defined by the direction to magnetic north and the gravity vector. The accelerometer and
magnetometer on the mobile phone measure the orientation of the device D with respect
to this reference frame. The output of the sensors is therefore a rotation RDN

*. Our
panorama tracker, in contrast, provides a rotation of the device RDP with respect to the
reference frame P of the panorama tracker.

RPN$

RDN$
RDP$$$$$$.$

Centre$of$the$
panorama$

(P)$

North$
(N)$

Current$orienta4on$
of$the$device$

(D)$

Figure 4.7: Overview of the reference frames involved in our tracker. Different rotaƟons are calculated
between a world reference system (N ), a device reference system (D) and a panorama reference system
(P ). We use the two rotaƟon measurementsRDP andRDN to esƟmate the invariant rotaƟonRPN .

Our goal is to estimate the invariant rotational offset RPN in Figure 4.7. At each
frame, this rotation can be simply estimated as

RPN = R−1
DP ·RDN

We use an extended Kalman filter (EKF) to integrate all estimates of the rotation
RPN over time. Essentially, for every frame, the filter estimate’s R̂PN and the sensors’

*The subscripts in RBA should be read from right to left, to signify a transformation from A to B.
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measurement RPN are used to compute a small innovation motion Ri, as shown in Figure
4.8. This innovation is then fed into the usual update equations of the EKF, presented in
more detail in our publication [173].

."
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panorama"

(P)$

Filter’s"
"es3mate"
of"north"

Sensors’"
measurement"

of"north$

RPN"
^"

RPN""

Ri$

Figure 4.8: The difference between the filter's esƟmate and the sensors' measurement. We calculate the
innovaƟon moƟon Ri using the Kalman filter's esƟmate R̂t and a new sensors' measurementRPN .

The orientation of the device within the world-aligned reference frame is finally com-
puted through concatenation of the estimated orientation R̂PN from the EKF and the
measured orientation from the panoramic tracking RDP , as

RDN = RDP · R̂PN

This combines the accurate orientation from the panorama tracker with a filtered
estimate of the world-aligned orientation from the sensor-based tracker.

4.2.2 EvaluaƟon

We evaluated our tracking system on an HTC HD2, a smartphone based on a Qualcomm
Snapdragon 1GHz CPU. The phone uses an AKM AK8973 3-axis electronic compass and
a Bosch BMA150 3-axis acceleration sensor.

4.2.2.1 Accuracy

We tested the absolute accuracy of our tracker using a set of surveyed reference points,
whose position we know with centimetre accuracy. Figure 4.9 shows the position of all
reference points (1–8) and the reference point where the phone was positioned (RP). Given
the accurate geographic coordinates of all reference points, the absolute angle from the
phone’s position RP to north of each target point can be calculated geometrically.
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We mounted the phone onto a tripod (Figure 4.10, left), positioned exactly above
the reference point RP (we used a perpendicular to ensure the correct location of the
tripod). We estimate that an error of ±2cm in the placement of the tripod would lead to
an orientation error of ±0.02 degrees.

Due to the high sensitivity of the magnetometer to metal parts, we could not use a pan-
tilt unit for measuring accuracy. We therefore measured accuracy by manually turning
the device towards all reference points, without resetting the tracker. We kept the device
still for about 30 seconds at each reference point, logging the orientations reported by the
sensors, by the vision tracker and by the combined tracker. A viewfinder glyph on the
device’s screen (Figure 4.10, right) ensured pixel-accurate alignment of the camera with
the target points. Figure 4.11 (left) shows the orientation reported by the sensors and
by the combined tracker during this measurement. Reference angles are shown as dark
dotted lines. Figure 4.11 (right) shows the error to the closest reference point, effectively
the error to the ground truth. We also plot the error of the vision-based tracker as a
reference for the hybrid tracker. Since the vision-based tracker does not provide absolute
orientation from the north, in the plot we assume it has zero error on the first sample.

The results demonstrate two key improvements over pure sensor-based tracking. First,
high frequency noise is reduced: the vision-based tracker dominates the motion estima-
tion and provides a low-jitter orientation estimate. Secondly, over time, the error of the
combined tracker is smaller than the sensor-only orientation, because deviations in the
magnetometer measurements are averaged over different orientations. Overall, we ob-
tain a responsive, less jittery estimate that, on average, is also more accurate than the
orientation derived from the sensors alone.

1

2
3

4

5

6
7

8

RP

Figure 4.9: The area used for our accuracy evaluaƟon. We know the posiƟon of all reference points with
cenƟmetre accuracy: (leŌ) north-aligned map and (right) bird's eye view.



4.2. World-aligned panorama tracker 73

Figure 4.10: Phone-based setup used for our accuracy evaluaƟon. Wemounted the device on a tripod (leŌ)
and ran an applicaƟon with a viewfinder (right), to help us align the device with the different reference
points.
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Figure 4.11: Accuracy results for a phone fixed on a tripod. We plot the results of a test sequence for
our tracker: (leŌ) angle reported by the sensors and by our orientaƟon tracker, with respect to a set of
reference points; (right) angular error of sensors, vision-based tracker and combined tracker.

4.2.2.2 Free-hand moƟon

The tripod-based accuracy evaluation provides a measure of absolute accuracy of our
tracker. We also tested free-hand motion (holding the device in the hand), evaluating the
tracker’s behaviour in a more realistic usage scenario. Figure 4.12 shows data captured
while rotating the phone from one reference point to another (represented by the two
dotted lines) through a natural rotational movement – the phone was held in the experi-
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menter’s hand. We plot raw sensor measurements, filtered sensor measurements† and the
output of our tracker. The plot shows that our tracker removes jitter without inducing
latency, in contrast to the filtered sensor estimates.
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Figure 4.12: Accuracy results for free-hand moƟon. We plot heading, pitch and roll for a free-hand move-
ment of the mobile phone between two reference points (dark doƩed lines). We plot orientaƟon for the
raw sensor values, a filtered esƟmate and the hybrid tracker.

4.2.3 Discussion

The tracking system presented in this section significantly improves the orientation esti-
mation of the sensors built into modern mobile phones. Further, it obtains a world-aligned
orientation estimate from the accurate and low-jitter vision-based tracker presented in the
first part of this chapter. The implementation as a recursive filter is efficient and fast,
requiring only a little more memory and processing power than our original panorama
tracker. Therefore, like the panorama tracker alone, it can run at interactive frame rates
in handheld AR applications operating on smartphones.

†We filter the raw sensor measurements with a Kalman filter tuned for low latency and reasonable
filtering of high-frequency noise.
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4.3 Conclusion

This chapter presented a panorama tracker that allows robust orientation estimation at
real-time frame rates on mobile phones. Similar to the natural-feature tracking system
presented in the previous chapter, we model our tracker around observations on how users
typically operate the AR system. We first design the tracker around the assumption
that users will operate the system while standing still: this reduces the pose-estimation
problem from 6 DOF to 3 DOF, allowing us to robustly create the panoramic map on the
fly without previous knowledge of the scene. We then observe that users will perform small
and smooth movements for a large part of the interaction time: this allows us to apply
again an active-search approach, which guarantees high processing speed of our tracker.
We finally combine our panorama tracker with sensors, obtaining a fast and low-jitter
orientation tracker that returns a pose in a world coordinate frame.

This technical contribution expands the design possibilities that we can explore in
handheld AR navigation systems. Systems based on our panorama tracker can augment
the physical environment with AR cues guaranteeing a low-jitter and smooth interactive
experience at full camera frame rates. As we will show in the next chapters of this thesis,
this tracking system allowed us to implement two outdoor navigation systems, one for
browsing generic information in the environment (Chapter 5) and another one for guided
turn-by-turn wayfinding towards a destination (Chapter 7). As our results will show, the
assumption that users will stand still while using the system (and only perform rotational
movements) is reasonable when users are exploring information, while it seems too strict
for the case of users finding their way in the environment (in this case, a full 6 DOF tracker
might be better suited).
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ExploraƟon
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Chapter 5

Egocentric exploraƟon

In this part of the thesis, we focus on the task of exploration – browsing and inspecting
the information in the surroundings, and gaining understanding of its spatial location in
the environment. During exploration, AR can support this understanding with egocentric
views, augmenting the information directly at its corresponding physical location in the
environment (for example, a shop’s name is augmented onto the corresponding building’s
façade). Consequently, users can inspect the information just as naturally as they would
inspect the physical environment.

When browsing information in an egocentric view, AR intrinsically imposes two con-
straints: the point of view is bound to the video camera (mounted on the device) and the
field of view is limited by the camera optics. This can result in some of the information
being off screen and therefore not visible by the user. Furthermore, the limitation on the
field of view also prevents the user from gaining a 360◦ overview on the surrounding infor-
mation. This chapter investigates how to support users’ understanding of the surrounding
information and its location, within an AR navigation system.

5.1 PoinƟng to a specific augmentaƟon

This first part of the chapter targets the case in which the system knows that the user is
looking for a specific piece of information: the goal of the interface is to make the location
of such information clear to the user. We therefore investigate how to point to a specific
piece of information within AR, and how to make the physical location of such information
clear to the user.

We use the scenario of a user browsing live information from remote cameras in outdoor

79
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Camera in view observing
the same scene

Mobile users
Camera not in view

observing the
same scene

Camera in view
observing a 
different scene

Figure 5.1: A sample scenario for the HYDROSYS project. Mobile users need to access a number of remote-
camera feeds and to understand the locaƟon of remote cameras with respect to their own posiƟon.

settings. This is a typical scenario for the HYDROSYS* project, which is focused on
environmental monitoring using mobile devices. In the case of environmental monitoring,
remote cameras help users in obtaining an overview of the situation, planning for movement
or searching for anomalies (e.g., assessing the risk of avalanches). Teams of users monitor
environmental changes on-site using mobile AR.

A typical scenario is shown in Figure 5.1. Remote cameras are placed in “wild” areas
such as mountains, riverbanks, ridges, and are accessed by mobile devices through a sensor
network. Users often have little knowledge about the surroundings, but they need to
understand the position of the remote cameras in order to evaluate the situation. Remote
cameras may or may not be visible by the user depending on her position and on occluding
objects in the environment. In browsing the camera feeds, navigation cues are necessary
to help understand the position and orientation of a remote camera.

5.1.1 Interface design

In our interface, AR is used to render a remote camera as a virtual 3D view frustum
and a live video feed anchored to the physical position of the camera in the environment
(see Figure 5.2). The frustum matches the position of the camera and the direction it is
looking.

*HYDROSYS project: http://www.hydrosysonline.eu/

http://www.hydrosysonline.eu/
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Figure 5.2: VisualisaƟon of a remote camera in our AR view.

We designed three interfaces for pointing to the view frustum and clarifying the spatial
relationship between the user and the remote camera (see Figure 5.3). All interfaces
operate in three states, shown by the large frames in Figure 5.3. In the first state, the
user sees the video feed from the camera mounted on her device (local camera) augmented
with the 3D frustum of the remote camera (if the remote camera is in view). The view
is analogous to the one shown in Figure 5.2. In the second state, a transition view shows
both the local and the remote camera feeds, and illustrates their mutual position and
orientation. In the third state, the user sees the video feed of the remote camera. The
three techniques represent the main research directions on navigation and multi-camera
systems, adapted to mobile AR.

Mosaic. Mosaic (Figure 5.4 (a)) relates local and remote cameras topologically using a
compass metaphor, through screen-aligned 2D overlay graphics. This technique is typical
in surveillance systems, for example in DOTS [42]. The technique uses the angle between
the viewing direction of the local camera and the position of the remote camera to position
thumbnails of both videos on the screen. This conveys to mobile users how they should
turn in order to see the camera, like a compass. Mosaic does not show the 3D spatial
relationship or the distance between cameras. It is primarily a 2D technique, providing a
directional cue towards the remote camera with respect to the user. The transition view
shows thumbnails of both videos, allowing users to get a minimised view of both cameras
at the same time. Since the organisation of the thumbnails does not depend on distance,
this technique provides a visualisation of several cameras simultaneously, as long as the
cameras are not in the same direction.
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EGOCENTRIC

EXOCENTRIC

MOSAIC

LOCAL CAMERA (L) REMOTE CAMERA (R)

TRANSITIONALL

R
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Figure 5.3: An example of the three proposed techniques. Using the techniques, users can browse the
video stream from either the local or the remote camera, or they can smoothly move to a transiƟon view
where both videos are visible.

(a) (b) (c)

Figure 5.4: Screenshots of the three techniques: (a) Mosaic, (b) Tunnel, (c) TransiƟonal.

Tunnel. Tunnel (Figure 5.4 (b)) is a variation of the attention funnel, first introduced by
Biocca et al. [14] and later refined by Schwerdtfeger et al. [175]. This is an AR technique
to guide a user towards an object of interest. The technique displays a tunnel, oriented
in 3D towards the remote camera. Users can travel down the tunnel to the other camera.
We blend the tunnel over the video background so that the tunnel and the video are both
visible. When the remote camera is in view, the user can see its video feed at the end of
the tunnel. If the remote camera is not in view, the tunnel instructs the user in turning
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the device towards the camera. Travelling down the tunnel shows the view to the other
camera. The distance to the camera is correctly shown in 3D from the perspective of the
user.

TransiƟonal. Transitional (Figure 5.4 (c)) implements the concept of a transitional inter-
face as defined by Grasset et al. [45]: in a transitional interface, users can transition
between contexts, each possibly having a different space, scale and representation. In our
case, users transition between an egocentric AR context, where a full-screen augmented
video is visible, and an exocentric 3D virtual context, where users get a bird’s eye overview
on both cameras and their respective spatial position and orientation. In the exocentric
view, an avatar is used to disambiguate the user’s camera from the remote camera. We
employ smooth animations to support coherent transitions.

5.1.2 Controlled study

We conducted a comparative evaluation of the three techniques, to gain insight on how
effective they are in pointing towards a specific piece of information.

Task. We asked participants to browse a remote camera’s video feed, and to understand
the position and orientation of the remote camera with respect to their position.

Independent variables. We had two three-way independent variables for this experiment:

• Technique. Mosaic, Tunnel or Transitional.

• Camera configuration. We classify the spatial relationship between the user and a
remote camera by taking into account whether the remote camera is visible from the
user’s position or not, and also whether the remote camera is observing the same
scene as the user, or a different scene. This results in four possible combinations
(Figure 5.5): CS (camera in view, same scene), CnS (camera in view, different
scene), nCS (camera not in view, same scene), nCnS (camera not in view, different
scene). In the present experiment, we only consider the first three conditions: in
nCnS the spatial relation between the user and remote camera cannot be inferred
without prior knowledge from the user (e.g., familiarity with the scene seen by the
remote camera). As this condition depends on each participant’s expertise, it would
have introduced a strong confounding factor in the experiment.
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Figure 5.5: Different camera configuraƟons. For a local camera (L) and a remote camera (R), we classify
camera configuraƟons based on the remote camera's visibility from the user's posiƟon, and on the scene
the remote camera is looking at.

Research quesƟons. We aimed to answer, for each camera configuration, the following
research questions:

Q1. Are there differences in spatial awareness† with the different techniques?

Q2. Which technique has less impact on the mental workload‡?

Q3. What is the users’ subjective preference between the techniques?

Procedure. We conducted the study as a 3 (Technique) × 3 (Camera configuration) de-
sign. We treated Camera configuration as a between-subject variable: users were divided
in three groups and each group experienced a different type of camera configuration. Tech-
nique was treated as a within-subject variable. Hence, every participant was assigned one
camera configuration, but tried all techniques. We selected three locations in our univer-
sity campus for conducting the experiment, in order to prevent learning effects between
repetitions. The three locations appeared different from each other, with different types
of buildings and varying density of trees. We used a Latin square to balance the order
in which techniques and locations were assigned to each user. Participants’ gender and
familiarity with the locations were also balanced between camera configurations.

Before the experiment, we collected demographic data, some information on the
amount of time users spend with both paper and digital maps, and information on their
spatial abilities, for which we used the SBSOD questionnaire [52]. The experiment
started with an outdoor introductory session, where the participant got familiar with

†With spatial awareness we refer to a person’s knowledge of her location within the environment, of
the surrounding objects, of spatial relationships among objects, and between objects and herself.

‡With mental workload we refer to a person’s demand of attentional and processing resources.
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(a) (b) (c) (d)

Figure 5.6: The experimental setup. From leŌ to right: (a) the mobile setup used for the experiment,
(b) during the experiment, we always posiƟoned one tripod to act as a landmark for the locaƟon of the
remote camera, (c) one parƟcipant searches the remote camera in the environment, (d) throughout the
experiment parƟcipants were asked to draw maps of the locaƟons.

the handheld device and the techniques. A dummy remote camera was provided for
practising.

After the introduction, we blindfolded and walked the participant to one of the three
locations. Upon arrival, the participant was provided again with one of the techniques and
asked to identify the position and orientation of the remote camera in the environment,
by making use of both the device and the physical environment. To prevent user biasing,
the techniques were named with neutral names (A, B and C). The participant was allowed
to look around but not to move from the designated location. Once the participant felt
confident about drawing a map with the main objects in the scene, her position, and the
remote camera’s location and orientation, we gave her paper and pencil and we took the
device. The participant could therefore not use the technique while drawing. Participants
also filled in a short questionnaire on their spatial awareness and workload, using parts
of the NASA TLX questionnaire [51] and an RSME (Rating Scale for Mental Effort,
scale 0–150, 150 for maximum effort) [215]. Finally, we collected a self-reported level of
confidence. This procedure was repeated for the other two locations.

After the three techniques were used, we asked the subjects to state their preferred
technique for a set of indices related to spatial awareness and workload. In total, partici-
pants filled out 12 pages of questions (31 spatial ability questions and 41 ratings based on
Likert scale) and drew three maps. The questionnaire is presented in Appendix A.1.

Apparatus. The experimental setup is shown in Figure 5.6. We used a handheld device
consisting of an ultra-mobile computer (Panasonic CF-U1 with a 5.6” screen), a Ublox GPS
sensor and a uEye UI-2210 colour camera (640 × 480 resolution) mounted with a 4.2MM
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Pentax wide-angle lens. The uEye camera was physically bound to the whole setup, and
acted as the local camera in the user study. All three techniques were used in combination
with pre-recorded video feeds from static remote cameras, to avoid the risk of connectivity
problems related to the streaming of the remote video during the experiment. Both the
local and remote camera feeds were running at 30 frames per second. Screenshots of the
three techniques and the different transition views are shown in Figure 5.3. A tripod was
positioned in the field to represent the remote camera. Participants transitioned between
the states of a technique through a button on the device.

ParƟcipants. A total of 27 users (16 male, 11 female, aged between 22 and 48) participated
in the study, so we had 9 participants for each camera configuration. All (but one)
participants had normal or corrected-to-normal vision. To partially compensate for the
effects of prior knowledge of the environment, we invited 17 users that regularly visited
the campus and 10 users that had hardly visited the campus before. Of the 17 regularly
visiting users, 9 users hardly knew at least one of the locations. Results were collected
from the 27 users and 3 locations, for a total of 81 trials. The duration of the experiment
was about 75 minutes per participant.

Results. As a result of the SBSOD questionnaire analysis, we retrieved a median score of
65.56%. Based on the median and the standard deviation of the results, we separated the
users in three groups:

G1: low spatial ability (< 55%), 2 male / 7 female.

G2: average spatial ability (55–75%), 9 male / 3 female.

G3: high spatial ability (> 75%), 5 male / 1 female.

Female users were more prevalent in the G1 and G2 spatial ability groups (Pearson
correlation, p < .01): this is in line with previous studies [90]. It must be noted that
the three spatial ability groups are computed using the median and the variance of the
spatial ability of all participants. We did not recruit all participants at once, but we rather
recruited them while the study was running. Consequently, we could assign each partici-
pant to the corresponding spatial ability group only after the experiment was concluded.
Therefore, we could not balance spatial ability between the different camera configurations
(see Table 5.1), and we cannot make exact statements on spatial-ability effects per camera
configuration as no participants with high spatial ability fell within the nCS condition. In
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the following table, we subdivide the sample population as a function of our three research
conditions.

Gender Familiar with the locaƟons SpaƟal ability
Male Female Yes No G1 G2 G3

CS 5 4 5 4 2 3 4
CnS 6 3 6 3 3 4 2
nCS 5 4 6 3 4 5 0

Table 5.1: The sample populaƟon for our experiment. DistribuƟon of gender, familiarity with the locaƟons
of the experiment and spaƟal ability among the different camera configuraƟons.

Spatial awareness. We started with interpreting the maps drawn by the users. Due to
the diversity and quality of drawing (for an example, see Figure 5.7), we made a qualitative
analysis of the errors. We used a voting mechanism among researchers to count errors in
the overall spatial configuration of objects in the map (VS), and in the position (VP) and
orientation (VO) of the remote camera. The results of this analysis are shown in Table
5.2.

Mosaic Tunnel TransiƟonal
VS VP VO VS VP VO VS VP VO

CS 0 1 1 3 2 3 2 1 3
CnS 2 1 1 3 1 2 3 1 0
nCS 1 3 0 2 3 3 1 1 1

G1 1 2 0 5 3 3 3 1 1
G2 2 3 2 2 3 3 3 2 1
G3 0 0 0 1 0 2 0 0 2

TOTAL 10 22 13

Table 5.2: The total number and types of errors in themap drawings for each technique. Results are shown
for each camera configuraƟon, each spaƟal-ability group, and overall.

Mosaic caused the least errors in the drawings. Users made few errors when drawing
the remote camera position, even if the technique itself does not provide any distance infor-
mation. The Transitional technique performed very well in the nCS condition, especially
when one considers that no high spatial ability users fell within this condition. The tech-
nique seems to provide quite accurate information on the remote camera’s placement and
orientation when the remote camera is not visible by the user. High-ability participants
made significantly fewer errors (Pearson correlation: p < .01) than participants from the
other spatial-ability groups. Previous knowledge of the environment only had a significant
main effect on errors produced by the Tunnel technique, but not on the other techniques
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Figure 5.7: Some of the maps drawn by our parƟcipants. All maps depict the same locaƟon and the same
camera configuraƟon: there was a great diversity in the drawing style of the different parƟcipants.
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Figure 5.8: Self-assessed success raƟngs. Scores for each spaƟal ability group, each gender and overall
(error bars = SD), on a 7-point Likert scale (higher scores mean higher self-reported success).

(one-way ANOVA, F1,25 = 9.04, p < .01): users with previous knowledge performed better
with the Tunnel technique than users with no previous knowledge.

For each technique, we asked participants to self-assess their success in drawing the
map (see Appendix A.1). The results are shown in Figure 5.8. Users with higher spatial
ability felt more confident. The correlation between spatial ability and errors is therefore
reflected in the subjective assessments. Regarding the techniques, groups G2 and G3 felt
most confident with Transitional, whereas group G1 preferred Tunnel. Mosaic caused the
least errors, but users did not report the highest confidence in this technique for drawing
the map. There was a significant interaction between spatial ability and success rating
(one-way ANOVA, F2,24 = 5.17, p = .01). A post-hoc t-test shows a main effect of spatial
ability on success rating for Mosaic (p = .02) and Transitional (p = .03): higher-ability
users felt more confident using these two techniques than users with lower ability. Spatial
ability did not have a significant effect on the success ratings for Tunnel.

In general, users estimated that with either technique they needed to retrieve as much
information from the screen as from the environment itself (see Appendix A.1 for the
questionnaire): since the techniques provide only limited information, users also needed
to observe the environment to fulfill their task. We expected that Mosaic would require
users to observe the environment more than the other interfaces, because this visualisation
technique only provides minimal information – the direction of the remote camera. We
therefore expected users to integrate this information with information gathered by looking
at the environment, in order to identify the physical position of the remote camera. In
contrast, we expected that Tunnel would require users to observe the environment less than
the other interfaces, because the information that can be gathered from the environment
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is already integrated in the AR view. However, a repeated measures ANOVA provided
no significant difference among techniques (F2,52 = .28, p = .76), suggesting that for all
techniques users felt that they paid as much attention to the screen as to the environment.

Overall, Mosaic performs better, producing the least errors but not producing the
highest success ratings among users. Transitional gives higher success ratings and a per-
formance comparable to Mosaic (slightly better when the remote camera is hidden from
the user). Users with higher spatial ability rate their success higher with either Mosaic or
Transitional, while users in the lower spatial ability group rate their success higher with
Tunnel, although it produces more errors.

Mental workload. To analyse workload, we considered both the workload-related ques-
tions derived from TLX and the RSME scale. We found a direct correlation between TLX
and RSME ratings (Pearson correlation, p < .01 for all techniques), forming a reliable
base to judge the user’s workload (Figure 5.9). There is a tendency of Mosaic to require
less workload and a tendency of Tunnel to require more, but a repeated measures ANOVA
did not show a significant main effect of mental workload on the techniques (F2,52 = .280,
p = .75), and a one-way ANOVA did not show an effect between spatial ability and Mo-
saic (F2,24 = 2.77, p = .08), Tunnel (F2,24 = 1.06, p = .36), or Transitional (F2,24 = 2.57,
p = .10). Additionally, no significant effect could be found between group, technique
and camera conditions after multivariate analysis. Finally, a repeated measures ANOVA
did not show any effects on the order and progress of the test on the mental workload
(F2,52 = .27, p = .76). Overall, there is a tendency of Mosaic to require less workload.
Although not significant, Transitional also received a better rating than Tunnel.
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Figure 5.9: SubjecƟve workload raƟngs. The average and standard deviaƟon of mental load (7 point Likert
scale, lower is beƩer) and RSME for each camera type and each spaƟal ability group, and on average (error
bars = +/- SD).
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Figure 5.10: The average preference raƟngs. Scores on a 3-point Likert scale (1–3), where higher is beƩer
(error bars = SD).

Subjective preference. Users liked Mosaic best, followed by Transitional (Figure 5.10).
A repeated measures ANOVA shows an effect of Technique on user preference: a post-
hoc t-test shows that Tunnel was preferred significantly less than Mosaic (p < .01) and
Transitional (p = .03). We noticed no significant effect of spatial ability on the technique
preference. Users liked Tunnel less, consistently for all camera conditions. Mosaic was liked
most in all camera conditions, whereas Transitional is especially liked in the CnS and nCS
conditions. There was no significant differences between the ratings of the techniques for
attention, effort, general navigation preferences, as well as the usage of the techniques for
drawing a map.

Users gave high ratings to the usefulness of all techniques in helping them to draw a
map. A repeated measures ANOVA shows a significant effect in the confidence ratings
(p = .02): a post-hoc t-test shows that users were significantly more confident in Mosaic
than Tunnel (p = .03), but there was no significant difference in confidence between the
other pairs of techniques. Spatial ability did not have a significant effect on the preference
ratings (see Appendix A.1 for the questionnaire). Overall, there is a subjective preference
for Mosaic, though it did not always perform significantly better than Transitional.

5.1.3 Discussion

Subjective preferences show that participants found all techniques equally helpful for the
task of drawing the maps. However, Mosaic and Transitional generally received higher
preference scores, while Tunnel was rated lower. Similarly, participants also felt more
confident performing with Mosaic, just a bit less with Transitional, but significantly less
confident with Tunnel. Cross-comparing subjective ratings with errors and workload, we
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can see that Mosaic and Transitional caused less errors (and consequently higher spa-
tial awareness), and imposed slightly less workload. Furthermore, we noticed that the
techniques have different robustness to registration errors: Tunnel is less robust to mis-
alignments than the other two techniques, due to the choice of an AR visualisation. When
registration errors occurred with Tunnel, participants were forced to observe the environ-
ment more closely: this can explain part of the higher workload experienced with Tunnel.
Overall, we think that users preferred techniques that let them perform reasonably well
while imposing lower workload: in this case, the two non-AR techniques.

5.2 Providing overview on all augmentaƟons

Our previous results highlight the value of combining AR interfaces with compass-like
overlays or transitional interfaces, as they are more effective in pointing the user to the
information. The previous experiment relies on the assumption that the system knows
exactly which piece of information is needed by the user – for example, this is the case
when a user formulates a very specific query that has one single result. In other cases,
a user might not be able to specify a clear query, or there might be multiple results of
interest for the user. In such cases, the interface should provide the user with an overview
of all surrounding information. This second part of the chapter extends our previous
results to generic search tasks. We consider both the case in which the system can point
the user to a specific piece of information, and the case in which the system cannot do
so and must provide overview to the user. For this work, we target the scenario of AR
browsers – applications that augment the environment with information retrieved from
online sources.

5.2.1 Interface design

We propose two zooming interfaces for providing an overview on virtual information (Fig-
ure 5.11): an egocentric zoom that increases the field of view up to 360◦ and an exocentric
zoom that smoothly moves between first- and third-person views of the information. An-
imations support coherence between zoomed-in and zoomed-out views, as suggested by
Robertson: “interactive animation is used to shift some of the user’s cognitive load to the
human perceptual system” ([160], p. 190).

Zooming Panorama. The visualisation of the Zooming Panorama is centred on the live
video of the phone. As users zoom out, gradually less screen space is used for the live
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Figure 5.11: The proposed zooming interfaces, as the user turns the camera to the right. We propose an
egocentric zoom that increases the field of view up to 360° (top) and an exocentric zoom that gives the
user a top-down view onto the informaƟon.

video and more space is left for the surrounding panorama (Figure 5.11, top). Information
is shown on the screen as text labels indicating the identity of the object. As the camera
rotates, we generate a real-time panorama – more information on the tracking technology
can be found in Chapter 4. We visualise this panorama as a spatial clue for the user’s
rotations and as a trace of the visited information. We integrate a wireframe grid to
support the understanding of the visualisation as suggested by Zanella et al. [213].

ZoomingMap. The visualisation of Zooming Map is always centred on the user’s position.
As users zoom out, we smoothly animate the camera away from the first-person AR view
to an exocentric view presenting a satellite image of the user’s surroundings (Figure 5.11,
bottom). In the zoomed-out visualisation, we represent the user’s position and field of
view as a glyph. The satellite image is augmented with text labels corresponding to the
information. We use a forward-up map: the user’s view direction always corresponds to
the top of the screen.

In both interfaces, users can pan the information by physically turning the camera in
the environment, just like in AR. Zooming is triggered via an on-screen zoom slider.

Compass. For comparison, we also implemented an overlay-based interface similar to the
Context Compass by Lehikoinen et al. [92]. In our implementation, Compass shows
the horizontal position of information with respect to the user’s view direction around
360◦. Similar to the original implementation, Compass is only 1D and the pitch angle of
annotations is not represented (all icons lay on the same horizontal line). Due to the similar
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metaphor and its 2D nature, Compass is comparable to the Mosaic interface evaluated in
the previous section of this chapter.

5.2.2 Pilot study

We implemented a first prototype of each of the interfaces to gather preliminary feedback
on their usability. Figure 5.12 shows screenshots of the three interfaces in their early form.
We used this prototype to conduct a pilot study in the main campus of our university.

(a) (b) (c)

Figure 5.12: The first prototype used for gathering preliminary feedback. (a) Compass, (b) Zooming
Panorama and (c) Zooming Map.

Task. We asked participants to explore the cafés in their surroundings using our interfaces.

Independent variable. We had three conditions for this experiment: Compass, Zooming
Panorama, and Zooming Map.

Research quesƟons. The study focused on identifying major usability problems of the
proposed interfaces, collecting subjective opinions, and comparing the zooming interfaces
with Compass.

Procedure. Participants were provided with a one-page information sheet presenting each
interface with a screenshot (see Appendix A.2), describing the visualisation and the in-
teraction. The prototype was programmed with geo-referenced positions of all cafés and
restaurants on campus.

After reading the information sheet, participants were asked to spend some minutes
with each interface separately. As shown in Appendix A.2, participants were not given a
specific task to complete, but they were asked to explore the locations of all the cafés and
restaurants around them in the campus, with respect to their location on the campus. We
balanced the order in which the interfaces were shown to different participants. Our main
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interest was letting participants experience the potential advantages and shortcomings of
each interface.

After the experiment, we conducted a semi-structured interview with each participant,
asking for opinions about pros and cons of each interface and pair-wise comparisons be-
tween the interfaces. During the interview, all participants were again provided with the
information sheet containing the screenshots of the user interface, in order to support their
memories.

Apparatus. The prototype runs at interactive frame rates (approximately 10 frames per
second) on an HP iPAQ 614c phone (on Windows Mobile). Due to the lack of an ac-
celerometer and a compass in the mobile phone, the tracking technology of our prototype
relied solely on optical flow from natural features [199]. Zooming was implemented using
a slider on the bottom of the screen, as shown in Figure 5.12.

ParƟcipants. Since we required users to actively help us spotting initial usability issues, we
recruited five participants with experience in user interface design and augmented reality.
The participants had background in computer science (2), architecture (1), psychology (1)
and arts (1).

Results. In the following, we separately discuss the feedback gathered for each interface.
Zooming Panorama. The panorama trace left by the moving camera (Figure 5.12 (b))

was generally found to be a useful cue: as users turned the camera in the environment, we
automatically captured a panorama and visualised it as a cue for the device’s movement
in the information space. However, users commented that the panorama is “too dim” and
merged with the black background, in particular under outdoor lighting conditions. Users
were also concerned about the screen space occupied by the context in the zoomed-out
view, claiming that it is hard to see the details in the video and in the panorama trace.

A recurring comment on the Zooming Panorama is that it encodes only direction
information, while it does not provide information about distance and occlusions. Two
users suggested considering adding representations for distance and occlusions (for example
through colour or transparency), commenting that a textual representation of the distance
might clutter the view.

Users pointed out similarities between Zooming Panorama and Compass. Comparing
the two, users noted both advantages and disadvantages in our proposed technique. While
Compass is limited in telling you where off-screen objects are, Zooming Panorama also
conveys what these objects are. Zooming Panorama takes more screen space and therefore
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the details can be hard to read when zooming out. Two users suggested combining the
strengths of the two interfaces by showing Compass when Zooming Panorama is completely
zoomed in, in order to still provide some coarse context information. Comparing Compass
against the other two interfaces, one user pointed out its advantage of not requiring user
input and being always visible on screen.

Zooming Map. Most users stressed the importance of the transition being smoother.
One user suggested exploiting the smooth transition to “make the user aware that [the
exocentric view] is a map, and it is flat or tilted down”. A strong advantage of this interface
seems to be its capability to show “the actual location, not just the orientation” of places,
with words such as “distance” and “depth” spontaneously recurring in most interviews.
Two users commented that Zooming Map would be most useful when “you’re stuck in a
city [...] not knowing what’s around you” or “in a really difficult navigation space”.

There were two contrasting opinions on Zooming Map. One user said that she found
the system easy to use because it fits the real-world experience that users already have
with maps: in particular, this was put in contrast to Zooming Panorama that adopts a
non-familiar metaphor (a distorted panorama). A further advantage was seen in the fact
that the map is user-centred and self-orienting (forward-up) making it quite different from
a static map. A second user, however, was skeptical about the use of a map, saying that
the technique might not be suitable for people that have problems with using real maps.

Zooming Map was the most appreciated by all users. When comparing it with the other
two interfaces, users generally claimed that their preference for it depends on the better
level of overview provided by the map, in particular when a desired point of interest is not
directly visible from the user’s position. The ability to convey a measure of the distance
from the user was also considered significant. Interestingly, the study revealed that most
of the time users only exploited completely zoomed in and completely zoomed out views.

5.2.3 Refined interface design

We refined our prototype using the feedback from the pilot study (Figure 5.13). We
modified Zooming Panorama in order to increase the contrast: a new bright background,
with darker grid lines, improves the prominence of the panorama trace also under outdoor
lighting conditions. The details in the panorama are still too small, but we did not
investigate possible solutions to the issue yet: we exploit the panorama as a spatial trace
rather than an augmentation target. As suggested by our users, we integrated Zooming
Panorama and Compass into a single interface. We slightly modified the compass to
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also provide vertical displacement of information, since we noticed that the previous 1D
representation required users to blindly search the information on the vertical axis. We
changed the background to a bright colour for the Compass too. Figure 5.13 (a–b) shows
the new implementations, and how Zooming Panorama and Compass are combined and
synchronised: the central rectangle that represents the current field of view of the user
in Compass always matches the field of view of Zooming Panorama. We did not modify
Zooming Map but rather optimised it in order to speed up the rendering on phone, making
the animation smoother.

Figure 5.14 shows how users can interact with the new interface. Zooming the

(a) (b) (c)

Figure 5.13: The second prototype of our interfaces, used for the two controlled studies. (a) Compass,
(b) Compass and Zooming Panorama, and (c) Zooming Map. In the controlled studies, the user's task was
always presented on the boƩom of the screen (the green viewfinder in (a) represents the area for selecƟng
the target object in order to complete the task).

(a) (b) (c)

Figure 5.14: Zooming in our second prototype. (a) Zooming Panorama is triggered using the zoom buƩon
of the camera phone; Zooming Map is triggered by ƟlƟng the phone down (b) for the exocentric view and
up (c) for the egocentric view.
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panorama is triggered via the zoom buttons of the phone – this is a more intuitive
metaphor than the on-screen slider, and is similar to the zoom in a regular digital
camera. Based on the observation that users mostly use the completely zoomed-out or
zoomed-in views of Zooming Map, rather than intermediate viewpoints, we adopted a
gesture-based approach: tilting the phone down zooms to the exocentric map view while
tilting it up zooms back to full-screen AR.

5.2.4 Controlled study 1

Using the refined prototype, we conducted a study to investigate how our zooming inter-
faces perform in search tasks representative for the AR-browser scenario. We compared our
interfaces against Compass, designing the study to answer the following research question:
do zooming interfaces allow shorter task completion times and smaller travelled distances
than a Compass interface? With travelled distance, we refer to the amount of turning of
the device’s camera in space to access information through AR.

Tasks. We asked participants to perform two different search tasks:

T1. Find a well-defined café, with a name known a priori.

T2. Find the closest café, thus considering all information before making a choice.

Independent variables. The study had one four-way and two two-way independent vari-
ables:

• Interface. We designed four interfaces, to cover different combinations of the three
degrees of freedom of information surrounding a user – yaw, pitch and distance. We
chose the four interfaces as Compass (yaw), Compass + Zooming Panorama (yaw,
pitch), Compass + Zooming Map (yaw, distance), Compass + Zooming Panorama
+ Zooming Map (yaw, pitch, distance). We will refer to them respectively as C,
CP, CM and CPM.

• Task. The two tasks T1 and T2 described above.

• Density. We chose two levels of information density: either 6 or 12 cafés.

Hypotheses. We formulated the following hypotheses:

H1. The zooming interfaces allow faster task completion times. We expected that
the higher amount of overview offered by the zooming interfaces would allow users to
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find the target café just by looking at the screen. In contrast, we expected Compass
to require participants turning the device towards each annotation, until they hit
the correct one.

H2. The zooming interfaces require travelling smaller distances compared to Com-
pass. Similar to H1, we expected that users would move less since the zooming
interfaces provide a more informative overview, and all information is accessible in
the zoomed-out view without the need of turning the device’s camera in space.

H3. No difference in completion time and distance between 6 and 12 cafés for
the zooming interfaces will be evident, while Compass will require more time and
longer travelled distances with 12 cafés than with 6 cafés. Since completing the task
with Compass requires pointing the device towards all annotations, one by one, we
expected that task completion time with Compass would increase with the growing
number of annotations.

Procedure. For each Interface and Task, participants performed one practice trial and
then two repetitions per information Density. This resulted in 4 (Interface) × 2 (Task) ×
2 (Density) × 2 (Repetition) = 32 observations per participant. Every participant used
all four interfaces, but the order followed a balanced Latin square to reduce carry-over
effects. A complete experimental session took approximately 45 minutes.

We represented the location of cafés as text labels containing the name and, for task
T2, the distance from the user. To prevent learning effects and prior knowledge, we
randomised café names and locations at each repetition, with distances varying between
40 and 160 meters.

Participants started each repetition by pressing the phone’s central button, turning
the phone in the direction of the correct café and pressed the central button again to
complete the repetition (wrong presses were ignored). All users were instructed to work
as fast and as accurate as possible. We logged all task completion times and the rotations
of the camera (as angular distances), considering the latter as travelled distance in the
information space.

Apparatus. The refined prototype runs at approximately 15 frames per second on a Nokia
6210 Navigator phone. We fuse sensor- and vision-based tracking to estimate the orien-
tation of the device (see Section 4.2) to obtain more accurate measurements compared to
the phone’s sensors alone. The phone’s accelerometer is also used to detect the tilts that
trigger Zooming Map.
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Figure 5.15: Task compleƟon Ɵmes (in seconds) for the first user study. LeŌ: average task compleƟon Ɵme.
Right: task compleƟon Ɵme for each Interface, Task and Density (error bars = +/- SE).

ParƟcipants. Twenty university students (10 female and 10 male) aged between 23 and 34
(Mean (M) = 27.35, SD = 3.10) participated in the study. All participants had normal or
corrected-to-normal vision.

Results. The collected data shows some outliers (5% for task completion time, 3.75% for
distance). During the study, we observed several instances in which the label-positioning
algorithm failed, causing inconsistencies between subsequent frames. Some users com-
mented on the issue at the end of the study. We observed that this slowed down partici-
pants when it occurred, and we think that most of the outlying points in the collected data
are attributable to this problem. For all extreme outliers (3 × inter-quartile range), we
kept the single non-outlying measurement of the two repetitions rather than their average,
and dropped the outlying measurement.

For each task repetition, we calculated the distance ratio du as the ratio

du =
dm
d0

(5.1)

between dm, the distance effectively travelled by the user (in radians), and d0, the
shortest distance between the user’s initial orientation and the direction of the target
(also in radians). The measure that we obtain is therefore a multiple of the shortest
distance, where the ideal value is 1 (meaning that the user travelled the shortest possible
distance).

We analysed the effects on time and distance ratio with a 4 (Interface) × 2 (Task) ×
2 (Density) repeated-measures ANOVA.
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Task completion time. All main effects are significant, as well as the interactions Inter-
face × Task and Task × Density (Figure 5.15). Comparing the interfaces (F2,36.07 = 4.66,
p = .02) we found longer task completion times for C (M = 27.84, SE = 2.58) compared
to CP (M = 19.90, SE = 1.09), while CM (M = 24.21, SE = 1.73) and CPM (M = 22.12,
SE = 1.71) did not differ significantly from the other interfaces. Task T2 took longer on
average (M = 30.54, SE = 1.59) than task T1 (M = 16.45, SE = 0.61) (F1,18 = 44.67,
p < .01) and high density (M = 28.53, SE = 1.64) took longer than low density (M = 18.47,
SE = 0.72) (F1,18 = 40.78, p < .01).

The interaction Interface × Task (F3,54 = 2.79, p = .05) showed a significant main
effect. A post-hoc t-test showed no difference between the interfaces for task T1, but for
task T2, CP was faster than C (t(19) = 3.59, p = .002) and CM (t(19) = -2.90, p = .009).
For all interfaces task T2 took longer than task T1. The Task × Density interaction
(F3,18 = 17.33, p < .01) showed a relatively steep increase in completion time for task T2
(t(19) = -5.97, p < .001) as the information density increases (+73%, 22.2 seconds for
low density and 38.3 seconds for high density) compared to a smaller increase for task T1
(t(19) = -3.87, p = .001) (+27%, 14.5 seconds for low and 18.4 seconds for high density).
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Figure 5.16: The distance travelled for the first user study. A distance raƟo is computed as a mulƟple of the
shortest distance (see EquaƟon 5.1). LeŌ: average distance travelled. Right: distance travelled for each
Interface, Task and Density (error bars = +/- SE).

Distance ratio. All main effects were significant, as well as all two-way interactions
(Figure 5.16). Comparing the interfaces (F3,54 = 10.62, p < .01), we found that with
CP participants moved less (M = 3.94, SE = 0.26) than with C (M = 8.86, SE = 0.95),
CM (M = 7.40, SE = 0.66) and CPM (M = 5.97, SE = 0.59). Task T2 showed almost
double distance ratio (M = 8.50, SE = 0.60) compared to task T1 (M = 4.58, SE = 0.25)
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(F1,18 = 46.18, p < .01). Participants also moved the phone more with 12 cafés (M = 7.68,
SE = 0.59) than with 6 cafés (M = 5.41, SE = 0.33) (F1,18 = 18.34, p < .01).

The interaction Interface × Task (F3,54 = 2.77, p = .05) showed a significant main
effect. A post-hoc t-test showed no difference between the interfaces for task T1. For task
T2, however, we found that CP required smaller distance ratios than C (t(19) = 3.89,
p = .001) and CM (t(19) = -3.20, p = .005). CP was the only interface not showing a
difference between the two tasks, while all other interfaces showed higher distance ratios
for task T2 than for task T1. For the interaction Interface × Density (F3,54 = 5.86,
p < .01), we found smaller distance ratios in the low-density case for CP compared to C
and CM, while for high density CP was only different from C. The interaction Task ×
Density (F3,18 = 11.68, p < .01) showed a bigger increase in distance ratio between density
levels for task T2 (+60%, 6.2 for low and 9.9 for high density) than for task T1 (+25%,
4.0 for low density and 5.0 for high density).

Questionnaire. After using each Interface, participants filled in a questionnaire (see
Appendix A.3) containing questions on ease of use, usefulness, and amount of information
on the screen. Each statement was answered on a 6-point Likert scale ranging from
“completely disagree” to “completely agree”. The questions and the results are shown in
Figure 5.17. All significant main effects and pair-wise differences are shown in Table 5.3.

Participants gave relatively high scores for ease of use of all tested interfaces, for the
low-density conditions. For the high-density conditions ratings were lower, with the CM
interface getting the lowest rating. In both cases, however, the differences were not signif-
icant. In terms of usefulness to complete the task, C received lower scores compared to the
other interfaces in both the low and the high-density case. For the low-density case, there
was a significant difference between C and CP, and between C and CPM; the difference
between C and CM is only marginally significant. For the high-density case, there is a
significant difference only between C and CP, while the difference between C and CPM
is only marginally significant. The two questions regarding the amount of information on
the screen show more distinct patterns. For low-density tasks (6 cafés), participants rated
that there was neither too much nor too little information on the screen for all interfaces
but C, where there was a slight trend towards too little information (the differences be-
tween C and all other conditions, on the question regarding too little information, were
all significant). For high density, the Compass shows slightly too little information, while
the interfaces containing the Zooming Map tend to have slightly too much information
(the differences between C and all other conditions are significant for both questions).
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Main effect Post-hoc (Wilcoxon with Bonferroni correcƟon, α = .008)
(Friedman) C–CP C–CM C–CPM CP–CM CP–CPM CM–CPM

Easy
to use

6
χ2(3) = 7.34

- - - - - -
p = .06

12
χ2(3) = 6.47

- - - - - -
p = .09

Useful
6

χ2(3) = 20.14
p < .01

p = .001 p = .009 p = .002 p = .163 p = .480 p = .046

12
χ2(3) = 13.84

p < .01
p = .002 p = .042 p = .010 p = .015 p = .512 p = .134

Too
much
info

6
χ2(3) = 2.33

- - - - - -
p = .50

12
χ2(3) = 20.19

p < .01
p = .003 p = .001 p = .002 p = .270 p = .342 p = .857

Too
liƩle
info

6
χ2(3) = 20.01

p < .01
p = .003 p = .002 p = .001 p = .904 p = .340 p = .518

12
χ2(3) = 25.82

p < .01
p = .001 p = .002 p = .001 p = .209 p = .516 p = .233

AnimaƟon
χ2(2) = .929

- - - - - -
p = .63

Table 5.3: The significant differences in the quesƟonnaire scores. For each quesƟon, we report the signifi-
cance level of the main effect and, if this was significant, the significance levels of all pair-wise differences
between condiƟons. We colour code the significant differences (green), the marginally significant ones
(yellow), and the non significant ones (red).
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Figure 5.17: QuesƟonnaire results for the first user study. The subjecƟve user raƟngs were given on a
6-point Likert scale, ranging from 1 (strongly disagree) to 6 (strongly agree). Error bars represent 95%
confidence intervals.
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Participants indicated that the animation between the views was generally helpful.

Finally, we asked participants to rank the four interfaces from most preferred to least
preferred. CPM was ranked first (M = 1.4, on a range from 1 (best) to 4 (worst)), followed
by CP (M = 2.2), CM (M = 2.7), and last C (M = 3.8). A Friedman test shows that the
effect is significant (χ2 = 35.22, df = 3, p < .01). Post-hoc Wilcoxon tests with Bonferroni
correction (α = .008) show that all differences are significant (p < .008), apart from the
difference between CP and CM (Z = -1.60, p = .11) and the difference between CP and
CPM (Z = -2.01, p = .04).

We asked participants for open comments on their rankings of the interfaces, and any
other feedback. Despite the low scores for Compass, participants find this interface good
for guidance and confirmation, in particular to keep track of annotations when zooming in
from the Zooming Panorama. One further advantage of Compass is that it is less cluttered
than the other interfaces, although also less informative. In contrast to the Zooming Map,
Zooming Panorama is found more helpful for finding the pitch angle of the annotations,
which could be a clear advantage in real-world scenarios. Only one participant reported
fatigue after the experiment.

Discussion. Overall, the Compass condition was ranked significantly worse than all other
conditions, and the questionnaire scores show that people feel it provided less information
than the other interfaces. However, quantitative results are more vague and do not directly
support these considerations. In particular, we noticed that Compass was only significantly
worse than the CP condition for task 2, and not significantly worse than CM or CPM.
Further, for task 1 there was no significant difference between conditions.

The interaction Interface × Task suggests that a difference in performance between
the interfaces strongly depends on the specific task. The zooming interfaces might be ad-
vantageous only for complex search tasks in which people need overview of all information.
In contrast, the Compass might be advantageous for simpler search tasks. This consid-
eration is backed up by informal feedback received from our participants, on the possible
benefits of Compass in the case of a café with a known name. In particular, participants
asked us why we did not highlight the correct answer in Compass, since the system knew
which one it was. Participants believed that highlighting the correct answer would have
strongly improved their performance with Compass. We reflected these considerations in
a following experiment, in which we looked more closely at the comparative performance
with the different interfaces for various types of search tasks.
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5.2.5 Controlled study 2

In light of the positive performance of a compass-like overlay in Section 5.1, where the
task of the interface was to point users to a specific piece of information, we concluded
that Compass might be more suitable for pointing to single pieces of information, whereas
the zooming interfaces might be better for tasks requiring information overview. This
consideration is also supported by the interaction Interface × Task found in the previous
experiment, which suggests that the difference in performance between the interfaces is
dependent on the specific task. We therefore designed a second experiment to investigate
task-dependent differences in completion time and travelled distance between each separate
interface.

Task. We designed two search tasks:

T3. Find a highlighted object.

T4. Find the closest object.

Hypothesis. We formulated the following hypotheses:

H4. The zooming interfaces are slower than Compass if the object is highlighted,
but they require equal amounts of distance travelled. This is because the zooming
interfaces introduce a latency due to the zooming animation, while Compass has
no latency. Further, in this case Compass should provide sufficient information for
quickly finding the correct object, because the task does not require overview but
only knowledge of the direction of the highlighted object.

H5. The zooming interfaces are faster and require less distance travelled than Com-
pass in task T4, when an overview of the data is necessary. This is because, like in
study 1, the overview offered by the zooming interfaces should allow users to find
the correct object by just looking at the screen. In contrast, Compass would require
users to turn the device towards each annotation, one by one, until they hit the
correct one.

Independent variables. One three-way and two two-way independent variables:

• Interface. We designed the interfaces as Compass (C), Zooming Panorama (P) and
Zooming Map (M), to evaluate the differences between each separate interface.
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• Task. The two tasks T3 and T4 described above.

• Density. We again included two levels of information density, with either 6 of 12
labels.

Procedure. The procedure was the same as in user study 1. For task T4, the distance was
again represented as a text label.

Apparatus. The apparatus was the same as the one in user study 1. In the prototype used
for this study, we fixed the labeling issue that occurred in the previous experiment.

ParƟcipants. Ten people (5 male / 5 female) who participated in the first user study were
asked to join this second study.

Results. The effects of the experimental conditions on task completion time and distance
ratio were analysed with a 4 (Interface) × 2 (Task) × 2 (Density) repeated-measures
ANOVA. The distance ratios were again calculated as multiples of the shortest distance
to the target label (see Equation 5.1). Figure 5.18 presents the average completion time
(left) and the distance ratios (right) for each combination of Task and Interface.

0"
5"

10"
15"
20"
25"
30"

T1" T2"

Se
co
nd

s(

Task(

Compass" Zooming"Panorama" Zooming"Map"

0"

5"

10"

15"

20"

25"

30"

T3" T4"

Se
co
nd

s(

Task(

0"

2"

4"

6"

8"

10"

T3" T4"

D
is
ta
nc
e)
ra
+
o)

Task)

Figure 5.18: The Ɵme and distance travelled in the second user study. We show the task compleƟon Ɵmes
(leŌ) in seconds and the distance raƟos (right) as a mulƟple of the shortest possible distance (see EquaƟon
5.1), for each Task and Interface (error bars = +/- SE).

Task completion time. We found significant main effects for Interface and Task, and
a significant interaction between the two. Task T4 took on average longer (M = 15.81,
SE = 1.24) than task T3 (M = 8.83, SE = 0.49) (F1,9 = 45.86, p < .01). The main effect of
Interface (F2,18 = 8.57, p < .01) showed that overall C (M = 15.05, SE = 2.00) took longer
than M (M = 10.81, SE = 0.67). P did not differ from the other interfaces (M = 11.11,
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SE = 0.50). A closer look at the interaction Interface × Task (F2,18 = 25.47, p < .01)
revealed that C was faster than the other two interfaces for task T3 and it was slower
for task T4. Comparing performance between the two tasks for each interface shows a
significant difference in completion time between tasks for C, but not for the two zooming
interfaces.

Distance ratio. We found a significant main effect for Interface (F2,18 = 13.65, p < .01)
and a significant interaction between Interface and Task (F2,18 = 19.37, p < .01). Post-hoc
analysis for the main effect showed overall a longer distance travelled for C compared to the
other two interfaces. A closer look at the interaction Interface × Task showed that in task
T3 participants travelled smaller distances with C than with M. For task T4, the distance
travelled with C was higher than with the other two interfaces. Comparing performance
between the two tasks for each interface shows that there was only a difference between
tasks for C, but not for the two zooming interfaces.

Observations. Finally, during the two studies we observed a few occurrences in which
the tilting movement used for triggering Zooming Map conflicted with other actions that
users normally perform. If some information is rather low on the vertical axis (for example,
a café in the basement) users must tilt the phone down to see such information, thus
triggering an undesired Zooming Map transition. We also observed that some users tilted
the phone down when looking at the Zooming Panorama visualisation, probably because
of outdoor lighting conditions, since the tilted-down position helped blocking reflections on
the screen. This highlights some limitations of our gesture-based approach: for tasks where
the phone must be tilted down such interaction would not be an appropriate solution.

5.2.6 Discussion

While we initially hypothesised that users would be faster with the zooming interfaces
than with the Compass (H1), our study results only partially support this. In the first
study we found the Compass to be slower than the combination of Compass and Zooming
Panorama, but users where not significantly faster when Zooming Map was available.
In the second study, Compass took twice as long as Zooming Map, but did not differ
from Zooming Panorama. We also initially expected Compass to require longer travelled
distances than the zooming interfaces (H2). We indeed found that Compass required
significantly more movement than Zooming Panorama, but there was no difference between
the other interfaces. Finally, we assumed we would observe a smaller increase in time and
distance travelled with the zooming interfaces than with Compass, if information density
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increases (H3). We did not expect a difference between the two zooming interfaces. In
the first study we found that high-density tasks took longer in general, independent of the
interface used. In the second study we could not observe an effect of information density.
Thus our data does not support this hypothesis.

We found the most revealing results in the interaction between Interface and Task:
this suggests that the effectiveness of each interface depends on the specific task the user
is engaged in. In the second study we hypothesised that the zooming interfaces would
be slower than Compass to guide the user in pointing the camera towards a highlighted
target object, because of the latency involved in zooming, but we did not expect any
differences in distance travelled (H4). For a task requiring users to gain an overview of all
information, we expected the zooming interfaces to be faster and to require less travelled
distances than Compass, since they provide a more informative overview at a glance (H5).
Both hypotheses were supported in our study, apart from Zooming Map, which required
more travelling than Compass for a highlighted object. It should be noted, however,
that Zooming Map requires users to tilt the phone down to see the map, an additional
movement which sums up to the total distance travelled.

Overall, Compass was faster than the zooming interfaces with highlighted objects,
but slower in a more complex search task. With Compass, participants took almost four
times longer for task T4 than for task T3, whereas the increase in time between the two
tasks was only 15% for Zooming Panorama and 14% for Zooming Map. This shows how
user performance with the zooming interfaces was less sensitive to the increase in task
complexity.

5.3 A digression on the design space of panoramic overviews

In the previous experiments, we showed that zooming between AR and a panoramic
overview is beneficial for complex search tasks that require information overview. How-
ever, the design of Zooming Panorama visualises the panorama as an almost-rectangular
shape. This shape is a common choice for visualising panoramas as well as any other
photograph. If we use the term readability qualitatively, referring to the ease of reading
the visual elements in the panoramic image, rectangles offer a very good readability of the
panorama. However, they do not clearly represent the fact that the environment surrounds
the user. In particular, the leftmost and rightmost points in the Zooming Panorama depict
a part of the environment that is located behind the user. In our AR-browser scenario,
users try to understand where augmentations on the panorama are physically located in
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the surrounding environment. The spatial mapping between panorama and environment
must be therefore clear, and our previous experiments gave no clear indication of whether
users understood the spatial mapping between the panorama and environment from the
rectangular shape.

In this section, we make a digression from AR and investigate the design space of
panoramic overviews. In particular, we look at alternative shapes that better communi-
cate the spatial mapping between the panorama and the surrounding environment. The
outcomes of this research clearly map back to our work on the Zooming Panorama in-
terface, highlighting how its design can be improved. However, the general impact of
this research goes beyond AR and touches all location-based services that use panoramic
imagery to support navigation, such as Google Maps Mobile [44].

5.3.1 Interface design

The choice of a shape for a panoramic overview is guided by two design factors: good
readability of the panorama, and clear representation of the spatial mapping between the
panorama and the environment. For our experiments, we consider three shapes that make
different compromises on these two factors (Figure 5.19).

Frontal Bird's Eye Top-Down

Figure 5.19: 360° panoramic overviews of a laboratory room. We consider three different shapes for visu-
alizing the panorama.

Frontal. The rectangular shape provides good readability of the panorama, but the map-
ping to the environment is not direct and the visualisation has a discontinuity at the
sides.

Bird's Eye. The cylindrical shape maps panorama and environment in a direct way, but
readability is sacrificed: due to the 3D view, the panorama appears warped and partially
occluded on the sides (we use 15% transparency to resolve occlusions).
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Top-Down. A circular shape provides a compromise between readability of the panorama
and direct mapping to the environment. Since the pitch is mapped to the distance from
the centre of the circle, the panorama appears distorted for high pitch and upside-down
in the area of the panorama which is behind the user.

As shown in Figure 5.19, we further enhance all shapes with extra cues, visualising
an avatar to represent the position of the user with respect to the panorama, a compass-
shaped icon (a wind rose) to indicate left, right, front and back directions, and a grid to
communicate the distortion of the panorama in the visualisation.

5.3.2 Pilot study

We conducted a pilot study to gain a first understanding on how users exploit panoramic
overviews to locate points in the environment. We tested four conditions, defined by the
two two-way variables Shape (Bird’s Eye or Frontal) and Image (without a panorama, as
in Figure 5.20, and with a panorama of the room, generated using a Ladybug camera§, as
in Figure 5.19). For the experiments, we used a panorama with a resolution of 2048× 512

pixels.

Frontal Bird's Eye Top-Down

Figure 5.20: The three shapes in the condiƟon with no panorama.

We recruited 4 participants from our university. We showed them a sequence of panora-
mas, on which we marked one point with a green crosshair, and asked them to point to
the corresponding location in the environment. All participants used all conditions. We
counterbalanced the order of conditions with a balanced Latin square and randomised the
crosshair position.

To isolate and accurately measure comparative performance with the visualisations,
we chose a controlled lab setup. We showed panoramas on a 13.3” screen, in a window
of 1024 × 768 pixels. Participants pointed with a wand and then clicked a button on the

§Ladybug is a product of Point Grey: http://www.ptgrey.com/

http://www.ptgrey.com/
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Figure 5.21: The experimental setup. The setup for our user studies consisted of a staƟc display and a
tracked wand (used for poinƟng in the environment).

wand when they thought they were pointing in the right direction (clicks were recorded by
a laptop via a wireless receiver). We used a wand to acquire accurate motion and timing
data via an infrared tracker¶. The setup is shown in Figure 5.21.

After the experiment, we interviewed participants and asked them to describe what
strategies they used to locate the points with each different shape (see Appendix A.4). In
the interviews, participants described two different types of strategy. The first strategy
was to determine in which body-aligned direction (left, right, front, back) the point was
located; participants reported using mainly the grid and the wind rose for this strategy.
The second strategy was performing visual matching of objects in the panorama with
corresponding objects in the real environment, in order to precisely locate the given point
in function of the objects in the environment.

We used the feedback from the pilot study to frame our subsequent user studies. We
decided to conduct three separate experiments, in order to isolate the effects of the two
strategies: we conducted a first study with no panorama (no visual matching), while
the following two studies where conducted with a panorama (to support visual matching).
During the three experiments, we collected questionnaire data on expertise with panoramas
(browsing, capturing), maps and games (radars, 3D graphics). Expertise was balanced
within the participants.

¶ARTTracker1 is a product of A.R.T.: http://www.ar-tracking.de/

http://www.ar-tracking.de/
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5.3.3 Controlled laboratory study 1

In the first study, we evaluate how different shapes impact on the performance of the
pointing task, assuming that no panorama is available (as in Figure 5.20).

Independent variable. We had two independent variables:

• Shape. Frontal, Bird’s Eye and Top-Down.

• Angle. For the annotations, we selected 12 distinct angular intervals of size 30°,
starting from [-15°, 15°].

Hypothesis. We expected a difference in time: Top-Down < Frontal and Bird’s
Eye < Frontal, because Top-Down and Bird’s Eye, in contrast to Frontal, provide a
direct representation of the mapping between panorama and environment.

Procedure. Participants performed 3 (Shape) × 12 (Angle) × 5 (repetitions) trials, for a
total of 180 measurements per participant. We used balanced Latin squares to counter-
balance the order of Shape and Angle. For each repetition, the crosshair was assigned a
random yaw angle within the given angular interval. Since we did not use a panoramic
image, participants had no reference point available for understanding how pitch angle
mapped to the visualisation, and we could therefore not expect them to point accurately
on the vertical direction. We therefore always assigned the crosshair a constant pitch angle
of 0°.

First, we introduced participants to the three experimental conditions. We clearly
indicated to all participants the front, left, right and back lines in the visualisations.
Participants were allowed 6 practice trials for each Shape. We instructed all participants
to be as fast and accurate as possible, but to give more importance to accuracy. Finally,
we conducted a short interview, asking participants to describe the strategy they used to
complete the task with each Shape.

Apparatus. We used the same setup as in the pilot study.

ParƟcipants. We recruited twelve university students and staff (6 males and 6 females),
aged between 16 and 44 years (M = 29.5, SD = 7.4). All participants performed the
experimental task using their dominant hand. All participants were not involved in our
previous pilot study.
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Results. For each of the 180 repetitions, we recorded the task completion time (in seconds)
and unsigned error in yaw (in degrees) between the target and the selection. For each
Shape × Angle condition and for each participant, we calculated the median time and
error of the 5 repetitions.

Mean error values were 13.9° (SD = 4.0) for Frontal, 14.1° (SD = 1.4) for Bird’s Eye,
and 13.4° (SD = 2.6) for Top-Down. A Friedman test did not show any effect of shape on
error (χ2 = 3.5, df = 2, p = .17). In the following, we analyse time measurements under
the assumption of comparable accuracy.
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Figure 5.22: Results from user study 1. LeŌ: the mean task compleƟon Ɵme for each Shape. Right: the
mean task compleƟon Ɵme for each Shape× Angle (distance from center = seconds).

The mean task completion time (Figure 5.22, left) was 3.7 seconds (SD = 1.3) for
Frontal, 3.3 seconds (SD = 1.1) for Bird’s Eye, and 3.2 seconds (SD = 1.0) for Top-
Down. Since the data violates normality and sphericity (ANOVA requirements) we con-
ducted a non-parametric Friedman test, which revealed a significant effect of shape on
time (χ2 = 16.67, df = 2, p < .001). Post-hoc Wilcoxon Signed Ranks tests with Bon-
ferroni correction showed that all pair-wise differences were significant: Top-Down was
significantly faster than Bird’s Eye (p = .005) and Frontal (p = .003), and Bird’s Eye
was significantly faster than Frontal (p = .015). Bird’s Eye was on average 3.5% slower
than Top-Down; Frontal was on average 16.3% slower than Top-Down and 12.3% slower
than Bird’s Eye. In Figure 5.22 (right), we can see that Frontal was generally slower than
Top-Down and Bird’s Eye, besides for target locations around 0°. A Friedman test shows
no effect of repetition on time, highlighting no significant learning effect.

In the interviews, participants reported that their principal strategy consisted of ori-
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entating in function of body-aligned directions (left, right, front, back) using the grid lines
and the wind rose, and then refining the pointing direction. Participants reported imag-
ining themselves “in the middle of the visualisation” for Top-Down and Bird’s Eye. For
Frontal, more “thinking” with respect to body-alignment was required.

Discussion. Our results support our initial hypothesis, and highlight a further significant
difference between the Top-Down and Bird’s Eye views. In general, we see that if no
panorama is available users rely on body-aligned reference lines to orient themselves and
refine the orientation of annotations between these lines. Shapes which correctly represent
the spatial mapping of the panorama to the environment result in significantly shorter task
completion times.

5.3.4 Controlled laboratory study 2

In the second study we evaluate how user strategies and performance change when a
panorama is available.

Hypothesis. We expected a difference in time: Top-Down < Bird’s Eye and
Frontal < Bird’s Eye, because we expected good readability to be advantageous for
completing the task, and more advantageous than the strategy used in user study 1.

Procedure. We used the same setup and design as in user study 1. However, in this study
we used a panorama of the room in which the study took place (a quiet laboratory room,
shown in Figure 5.19). The panorama was up-to-date with the room’s appearance during
the study. The panorama covers 360° in yaw, and [-45°, 45°] in pitch (in most real-world
cases little information is present outside such range). We again gave the crosshair a
constant pitch angle of 0°, to obtain results comparable with the ones from user study 1.

ParƟcipants. 12 university students and staff (6 male and 6 female), aged between 17 and
34 years (M = 24.4, SD = 6.5). None of the participants had taken part in the previous
study.

Results. In this experiment, we calculated error as the great-circle distance (to include
error in pitch) in degrees between the target and the selection. Mean error was 16.5°
(SD = 8.4) for Frontal, 17.1° (SD = 8.0) for Bird’s Eye, and 15.7° (SD = 7.6) for Top-
Down. A Friedman test showed no significant effect of shape on error (χ2 = 4.2, df = 2,
p = .12).

The mean task completion time (Figure 5.23, left) was 2.4 seconds (SD = 0.7) for
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Figure 5.23: Results from user study 2. LeŌ: the mean task compleƟon Ɵme for each Shape. Right: the
mean task compleƟon Ɵme for each Shape× Angle (distance from center = seconds).

Frontal, 2.9 seconds (SD = 1.0) for Bird’s Eye, and 2.4 seconds (SD = 0.7) for Top-
Down. A Friedman test revealed a significant effect of shape on time (χ2 = 20.67, df = 2,
p < .001). Post-hoc Wilcoxon Signed Ranks tests with Bonferroni correction showed that
Bird’s Eye was significantly slower than Top-Down (p = .002) and Frontal (p = .002).
Bird’s Eye was on average 21.9% slower than Top-Down, and 19.8% slower than Frontal.
Friedman tests showed an effect of repetition on time, for all shapes (p < .001). However,
Wilcoxon Signed Ranks tests only highlighted a significant learning effect between the first
repetition and the others. This is not a problem for our analysis, since we perform it using
the median values of the five repetitions.

In the interviews, participants reported that their strategy consisted mainly of looking
for objects in the panorama and corresponding objects in the room (for example, a white-
board and a fire extinguisher). For this strategy, most participants reported that Bird’s
Eye is inconvenient, as the sides are either not visible or warped and hard to see. One
participant also reported issues with the backside of Bird’s Eye, where the panorama ap-
pears mirrored. Figure 5.23 (right) illustrates this: we can see that Bird’s Eye was slower
than Top-Down and Frontal mostly around ±90°, in the warped or occluded regions.

Discussion. The results show that users adopt a strategy predominantly based on visual
matching when a panorama is available, independently of the shape. As we hypothesised,
Top-Down and Frontal were significantly faster than Bird’s Eye.
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5.3.5 Controlled laboratory study 3

In the third study, we aimed at corroborating the results from study 2 in the case of
varying pitch angle.

Experimental design. Same as in study 2. In this study, the crosshair was assigned random
pitch within [-45°, 45°] (the interval covered by the panoramic image).

Hypothesis. Same as in study 2: we expected a significant difference in task completion
time: Top-Down < Bird’s Eye and Frontal < Bird’s Eye. This is because we expected
visual matching to work also for non-zero pitch angles.

ParƟcipants. 12 university students and staff (6 males and 6 females), aged between 23
and 50 years (M = 30.1, SD = 7.8). None of the participants had taken part in the
previous studies.

Results. Mean error was 15.0° (SD = 5.2) for Frontal, 18.5° (SD = 4.3) for Bird’s Eye,
and 16.6° (SD = 4.7) for Top-Down. A Friedman test showed a significant main effect of
shape on error (χ2 = 12.17, df = 2, p = .002). A post-hoc Wilcoxon test with Bonferroni
correction showed a significant difference only between Frontal and Bird’s Eye (Z = -2.98,
p < .01).
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Figure 5.24: Results from user study 3. LeŌ: the mean task compleƟon Ɵme for each Shape. Right: the
mean task compleƟon Ɵme for each Shape× Angle (distance from center = seconds).

The mean task completion time (Figure 5.24, left) was 3.2 seconds (SD = 1.0) for
Frontal, 3.8 seconds (SD = 1.5) for Bird’s Eye, and 3.2 seconds (SD = 1.1) for Top-Down.
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A Friedman test revealed a significant effect of shape on time (χ2 = 15.17, df = 2, p = .001).
Post-hoc tests showed that Bird’s Eye was significantly slower than Top-Down (p = .002)
and Frontal (p = .003). Bird’s Eye was on average 16.1% slower than Top-Down, and
17.1% slower than Frontal. A Friedman test showed no effect of repetition on time.

In the interviews, the strategies and issues with Bird’s Eye reported by participants
were in line with the strategies reported by the participants of user study 2. Figure 5.24
(right) illustrates that Bird’s Eye was again slower than Top-Down and Frontal mostly
in the warped areas. Participants reported that Frontal was the easiest condition for
finding the pitch of points, whereas finding the yaw was considered harder than with the
other conditions. This was particularly true for the annotations to the sides and the
back of participants, because they required more thinking to resolve the mapping from
the rectangular shape to the environment. However, this was a subjective consideration
and a slowdown was not observed in our quantitative measurements. With Top-Down,
participants had issues with the outermost third of the visualisation (high pitch in the
panorama), due to the strong distortion effect.

Discussion. The results of this study replicate and confirm the results of the previous
study, also for the case of varying pitch angle.

5.3.6 Discussion

Our results show that, in the presence of a panorama, users mainly perform visual matching
of objects in the panorama with correspondences in the real environment. Consequently,
good readability of the panorama has primary importance in the design of a panoramic
overview. As a secondary strategy – and the main one when no panorama is available –
users look for body-aligned directions within the visualisation.

Applying these results to location-based services and AR, we see two advantages in
the adoption of Top-Down. First, it provides good readability of the visual elements
in the panorama, and our results show that this is what users need the most. Second,
since we typically have incomplete panoramas (see Figure 5.11) or pre-recorded panoramas
that do not match the current appearance of the environment, Top-Down is designed to
clearly represent the mapping between panorama and environment and therefore provides a
valuable fallback when visual matching between panorama and environment is not possible.
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5.4 ReflecƟon on our research quesƟons

If we consider all results of this chapter from the perspective of our main research questions
(Section 1.3), we infer that an AR technique like Tunnel fails in communicating the spa-
tial position of specific pieces of information correctly, as it gives a weak spatial awareness
while imposing relatively high workload on users. In contrast, combining AR with Mosaic
and Transitional is a more effective solution for pointing users towards a specific piece of
information, and for supporting the understanding of the reciprocal position of the user
and the information. Our results therefore suggest enhancing AR with compass-like over-
lays or transitional interfaces to improve users’ awareness of the position of surrounding
information.

The good results with Mosaic suggest that AR succeeds in supporting users in pointing
tasks, provided that extra overlay information is given to guide the pointing. These results
are confirmed by our second experiment, which shows that the information provided by
Compass is sufficient if the system can highlight the target object: in real-world applica-
tions this is a case analogous to the one presented in Section 5.1, and is applicable if the
system knows what the user is looking for (for example, if the system must highlight the
best result of a search query).

In contrast to this, AR fails in providing sufficient overview for more complex search
tasks. In these tasks, however, zooming interfaces are an effective complement to AR. The
zooming interfaces support users better in exploring the information, for all tasks where
a more integrated view is needed. This would rather be the case when multiple options
are available, and the selection criteria of a user are not clear or not easily described via
a software interface.

In summary, the results from our experiments suggest a number of design recommen-
dations. First, integrating compass-like overlays into AR navigation systems is an effective
way to aid people in pointing towards specific augmentations. Clearly, this depends on
the ability of the system to infer what the user is looking for and to highlight the appro-
priate augmentation that fits the user’s needs. Second, transitioning to other interfaces
is an effective way to provide overview of all information, when people need it. Maps
and panoramic overviews are both good at providing this overview, and they are probably
complementary interfaces: when people need overview of distant augmentations, maps are
probably a better choice because they are designed to show information at several blocks of
distance from the user; when people need overview of augmentations within line of sight,
panoramas might be more helpful than maps, because they provide a first-person view
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of the surroundings. Finally, with respect to panoramic overviews, a circular shape that
communicates both directional information and the visual landmarks in the panorama is
probably a better design choice than a rectangular panorama, because it communicates
more clearly physical directions in the environment.





Chapter 6

Exocentric exploraƟon

In this chapter, we focus on exploring information with exocentric views. In contrast to
the previous chapter, in this case we augment the information on a paper map, rather than
visualising it directly at its corresponding physical location in the environment. Users can
browse the information in a natural way by panning the phone over the map.

Augmenting a paper map provides users with a top-down exocentric point of view
on the information, which gives a broader overview on the information than egocentric
exploration. However, in this case information is not directly visualised at corresponding
locations in the environment: in order to understand the physical location of information
users must mentally resolve the transformation from the map to the environment. An
augmented map therefore provides a support complementary to the solutions discussed in
the previous chapter, as it allows for a broader, exocentric point of view on the information,
but it does not anchor the information to the environment as directly as in the case of
egocentric exploration.

This chapter investigates how users exploit augmented maps during navigation. The
work presented in this chapter is partially based on previous results by Morrison et al.
[116, 118], to which the author did not contribute. We briefly present these previous
results in the next section, to give the reader a clearer understanding of the context of our
work.

6.1 Previous results

MapLens is an AR application developed for Nokia camera phones (Symbian OS S60) with
GPS. When users point their device at the paper map, geo-referenced photographs are
retrieved from an online database and augmented on the map.

121
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(a) (b) (c) (d)

Figure 6.1: The first prototype of MapLens. Typical interacƟon with the informaƟon: (a) browsing images
on themap, (b) hovering the phone over an icon shows a thumbnail of the corresponding image, (c) clicking
on a thumbnail shows a full-screen version of the image, (d) when icons are cluƩered, users can freeze the
video view and magnify it.

Interface design. The first prototype of MapLens (Figure 6.1) overlays the map with red
icons that identify geo-referenced images. Hovering over an icon shows a thumbnail of the
related image. When a thumbnail is visible users can click on it to see a full-screen version
of the image. A freeze function helps the selection when multiple icons are close together:
when a user clicks over more than one icon, the view is frozen and magnified so that users
can more easily select a specific icon.

MapLens also functions as a photo camera. The user can press the * key to enter
the camera mode, 0 to capture a photo, and * again to return to MapLens. Photos are
automatically geo-tagged and uploaded to the online database. All other MapLens users
receive the new photo within a few minutes. By pressing 1, one can see photos taken by
other users. Pressing 1 again turns that layer off.

The first prototype of MapLens operates at 5–12 frames per second, allowing for inter-
active use. Operation is possible within a distance of 15–40 cm between the printed map
and the camera. The camera can be tilted relative to the map up to a range of ±30 degrees
from the perpendicular view. In-plane rotation (around the viewing axis) is handled over
360 degrees. MapLens operates on A3 printouts of Google Maps (street layer).

A purely digital map phone application called DigiMap was also implemented as a
comparative interface. DigiMap uses a digital version of the map used for MapLens. Like
in MapLens, red icons indicate geo-referenced photographs. Users scroll the map with the
phone joystick and zoom in and out with two buttons. DigiMap does not access the phone’s
camera, so users must switch to the native camera application to take photographs.

User study. Morrison et al. [118] conducted an evaluation to compare MapLens and
DigiMap usage. Out of 37 participants, 24 shared MapLens in 9 teams, 2 used MapLens
solo and 11 used DigiMap (5 teams). The experiment was run as a location-based treasure-
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hunt game in the city of Helsinki, designed to promote awareness of local environmental
issues. The game began at the Natural History Museum where players completed indoor
tasks, which served as a “warm-up” for teams to get to know each other. The game then
continued outdoors. Overall, players solved a variety of types of tasks (14 in all, see Figure
6.2), some of which were sequential problem chains.

Inside the museum Outside	
�
    the	
�
    museum

Find Seal in Museum, 
record facts

Find online site where you can record the carbon
footprint of journey types to Seal’s home place

Find leaf in Museum, 
record facts

Develop a sunlight photograph of 
the same leaf using water and sun

Photograph as many
flying creatures as

possible in Museum

Photograph group 
holding salmon found 

in Museum, record facts

Find and recycle batteries at recycling site

Take group photo including the President Kallio statue

Photograph the group barefoot in grass

Test water in a pond Test water in the sea

Design environmental awareness task for the next game

Return to Museum, present proof of completed clues

Find the same 
type of leaf outside

Figure 6.2: Tasks for the game used for the experiment. InterconnecƟons indicate sequenƟal tasks.

How tasks were completed and in what order was up to the players. Some tasks could
be completed in several places, whereas a series of tasks required visiting specific places in a
certain order. Using MapLens, players could access clue images, as well as the photographs
taken by the other participants. Players therefore required the assistance of the technology
to follow the clues necessary for completing the game tasks. Each team worked with a kit
that contained seven objects (see Figure 6.3), including one mobile phone and one paper
map.

The experiment was exploratory, looking at how MapLens is used by the players,
compared to DigiMap. Mainly qualitative methods were employed to analyse player be-
haviour. Each team was accompanied throughout the game by one researcher taking notes,
photographs and videos. Participants also described their experience in semi-structured
interviews, highlighting aspects that had caught their attention. Throughout the trial, par-
ticipants took photos as evidence of completing tasks. These images assisted researchers
to build an overview of activities undertaken during the trial.

Results. MapLens players showed stronger collaborative behaviours than the DigiMap
players. Stopping and gathering around the paper map created an opportunity to fo-
cus on a problem as a team: the physical map acts as a place where joint understanding
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Figure 6.3: The game kit used for the experiment. Each team was given a kit that contained 7 items:
sunlight photographs, map, phone, water tesƟng kits, voucher for Internet use, clue booklet and pen.

can be reached. Yet, the AR technology of MapLens also restricted players’ movements, as
they had to stabilise the physical map and the device to be able to operate the system (see
Figure 6.4, left). MapLens players consequently favoured places where they could place
the map on a table, on a bench, or on the ground, or they held the map for the other team
members. Establishing common ground was easier for MapLens players than for DigiMap
players, as the position of the device on the paper map and the contents on its display
helped players understanding the points under discussion without explicitly needing to
ask. The map-device combination triggered collaboration in a physical way using fingers,
pens and other objects. However, some MapLens players found it challenging to identify
the location on the map through the screen of the device, especially while the device was
in use by another player. MapLens players also handed over the phone to other team
members more often than the DigiMap players.

In contrast, DigiMap players only needed to stop at places that the tasks themselves
dictated. DigiMap players typically kept the device lower and closer to the body: this
posture made the phone more private as others could not see the contents on the display
(see Figure 6.4, right). DigiMap teams were also not able to share the map easily and often
referred more directly by pointing at their surroundings. Typically, in DigiMap teams one
person took the role of “navigator” and used the device solo.

Seven of the eleven MapLens teams tried using the system while walking, but all faced
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Figure 6.4: Pictures from the first MapLens experiment. (LeŌ) Stopping, place-making and sharing with
MapLens oŌen required laying the map on a stable surface. (Right) DigiMap was not easily shared.

difficulties. First, even a light trembling of the device hinders MapLens usage because
the AR tracking fails. Second, awareness of the environment is challenged when using
MapLens (e.g., one player walked into a lamp-post). Overall, MapLens did not support
usage while walking. Difficulties with use while walking were not as common for DigiMap
players. Three teams used the system while walking, and one team even ran while watching
the map.

On the other hand, the results show that the AR interaction in MapLens and the
availability of a paper map foster collaborative behaviours that are not present in a digital-
map application, which is a more personal interface and harder to share. On the other
hand, the necessity to synchronise device and map in order to operate MapLens, and the
limitations of the tracking technology, inhibit spontaneous usage in some situations, for
example while walking or when there is no stable surface nearby.

6.2 Refined interface design

We redesigned MapLens (see Figure 6.5) taking into account the main findings from the
previous experiment. First, we improved the tracking technology to support more sponta-
neous usage of MapLens. The second prototype runs at 16–20 frames per second, allowing
for a much smoother interactive experience. The improved tracking technology (see Chap-
ter 3) is robust to changes in illumination (sunlight), blur in the camera image and allows
for camera viewing tilts of up to almost 90 degrees. The new tracking technology also
supports camera distances from the map between 10 cm and 2 m.

Second, we tried to further support usage while on the move in our design. We added
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Figure 6.5: The second MapLens prototype. LeŌ: browsing the map, when only clue icons are enabled.
Right: browsing the map aŌer user-generated photographs have been enabled.

a thumbnail bar, shown in Figure 6.6. When users select a specific area of the map, the
thumbnail bar shows an array of all preview images available at that location. Green and
dashed visual links help maintaining the connection between the thumbnails and their
location on the paper map, without interrupting the AR experience. The thumbnail bar
is independent from the AR interface: once the thumbnail bar is active, users can remove
the paper map and still browse the chosen images. As soon as the paper map is in view
again, the visual links reappear. This design therefore allows two usage modes: a first one
with AR on the paper map, a second one without the paper map and without AR. The
latter mode has less functionalities (users can only browse the images), but it also requires
less motor coordination to be operated, as there is no need to synchronise phone and map.

Figure 6.6: Typical interacƟonwith the informaƟon in the secondMapLens prototype. The user is browsing
image thumbnails in a specific area (leŌ). AŌer selecƟng the area, a thumbnail bar (right) appears. All image
thumbnails are now accessible as a single array of images visually linked to their corresponding locaƟon on
the map.

Finally, we also addressed a few smaller usability issues. We replaced the keypad com-
bination needed to capture a photograph with a single long press of the camera button
built in the phone: this solution has a more straightforward affordance than the previous
keypad-based approach. We added a “you are here” icon to show the position of the user
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on the map, an important piece of information that was missing in the previous design.
As shown in Figure 6.5, we visualise pre-determined game clues and user-generated pho-
tographs with different icons, to prevent misunderstandings. The new prototype operates
on A1 printouts of Google Maps satellite images with street overlays.

6.3 Exploratory study

We conducted one user study with the refined prototype of MapLens. We designed the
study with exploratory goals: first, we wanted to confirm that the refined prototype also
fosters collaborative behaviour. In the previous evaluation there were only one map and
one shared device per team. This might have forced players to collaborate in order to use
MapLens. In this experiment, we eradicated this factor by giving each player a separate
map. Further, in some teams we gave each player one phone, and investigated multi-device
use to see if it changes the way people collaborate. This is a more realistic scenario, as
in everyday life users will typically have their own device, which they will want to use for
browsing the augmented map. Finally, we wanted to verify if the improved tracking and
the novel thumbnail bar allow for a more spontaneous usage while on the move.

Independent variable. We compared teams sharing one single phone (single-device), to
teams in which each player was given one phone (multi-device), and to solo users (as a
control condition, to verify that solo usage is possible).

Procedure. To ensure that results were comparable to the previous ones, we adopted the
same experimental design and outdoor game as in the previous evaluation.

ParƟcipants. 37 people (19 females and 18 males), aged between 14 and 44, participated
to the user study. Participants were largely professionals with university qualifications,
early-adopters, and/or researchers. 21 participants were divided into 7 multi-device teams
and 12 participants were divided into 4 single-device teams. All teams were composed of
3 players. Finally, 4 participants played the game solo.

Results. All solo users completed the game, therefore solo usage of MapLens is possible. In
the team conditions, we could observe collaborative behaviours analogous to the previous
experiment (see Figure 6.7): players gathered around the map and used the opportunity
to discuss problems and to create common understanding within the team.

Shared map and device. We observed that the availability of multiple devices has an
impact on the way players collaborate. Single-device players seem to communicate more
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Figure 6.7: Establishing common ground in single-device andmulƟ-device teams. (LeŌ) Single-device play-
ers communicate and establish common ground more around the system. (Right) MulƟ-device players
establish common ground more through the system. Here, the players are using two devices, and keeping
them on different heights to avoid collisions.

around the system by sharing information on the map, screen and environment (Figure
6.7, left). In contrast, multi-device players seem to communicate less with each other, and
to share information more looking through their own devices (Figure 6.7, right).

We looked for support to these observations from our video recordings. We cut video
footage into manageable chunks, focusing on players’ activity around MapLens. The
footage from two teams (1 single-device, 1 solo) was excluded from the analysis due to
technical failure. We employed a team of four researchers to code players’ actions in our
video recordings. Through inter-researcher agreement, we compiled an initial 52-item list
of tasks performed by players. We iterated the list over several sessions until we isolated
and identified four principal game tasks:

• Device usage. The player is using the device.

• Map usage. The player is carrying, orienting or holding out the paper map.

• Navigation. The player is discussing navigational decisions.

• Scouting. The player is exploring the environment, using the clue booklet, taking
photos, discussing with other players.

We coded all occurrences of the four tasks in our recordings. It must be stressed that,
due to the small sample size (7 multi-device and 4 single-device teams) we cannot conduct
a statistical analysis of this data, but we rather analyse it qualitatively as a support for the
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Figure 6.8: Division of the four principal tasks in single-device and mulƟ-device teams.
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Figure 6.9: CommunicaƟon in single-device and mulƟ-device teams. We present communicaƟon as aver-
age occurrences of poinƟng at the map, poinƟng at the device's screen and poinƟng at the environment.

observations we made during the experiment. Figure 6.8 shows that, on average, multi-
device teams used the device more than single-device teams, who in contrast engaged more
in scouting activities. This suggests that multi-device teams worked more through the
device, while single-device teams performed more activities outside the device. We further
coded all occurrences of communication between players during device usage (see Figure
6.9). We observed that pointing to the screen of another team member (see Figure 6.7, left)
occurred more often in single-device teams. A similar effect is visible, to a smaller extent,
in the amount of pointing to the map and to the environment. During the experiment and
in the video recordings, we observed that single-device players shared the device screen
largely throughout all sessions, by tilting their screen for others to see, pushing the device
closer to others, handing the device over and standing closer together. In multi-device
teams, we observed that the intentional sharing of screens happened less, typically only a
couple of times during the game, and only for a few seconds. Our results show that there
was a trend for multi-device players to focus more on the device (see Figure 6.7, right)
and less on communication, as they could all synchronously experience the same AR view
of the information. In contrast, single-device players seemed to communicate more with
each other than multi-device players: this extra amount of communication was probably
necessary for them to reach the same level of shared understanding of the game status as
multi-device players.

When starting the game, multi-device teams typically used two or three devices si-
multaneously. However, as the game progressed one main device (mean total use 51%)
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and secondary/tertiary devices (mean use 33% and 16%) emerged. Similarly, two or three
maps were used in the early training stages, but teams quickly switched to one main shared
map. Two phones seemed to be the maximum amount of devices that could simultane-
ously fit over a map of this size: devices were used in a panning motion over the map and
needed space around them in order to move freely. When devices collided, one user moved
the device to a different height above the map (as in Figure 6.7, right), moved alongside
the other device on the map, or withdrew the device and looked through the other device.
Some players used multiple devices to simultaneously explore different areas of the map.

Flexibility and usage on the move. Teams across all conditions used the system not
only after setting down the map on a supporting surface but also while standing and
holding the map (like, for example, both teams in Figure 6.7). Three of the 15 teams
(2 single-device, 1 solo) only used MapLens while standing and never put the map down
onto some surface. With the improved technology of MapLens, we observed that this agile
parking behaviour emerged (briefly stopping to check a detail before moving on). This is
a new behaviour not observed in the previous experiment, in which stopping (standing for
longer periods of time or setting down the map) was the only mode of usage.

Figure 6.10: Using MapLens while walking. (LeŌ) Walking and using MapLens was possible with a folded
map. (Right) Walking and browsing photos in MapLens did not require usage of the paper map.

We also observed that usage while walking was possible with the improved technology
(Figure 6.10, left) as there was no need to shade the display for tracking to work, or to keep
a steady hand while standing still. However, the need to pay attention to the surroundings
while reading the display prevented systematic usage while walking. Rather, we observed
that players mostly exhibited the aforementioned parking behaviour, for using MapLens
while on the move. Finally, we observed that the thumbnail bar allows exploration of
information while walking (see Figure 6.10, right) and reduces the need for recurrent
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stopping. In general, we noticed that this feature supports more agile forms of using the
system.

In post-experiment interviews, people reported being very engaged and involved with
the game, although several users reported that the most engaging part of the experience
was the technology. Almost all users reported having used pointing to the map as a
means of communication between team members, and half of them reported that pointing
was very helpful to refer to items seen through MapLens. Two participants mentioned
augmenting public maps as an interesting further development of the project – one of
these two participants stated that he would not use MapLens if he had to carry the map
with himself all the time, but he would certainly use it if it worked with public maps.

6.4 ReflecƟon on our research quesƟons

If we consider the results of this chapter from the perspective of our main research questions
(Section 1.3), we can see that augmenting a physical map allows easy communication,
collaboration and information sharing between users, in contrast to a digital map which
is a more private and personal interface. Users are quickly able to grasp the interaction
metaphor of browsing the augmented map by moving the camera phone over it. Given
robust tracking technology, users are able to browse information on augmented maps in
spontaneous and flexible ways, from setting down the map on the ground and discussing
with other users, to briefly stopping on the sidewalk for a quick glance at the information.
While users often share their device with each other, the availability of one device for each
user allows sharing the AR experience more effectively, reducing the communication effort
needed by users to create a common understanding on the information.

Operating an augmented map is hard while walking. Even if robust tracking technology
can support usage while walking, the need to synchronously move map and device requires
bimanual coordination, which users seem to find too demanding while walking. In general,
users typically prefer shortly stopping to browse the information.

While AR is needed to browse the information on the augmented map, it is often not
necessary when users want to explore the details of a specific set of augmentations. For
usage while walking, or in other contexts where bimanual operation of the interface is
too demanding, AR is better combined with a less demanding non-AR interface: the AR
interface can then be used to select certain pieces of information from the map, which
users can then explore in more detail in a non-AR mode.
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Chapter 7

Outdoor navigaƟon

In this part of the thesis, we focus on wayfinding: finding the way to reach a specific
destination. During wayfinding, AR can be used to augment the environment with cues
that support correct navigational decisions.

In this chapter, we target outdoor navigation. During outdoor navigation, people
need to traverse a sequence of decisions points, where they have to make wayfinding
decisions. In between such decision points, there are usually long moments of purely
mechanical travelling, on path segments where people need little or no external support.
It is therefore questionable that people will use AR continuously during navigation, while
a more realistic assumption is that they will need AR to support their wayfinding only
under specific circumstances.

This chapter investigates scenarios in which users can benefit of AR during navigation.
To gain first insight on this, we present a preliminary evaluation of an outdoor navigation
system enhanced with AR.

7.1 Interface design

We designed a multimodal navigation system (Figure 7.1) with a forward-up map high-
lighting the user’s position and the path to be followed. Navigational hints are explicitly
provided as glyphs. To support eye-free usage, audio instructions are provided and every
new instruction is notified by the phone vibrating. From here on, we will refer to the
combination of all these interface elements as the map interface.

In addition to the map interface, we provide users with an on-demand AR interface.
We superimpose virtual arrows onto a live video stream of the physical world, indicating
the direction the user should follow, as in other AR navigation systems. Similarly to the
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(a) (b) (c)

Figure 7.1: Screenshots of our prototype. (a) We employ maps, glyphs and text instrucƟons to provide
informaƟon about the path and the next turn. (b) We augment the physical world with arrows to pro-
vide egocentric navigaƟonal cues. (c) When the augmentaƟon is not visible, visual cues guide the user in
poinƟng the camera to the right direcƟon.

work presented in Section 5.2.3, tilting motions trigger transitions between map and AR:
tilting the phone down shows the map, tilting it up transitions to an AR view. When an
arrow is outside the view of the phone’s camera, we overlay information to guide the user
in turning the phone towards it, using the Compass interface presented in Section 5.2.3.

7.2 Exploratory study

We conducted an exploratory study of our system in a real-world navigational task. We
looked closely at how the participants used the system, observing where, how and how
often they exploited AR during navigation.

Task. Participants were asked to follow a predefined path of 1.67 kilometres in a resi-
dential area in the city of Graz, Austria (Figure 7.2, left) with the aid of our navigation
system. We selected an area with relatively low buildings to provide good GPS position
measurements: as shown in Figure 7.2 (right), throughout the study the GPS quality was
excellent most of the time (Dilution of Precision (DoP) < 2, green), and only rarely good
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Figure 7.2: The path used for the user study. LeŌ: parƟcipants were asked to follow a predefined path of
1.67 km from A to B. Right: average quality of the GPS signal on the path (green = excellent, yellow = good,
red = moderate).

(2 < DoP < 5, yellow) or moderate (5 < DoP, red). DoP is a measure of the geometric
accuracy of the triangulation of GPS measurements from different satellites, and depends
on the relative positions of the satellites and the GPS receiver. Values of DoP smaller
than 2 are considered a level of accuracy sufficient for navigation systems [89].

Hypotheses. We aimed to observe where, how and how often users exploit AR during
outdoor navigation. We hypothesised that the usage of AR, despite being available every-
where on the path, would be mainly clustered around decision points (road intersections)
on the path. We also hypothesised that AR would be used mostly while standing still.
The two hypotheses are in line with previous findings on the usage patterns that occur
with augmented photographs [24, 58, 204].

Procedure. After briefing participants on the study modalities, we walked them to the
starting point of the path while they practiced with the system. We reminded participants
to follow the path (without taking shortcuts) and to be free in the usage of the device
(without feeling forced to use the system continuously). We set up the study to gather
rich information on how the system was used: we employed continuous software logging
of the system status, and we followed and video recorded participants through the whole
task. After the task was completed, we collected demographic and experience information
through a questionnaire, and subjective feedback through a semi-structured interview.

Apparatus. The system runs at interactive frame rates on an HTC HD2, a smartphone
with GPS, an accelerometer and a magnetometer. We track the position of the phone
using GPS and its orientation using accelerometer and compass. We use a linear Kalman
filter to remove high-frequency noise from the sensor measurements. It must be noted
that at the time of the experiment sensor-based tracking reflected the state-of-the-art for
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commercial handheld navigation systems using AR. We also combine sensors and vision-
based panorama tracking (Section 4.2) to obtain a more stable orientation tracking when
the system is used while standing still. To orient the forward-up map in real time, we use
magnetometer measurements. We designed the system for a phone in the upright position,
to guarantee optimal grip for one-hand usage or with the arm in the rest position.

ParƟcipants. Nine people (p1–p9) participated in the experiment, aged from 25 to 33
(M = 28.1, SD = 2.6). Three participants were familiar with the area in which the study
was conducted (p7, p8, p9). Five participants own and frequently use some navigation
system (p1, p2, p4, p5, p8). Three participants had previously used an AR application
(AR experts: p1, p2, p4); it must be stressed that these participants had no background
in AR research or development: they were familiar with the AR interaction metaphor
but were not knowledgeable of the functioning details of an AR system (for example,
how tracking is implemented). The other participants had never used an AR application
before (AR novices: p3, p5, p6, p7, p8, p9). None of the participants were familiar with
AR navigation systems.

Results. All participants completed the task successfully. Since none of the participants
exited the predefined path, no intervention from the evaluators was needed. We synchro-
nised all video recordings with the corresponding software logs, and cut them into usage
sessions – we defined a usage session as a time interval in which users were constantly
looking at the device’s screen. Based on the identified usage sessions, all corresponding
segments from the software logs were then extracted for analysis.

Usage time analysis. Participants used the system on average 23.1% (SD = 11.9) of
the overall task time. On average, 28.7% (SD = 22.5) of the system usage was on AR and
the remaining 71.3% (SD = 22.5) on the map, the text instructions and the glyphs. The
usage time of a session in which AR was accessed was 4.8 seconds (SD = 2.3), whereas
sessions in which only the map was used lasted on average 1.8 seconds (SD = 0.6).

Figure 7.3 shows the percentage of time each participant spent using the system,
distinguishing between usage of AR and usage of the map interface. AR experts used the
system on average 28.8% (SD = 5.4) of the overall task time, and exploited AR for 16.2%
(SD = 2.4) of the overall task time (more than half of the usage time, 57.1%, SD = 8.5).
AR novices used the system on average 17.4% (SD = 13.4) of the overall task time, but
they used AR only 1.9% (SD = 0.8) of the overall task time (14.5% of system usage,
SD = 7.5). In contrast, map usage was similar between the two groups: AR experts used
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Figure 7.3: The percentage of Ɵme each parƟcipant spent using the system. We disƟnguish between usage
of AR and usage of the map interface (* indicates parƟcipants with previous AR experience).

the map 12.5% of the overall task time (SD = 4.0), while AR novices used the map 15.5%
of the overall task time (SD = 13.3) (if we exclude p3, whose map usage was larger than 3
times the inter-quartile range, the map was used 10.5% of the overall task time, SD = 6.2).

These observations suggest that there were differences in the amount of use of AR
between AR experts and AR novices. In the interviews, AR experts said that the AR
view was useful when it was not clear which street turn to take (p1, p2), or when the signs
with the street names were not easily spotted (p4). AR novices commented that they did
not use AR because the map information was sufficient (p6, p9), more familiar (p5) and
gave a better overview of the path (p3), or because the visualisation of the AR arrow was
not stable enough (p8).

Spatial analysis. Figure 7.4 shows where the participants used the AR and map in-
terfaces on the path. While the map interface was used almost uniformly throughout the
path, the AR interface was used less on straight path segments and more at road inter-
sections. In Figure 7.5 we look in greater detail at where the participants used the AR
and map interfaces on a smaller scale. For this, we define path segment as one section of
the path comprised between two consecutive road intersections. It should be noted that
the plots show aggregate data from only a small number of participants, and we therefore
limit ourselves to a qualitative analysis. In the plots, we see that system usage generally
increased when approaching a next intersection. For AR experts, we see that AR usage
increases just before an intersection (decision on the turn to take) and shortly after it
(confirmation of being on the correct street). This observation is in line with the feedback
from the interviews on the usefulness of AR at path turn, as well as with our observations
during the experiments and in the video recordings (see Figure 7.6). Map usage by AR
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Map Augmented Reality

Figure 7.4: The locaƟons in which the prototype was used. We disƟnguish between map (leŌ, blue) and
AR (right, red) interface use. The plots show the number of parƟcipants who used the interface at each
point on the path: darker colours mean that several parƟcipants used the interface at that locaƟon, while
lighter colours mean that only a few parƟcipants used the interface at that locaƟon (white means that no
parƟcipant used the interface).

0%# 20%# 40%# 60%# 80%# 100%#

0%#

5%#

10%#

15%#

20%#

25%#

30%#

35%#

40%#

45%#

50%#

Posi%on'between'two'consecu%ve'
intersec%ons'

U
sa
ge
'

Overall'system'usage'

Map# AR# Overall#

0%# 20%# 40%# 60%# 80%# 100%#

0%#

10%#

20%#

30%#

40%#

50%#

Posi%on'between'two'consecu%ve'
intersec%ons'

U
sa
ge
'

AR'usage'(AR'experts)'

Min/Max# Median#

0%# 20%# 40%# 60%# 80%# 100%#

0%#

10%#

20%#

30%#

40%#

50%#

Posi%on'between'two'consecu%ve'
intersec%ons'

U
sa
ge
'

Map'usage'(AR'experts)'

Min/Max# Median#

0%# 20%# 40%# 60%# 80%# 100%#

0%#

10%#

20%#

30%#

40%#

50%#

Posi%on'between'two'consecu%ve'
intersec%ons'

U
sa
ge
'

AR'usage'(AR'novices)'

Min/Max# Median#

0%# 20%# 40%# 60%# 80%# 100%#

0%#

10%#

20%#

30%#

40%#

50%#

Posi%on'between'two'consecu%ve'
intersec%ons'

U
sa
ge
'

Map'usage'(AR'novices)'

Min/Max# Median#

Figure 7.5: The average usage of map and AR interfaces between consecuƟve intersecƟons. LeŌ: the over-
all system usage. Middle: the AR and map usage for the parƟcipants with previous AR experience. Right:
the AR and map usage for the parƟcipants without previous AR experience. In the plots, a posiƟon close
to 0% means just aŌer an intersecƟon, whereas close to 100% means approaching the next intersecƟon.

(a) (b) (c) (d) (e)

Figure 7.6: Use of the navigaƟon system while walking through an intersecƟon. This figure shows a typical
behaviour at an intersecƟon: (a) the parƟcipant approaches the intersecƟon; (b) she checks the map; (c)
she switches to AR; (d) she crosses the street, and turns into a side street; (e) she finally checks the AR
view, once more, to verify that she turned into the right street.
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experts increases more mildly near to road intersections. In contrast, the plot for AR
novices shows more use of the map before and after intersections: this suggests that the
map supported AR novices in proximity of intersections, similar to how AR supported
AR experts. We cannot comment on the use of AR between intersection by AR novices,
because the data has a high variance due to the small number of measurements. Inter-
estingly, Figure 7.4 also shows increasing use of AR just before reaching the end of the
path. We gathered informal feedback from our participants on that they would have liked
an AR cue highlighting the final destination they had to reach. The final destination is
therefore clearly another scenario where users would need AR support.

Usage behaviours. Both the AR experts and novices used the navigation system while
walking. Only the three AR experts stopped to use the navigation system, at a total of
seven different points in time (four for p1, two for p2, and one for p4). In Figure 7.7,
we show a detailed timeline of how participants behaved in these cases. As can be seen,
in all cases the participants started using the system while walking, and only stopped
and used the system while standing still after a failed attempt to use it while walking
(this behaviour is also shown in Figure 7.8). Usage while standing still is probably only
plausible at difficult decision points, when the user does not succeed in making a decision
on the fly while walking. In all the seven cases, the interface used for making or confirming
the final decision was AR.

When participants used the system while walking, tracking relied on sensor data which

6"

5"13"

2"2"12"

2"7"

3"5"2"

14"2"3"6"5"

4"10"8"

3"5"

p1"

p2"

p4"

Using&the&map&while&walking& Using&the&map&while&standing&s1ll&

Using&AR&while&walking& Using&AR&while&standing&s1ll&

Time&(seconds)&

Figure 7.7: The seven cases in which parƟcipants stopped walking while using the system. In our experi-
ment, most parƟcipants only used the systemwhile walking. Only three parƟcipants stoppedwalking while
using the system. This happened seven Ɵmes (4 Ɵmes for p1, twice for p2, and only once for p4). In this
figure, we plot detailed Ɵmelines of usage behaviour for all these seven cases (all Ɵmings are in seconds).
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(a) (b) (c) (d) (e)

Figure 7.8: One parƟcipant stops walking while using the system. This figure shows the parƟcipant's be-
haviour in this case: (a) the parƟcipant is walking and not looking at the device; (b) she checks the map
while walking; (c) she switches to AR, stops walking (slightly confused) and focuses her aƩenƟon on the
AR view; (d) she starts walking again, sƟll looking at the AR view; (e) she finally puts the phone away, and
keeps walking.

caused visualisation inaccuracies. Participants interpreted unintentional misplacements of
the arrows as intentional instructions. For example, one participant (AR novice) inter-
preted a left-turn arrow with positional offset as an instruction to cross the street and turn
left onto the opposite pavement. Two other participants (one AR expert, one AR novice)
interpreted errors in the orientation of the arrow as instructions to leave the pavement and
walk on the street, or to move back from the street onto the pavement. Comments from
the subjects hinted that the affordance of the AR view increased participants’ expectations
about the accuracy of the visualised information.

7.3 ReflecƟon on our research quesƟons

The preliminary results presented in this chapter provide valuable understanding about
the scenarios in which users need outdoor wayfinding support from handheld AR. Yet,
the AR view had a low level of use in our study, due to the fact that the map interface
was deemed good enough for our experimental task. From the interviews, we found that
two factors are principally responsible for this low adoption: (1) the difficulty of the task
and (2) the instability of the augmentations. We deduce that AR views must target
navigational tasks in which common maps are challenged and at the same time provide a
trustful experience, to be an enhancement over more common interfaces such as maps.

If we consider the results of this chapter from the perspective of our main research
questions (Section 1.3), we can see that users access the AR view mostly when they need
to make a decision, typically in proximity of road intersections or approaching their final
destination. These are therefore the most important scenarios where AR can enhance
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outdoor navigation, and the most important locations to support with accurate tracking.
It must also be considered that users seek for support both before and after an inter-
section, thus giving AR the dual role of providing instructions (e.g., where to turn) and
confirmation (e.g., if one turned into the right street).

Our results also show that a naïve AR visualisation fails when tracking accuracy is
poor, misleading users up to the point of convincing them to walk in the middle of the
street, rather than on the pavement. Since the AR interface was used while walking
in our experiment, we deduce that supporting a walking user with accurate tracking is
fundamental. However, as continuous accurate tracking is a known hard problem, a more
applicable alternative solution is to inhibit AR usage at the interface level, resorting to
an interface different than AR (like a map) whenever users are walking. In general,
tracking accuracy must be clearly communicated in the interface: the AR visualisation
must diminish user expectations about the accuracy of the given information, in order to
provide an affordance that does not go beyond the real accuracy of tracking technology.





Chapter 8

Indoor navigaƟon

In this chapter, we discuss indoor navigation. In contrast to outdoor navigation, there
is currently no global tracking solution (such as GPS) available indoors, thus naviga-
tion systems must instrument the environment with complex infrastructure to be able to
continuously track the user’s position. When this is possible, we reason that results for
outdoor navigation systems (Chapter 7) also apply to indoor navigation systems. This
chapter investigates an alternative solution to continuous localisation, sparse localisation,
which is applicable when it is not possible to instrument the environment with complex
infrastructure. We support users with detailed navigational instructions only at certain
info points in the building, and with less-detailed information in-between. Since localisa-
tion only takes place at these info points, sparse localisation has lower instrumentation
requirements and is therefore more easily applied to generic indoor environments.

We present three design iterations of an indoor navigation system based on sparse
localisation. In the first, we investigate the usability of an indoor navigation system
that supports users only at sparse locations in the building. In the second, we look at
how AR cues can enhance such a system. Finally, we elaborate on our previous findings
and propose a design based on Mixed Reality (MR) cues, that supports users’ continuous
navigation despite the sparse localisation scenario. After each design iteration, we conduct
experiments to explore the usability of the interface, motivating and supporting the next
iteration.

8.1 Sparse localisaƟon

We developed a location-based conference guide called Signpost to gain insight about the
usability of an indoor navigation system based on sparse localisation. Events in large
spaces, such as conferences, challenge participants to find their way through vast multi-
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storey convention centres or hotels. The large scale of the conference venue and the need
for setting up the venue efficiently typically prevent the deployment of dense localisa-
tion infrastructure. We therefore rely on localising users only at specific locations in the
environment.

8.1.1 Interface design

Signpost combines a conference calendar with a navigation system (Figure 8.1). All cal-
endar entries are linked to locations, so that users can plan their fastest route from the
current location to the desired lecture hall. The results are displayed on a map that can
be freely panned, rotated and zoomed.

(a) (b) (c)

Figure 8.1: Examples of phones running Signpost and screenshots of the applicaƟon. We show typical
views of the applicaƟon: (a) conference schedule showing the locaƟon of each talk, (b) map showing the
desƟnaƟon of the user, based on a chosen talk, and (c) map showing the last known posiƟon of the user in
the building.

In Signpost, we use marker-based localisation: when a user points the camera of her
device at one marker (see Figure 8.2, right), Signpost localises her in the building and
updates her position in the map view. We implemented this feature of Signpost using our
marker tracking library [199], running on Windows Mobile devices.

Installing Signpost at a new venue requires creating one or more 2D maps of the venue,
and a database of marker locations and orientations on the maps. The most efficient way
to implement sparse localisation is to glue the markers onto poster stands, which can be
quickly deployed on-site at the planned locations (Figure 8.2). A coarse deployment of the
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Figure 8.2: Marker-based localisaƟon with Signpost. LeŌ: posters and fiducial markers deployed at the
MEDC 2007 and TechReady7 conferences. Right: our localisaƟon system at TechReady7: a user points the
phone towards one marker, unƟl the marker is recognised and the system updates the map highlighƟng
the user's posiƟon.

poster stands (±50cm) is usually sufficient, as small displacements will not be noticeable
on the map. Sparse localisation therefore limits the required infrastructure to a small
number of poster stands in the buildings. For example, only 37 poster stands were needed
to set up Signpost in an area of roughly 100m × 200m, at a conference in the Venetian
Hotel, Las Vegas.

In contrast to a regular conference guide, our design gives users a chance to retrieve
live positioning information at special info points in the environment. In comparison
to a system using continuous localisation, though, Signpost cannot provide live position
information when users are not at an info point.

8.1.2 Controlled study

Before deploying Signpost in a real-world scenario, we first conducted a controlled study to
evaluate the usefulness of our sparse-localisation approach in comparison to a system with
no localisation, and a system with continuous localisation. These conditions represent the
extremes of a localisation continuum, as shown in Figure 8.3, whereas sparse localisation
is located in-between the two.

Task. Participants were asked to use the digital map and the localisation system as their
only aid to reach a specific pre-defined destination. The location of the study was our
university department, a complex composed of four three-storey buildings connected by
several bridges. It contains many repeated features with a general lack of clear landmarks.
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No localisaƟon Sparse localisaƟon ConƟnuous localisaƟon
(e.g. map browsers) (e.g. Signpost) (e.g. GPS-based systems)

Figure 8.3: ConƟnuum of localisaƟon techniques. We posiƟon sparse localisaƟon on an ideal conƟnuum,
that spans between systems with no localisaƟon and systems with conƟnuous localisaƟon.

We consider it to be a significant example of a “hard case” for navigation in a new en-
vironment. We selected three different destinations, balancing their difficulty in terms of
distance from the start point, bridges to cross and number of in-between floors.

Independent variable. We had three conditions for this experiment (Figure 8.4):

• No localisation. We implemented a map view that can be panned with a finger on
the touchscreen.

• Sparse localisation. We integrated our marker-based localisation solution into the
map view and presented the live camera video view in a screen corner (see Figure 8.4
(b)). The position of all info points are presented on the map as red dots. As soon
as a marker is detected, we automatically update the position and orientation of the
user, presenting it as a labeled icon on the map. However, we do not re-position and
re-orient the map automatically – a pilot study revealed that users prefer to rotate
and centre the map manually when using a sparse localisation system, because a
sudden re-orientation of the map causes a loss of spatial awareness.

• Continuous localisation. We used a Wizard of Oz approach, as we did not have
an indoor equivalent to GPS. One examiner walked behind the participant and re-
motely controlled the participant’s phone, continuously updating the position and
orientation of the icon on the map (Figure 8.4 (c)) to match the position and ori-
entation of the participant in the building. The device was remotely controlled via
a second device, connected to the participant’s device using Bluetooth. Continuous
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(a) (b) (c)

Figure 8.4: Screenshots of the applicaƟon used in the controlled study. We show screenshots of the three
condiƟons: (a) no localisaƟon, (b) sparse localisaƟon and live-video view for poinƟng the camera at the
marker, and (c) conƟnuous localisaƟon.

localisation is a control condition only useful for comparison within our experiment,
and the Wizard of Oz approach allowed us to quickly build a running system.

In all localisation modes, the map shows the start and destination points with
crosshairs. When such locations are outside the view of the map, we present off-screen
directions using labeled arrows. Users can access the map of a specific floor by pressing
the number key corresponding to the desired floor number.

Hypotheses. We hypothesised that continuous localisation is found easier to use than the
other systems and provides the highest user confidence because, in contrast to the other
two conditions, it provides continuous interactive feedback on the user’s position in the
environment. We also hypothesised that sparse localisation provides higher user confidence
than no localisation because, in contrast to that condition, it provides interactive feedback
on the user’s position in the environment at least at a few locations in the environment.
However, we expected sparse localisation to be found to require more learning effort,
because of the need to learn how to operate marker tracking. The basic hypothesis of this
experiment is that sparse localisation is a better solution than no localisation, if continuous
localisation is not possible.

Procedure. We used a within-subjects design: all participants navigated to all three des-
tinations, each time with a different localisation mode. We counterbalanced the order of
localisation modes and destinations using a Latin square, to avoid biases. We gave all users
some time to familiarise themselves with the application before starting the evaluation.

After completing all the three tasks, we asked users to rank the three conditions from
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Figure 8.5: SubjecƟve rankings of the three localisaƟon systems. The three systems were ranked on four
different criteria.

worst to best. The conditions were ranked according to four different criteria: ease of use,
ease of learning, required attention and confidence about current location.

ParƟcipants. We recruited 20 users (10 male and 10 female) with diverse cultural back-
ground, varying expertise in technology, and aged between 20 and 34 years old (average
of 25). In order to avoid biasing of the results, we ensured that no user had previously
been inside the buildings.

Results. For each criteria and participant, we assigned a score of 1 to the worst condition
and a score of 3 to the best condition. The average ranks and their 95% confidence intervals
are presented in Figure 8.5. A Friedman’s test shows that the effect of the localisation
mode is significant on all criteria (p < .001).

A post-hoc analysis with Bonferroni correction shows that almost all pair-wise differ-
ences are significant. Continuous localisation was found to be easier to use and to learn,
to require less attention, and to provide more confidence than the other two localisation
modes (p < .001, for all differences). Sparse localisation was found to be easier to use than
no localisation (p <.05), to require less attention (p <.01) and to provide more confidence
(p < .001), but not easier or harder to learn.

There was no significant difference in task completion time with the three conditions
(repeated-measures ANOVA, F2,36 = 2.34, p = .11), because of the high variation in indi-
vidual results. Participants took on average 5.32 minutes with no localisation (SD = 3.48),
4.26 minutes with sparse localisation (SD = 2.13), and 3.47 minutes with continuous lo-
calisation (SD = 2.17).
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Discussion. The results confirm our hypothesis on continuous localisation, showing that it
is found easier to use and it provides higher confidence than the other two conditions. As
hypothesised, the results also show that user confidence is significantly higher when using
sparse localisation, compared to no localisation. In contrast to what we hypothesised, our
results show no significant difference in the ease of learning between the two conditions –
this suggests that operating the marker-based localisation has no impact on the perceived
difficulty of learning to use the interface.

The results also show that users find sparse localisation significantly easier to use than
no localisation, and to require less attention. During the experiment, we noticed that
the information provided at sparse localisation points helps users mentally registering
the view on the digital map with the real environment. While users did not use sparse
localisation intensively when they were going in the right direction, it seemed fundamental
for users who were lost, in order to re-map their mental model with the real building and re-
structure their path accordingly. While with no localisation users had to match landmarks
in the environment with landmarks on the map, with sparse localisation the burden was
reduced to registering the icon on the map with their real position and orientation in the
environment. We conclude that compared to a static map, users feel sparse localisation
to be easier to use as it provides a quick means of verifying their position, even if only at
sparse locations in the building.

8.1.3 Exploratory study

Our previous results confirm the validity of our sparse-localisation approach, but they do
not give us insight on how it would apply to a real-world large-scale scenario. We therefore
conducted one further exploratory study in larger environments, deploying Signpost at a
number of international conferences: MEDC2007 (April 2007), TechEd2007 (July 2007),
TechReady6 (February 2008) and TechReady7 (July 2008). Over the four conferences,
more than thousand distinct users installed Signpost on their devices. This gave us the
chance of collecting feedback from a large number of real users in a natural environment
via usage logs, questionnaires, on-field observations and interviews. We interviewed a
limited number of users personally, and collected questionnaires and usage logs from a
larger part of them. Our overall aim was to find out how useful attendees found Signpost,
but for the purpose of this thesis we will focus in particular on the acceptance, the level
of adoption and the perceived usefulness of our sparse localisation approach.

At MEDC, we collected 34 anonymous questionnaires. In the questionnaires, we asked
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Figure 8.6: SubjecƟve quesƟonnaire raƟngs from the MEDC conference. QuesƟons touched both the use-
fulness of Signpost and the acceptability of sparse localisaƟon targets.

attendees to answer a number of questions on a 7-point Likert scale ranging from 1
(“strongly disagree”) to 7 (“strongly agree”). The results are presented in Figure 8.6,
while the questionnaire is presented in Appendix A.5. The results show us that users
found Signpost more useful than the conventional conference map (Q1), which was part
of the printed conference booklet. Furthermore, users also felt an improvement in their
location awareness (Q6). Using markers in public areas could raise questions concerning
visual clutter, but users were mostly not disturbed by them (Q2). All other questions also
received positive answers. Overall, these results give us a first indication of the good ac-
ceptance of the markers and of the perceived usefulness of sparse localisation, with respect
to a traditional conference map.

At TechReady6, we could also conduct semi-structured interviews with a number of
conference attendees. One part of the interview focused on how well the navigation worked.
While the marker tracking system is accurate, the markers themselves were mounted
coarsely to keep the effort of mounting and measuring to a minimum. Yet, users were
generally satisfied with the tracking accuracy: “when I looked at it, immediately I thought
wow, this is where I am.” One user said that tracking “was accurate enough. [...] Two feet
off the door versus four feet off the door really doesn’t matter.” Attendees also suggested
adding step-by-step instructions: “I think the biggest thing that would help me was if it
would tell me steps: go down escalator, turn right, ... like some of the car navigations
things, but maybe not that precise”. Overall, attendees liked the way Signpost supported
their navigation and were satisfied with the accuracy of the system, but they would have
appreciated receiving coarse navigational instructions also in-between localisation points.

At TechReady7, we collected software logs from 74 anonymous users over four days,
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Figure 8.7: Results from the data collected at the TechReady7 conference. LeŌ: subjecƟve user raƟngs for
the usefulness of each funcƟon. Right: usage staƟsƟcs for the five funcƟons.

to obtain quantitative understanding on how often the different functions of Signpost are
used. For this purpose, we identified five core functions: 2D map, 3D map, localisation,
conference schedule and full-text search (of the schedule). We looked at the number
of times the functions were invoked, and triangulated the log data with questionnaires
(see Appendix A.6), collecting the perceived usefulness of the functions from 64 distinct
users. In the questionnaire, we asked users to rate the usefulness of the five functions, in
comparison with the printed conference booklet, on a 5-point Likert scale ranging from 1
(“useless”) to 5 (“useful”). The results (Figure 8.7) show that 2D map and localisation are
the most triggered functions. From the questionnaires, we also see generally high rates for
the perceived usefulness of all functions, as compared to the printed conference booklet.

8.1.4 Discussion

The results from our controlled study show that an indoor navigation system that uses
sparse localisation is found to be easier to use and makes users more confident than man-
ually operated floor plans. Sparse localisation is therefore a valid alternative when contin-
uous localisation is not possible. The deployment of Signpost at a number of large-scale
conferences not only confirms the validity of sparse localisation, but also its applicability
in real-world scenarios. To our knowledge, Signpost is the first indoor navigation system
successfully deployed at several large-scale venues and installed by more than one thousand
users on their own device.

8.2 Sparse localisaƟon and Augmented-Reality cues

Our first results highlight the value of sparse localisation as a support for navigation, when
continuous localisation is not viable. However, Signpost only gives simple localisation
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information when a marker is visible by the camera of the device. When navigating
between one marker and the following one, users receive no instructions from the system.
The lack of navigational instructions also emerged during the interviews, and was seen by
users as a shortcoming of the system. As the focus of this thesis is on how AR can enhance
navigation, a natural next step for our research work was to investigate how AR can be
used to continuously provide navigational instructions in a sparse-localisation system.

8.2.1 Interface design

We set three key requirements to inform the design process of our interface:

• Minimal instrumentation of the environment (sparse localisation).

• Continuous navigational support as a sequence of turn-by-turn instructions.

• AR navigational cues adaptive to localisation accuracy and user activity.

This section presents the choices that led to the proposed design, shown in Figure 8.8.
We recruited experts and external users for a pilot task to inform and refine the design
of our prototype. The pilot task consisted of collecting a box from an office room and
delivering it to another nearby office room, and required a number of turns and one floor
change over a distance of about 100 steps. We detail the space of design possibilities and
we explain why we chose one over the other, for each of the three key requirements.

(a) (b) (c) (d) (e)

Figure 8.8: Screenshots of our prototype. (a) As a user is walking, the interface presents sketchy informa-
Ɵon on the current acƟvity and direcƟonal informaƟon as a perspecƟve arrow. (b-e) As a user stops at an
info point, AR informaƟon is presented as a World-in-Miniature (WIM). From afar (b-d), the WIM appears
as a 2D map. In (b), the target office room is visible and marked with a red flag. From closer and Ɵlted
perspecƟves (e) it is possible to examine the WIM in 3D.
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Figure 8.9: Info points and their placement on the floor of the building. (LeŌ) User accessing an info point.
(Right) Corresponding view on the phone of the user.

Info points. Just like the previous design of Signpost, we use sparse localisation at selected
info points in the building, although we mounted the tracking targets on the floor, rather
than on walls. During the pilot, we found that floor-mounted artificial markers are not
sufficiently robust against lighting changes (e.g., reflections of the neon lights in the build-
ing) and partial occlusions (e.g., the foot of the user partially covering the target). In our
new design, we therefore use natural-feature tracking targets (Figure 8.9), which are more
robust to these types of common issues.

As observed in our previous experiments, the info points act as spots where users can
ensure they are on track. Similarly, some pilot participants went straight to the nearest
info point to reorient their interface, when they were unsure about the next steps. We
noticed that it is important to provide info points in proximity to decision points. Hence,
the density of info points is dictated by the building layout and the occurrence of decisions
points. In the case of our buildings, those decision points are usually near staircases or
where multiple paths propagate.

The proposed approach of floor-mounted info points relies on a sufficiently distin-
guishable floor texture, thus info points can be carefully designed to be part of the overall
building design. Furthermore, the info-point identifier can be made completely transpar-
ent to the user by means of wireless technology. In Figure 8.10, we present a conceptual
design that fits a modern shopping-centre scenario.
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Figure 8.10: Conceptual design of an info point for a shopping center. LeŌ: a user accessing the info point.
Right: corresponding view on the phone of the user.

Turn-by-turn instrucƟons. We exploit basic human navigation abilities to provide contin-
uous support for navigation in our sparse-localisation scenario. People are used to follow
linear sequences of turn-by-turn directional instructions, if sufficient context information
is provided (in particular, environmental features pertaining to the decision points on the
path [2]). In a recent paper, Brush et al. [18] describe a navigation system that supports
users only with a static list of instructions to be performed – e.g., walking a number of
steps in a certain direction, or going up a number of floors. The results of their evaluation
show that this is a viable solution. We therefore chose to combine info points with a list of
turn-by-turn instructions, exploiting human abilities over short paths to compensate for
the lack of localisation in our system.

The instruction view (Figure 8.8, lower part of the screenshots) presents a sequential
list of instructions that a user needs to perform to reach the target destination. Supported
activities are walk, change floor, turn and reach office. Instructions are shown as a sequence
of arrow-shaped elements, pointing left-to-right to communicate their sequential ordering.
We visualise turns and info points between the instructions and we clearly identify with
a checkmark which instructions have already been performed. Users can scroll through
the instructions using the touch-screen of the device. Users can also switch to the next or
the previous instruction with a single tap – either on a button (on the bottom part of the
instruction view) or on the instruction itself. On the upper part of the instruction view,
a small progress bar indicates the current progress in the navigational task.

Figure 8.11 shows all the consecutive design iterations of the instruction view. After the
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(a)

(b)

(c)

Figure 8.11: IteraƟve designs of the instrucƟon view. We show the first (a), second (b) and last (c) design.
In (b-c) we clearly convey the flow of instrucƟons from leŌ to right. We also add the posiƟon of the info
points between instrucƟons. In (c) we do not show turns as instrucƟons, to eradicate the need for a double
tap at each turning point.

first pilot study, we adapted its design based on two issues we observed. First, we observed
that all instructions were perceived as equally relevant, hence we tried to communicate the
flow from left to right more clearly, to distinguish the already performed instructions (left)
from the current one (middle, highlighted) and the ones to be performed next (right). We
support the idea of flow by changing the design of our instruction buttons, shaping them
as arrows that point towards the instructions to be performed next. We use checkmark
icons to clearly label already performed instructions. Secondly, we add the info points to
the list of instructions. During the pilot study, we noticed that users had problems tracing
back the instructions they had performed after departing the last info point. Adding the
info points to the instructions helps users to trace back what they did after the latest “safe
position”. After a further pilot study, we decided not to represent turns as instructions,
as this requires an unnecessary second tap on the next button at each turning point:
first to advance to the turning instruction and then to advance to the following walking
instruction.

In a preliminary version of this design, we aimed at automatically detecting if the user
had completed an instruction, using information from a step counter and from the phone’s
sensors. Our objective was to let the list of instructions flow automatically as the user
completed consecutive instruction. As a fallback, users could manually advance or return
to an instruction. After the first pilot, we removed this automatism from our design, as
users found any automatic switch confusing when triggered erroneously by unpredicted
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causes (e.g., longer or shorter stride lengths, magnetic influences on the phone’s digital
compass). We reason that the adopted one-tap solution to advance instructions is a valid
compromise between the feedback given by the interface and minimal requirements of
manual user interaction.

AR cues. The AR view (Figure 8.8, upper part of the screenshots) augments the environ-
ment with AR cues regarding the instructions to be performed. We adapt the visualisation
depending on the localisation accuracy and the type of activity the user is engaged in (ei-
ther walking or standing still).

Whenever the system detects that the user is walking, we automatically enlarge the
textual information in the AR view (Figure 8.8 (a)). Walking users must divide their
attention between the physical movement and the use of the interface, and we avoid over-
loading them with information. We therefore provide easy-to-read, sketchy information
that details exactly what the user must do in order to perform the current instruction. We
also embed an indicative step counter in the view for the user’s convenience. In this case,
the AR view provides directional information in an egocentric frame of reference: we over-
lay the video with a perspective arrow always visible in the centre of the view, spatially
oriented to lie flat on the ground and to point towards the current walking direction. Its
purpose is to give egocentric feedback on the walking direction, when the system does not
have knowledge of the location of the user. This visualisation is analogous to floor signs
commonly found in public areas to direct people’s navigation.

Whenever the system detects that the user stops over an info point, we shrink the
textual information to make more room for the AR visualisation (Figure 8.8 (b-e)). As
the user is not walking while accessing the info point, we assume that more attentional
resources are available and we provide more detailed and complex information using a
WIM. A novel aspect of our approach is that tracking targets are installed on the floor of
the building, rather than on the wall as in previous work (e.g., in Signpost or in the work
by Müller et al. [126]). In this way, a WIM augmented on the tracking target appears
aligned with the building (see Figure 8.9) and no mental rotation is required by the user.
We overlay the WIM with dynamic information about the location of the user (green
circle), the path that the user must follow (in green) and the direction from which the
user approached the info point (smaller, in grey). Finally, if the target office room is near
the info point, we also highlight it (red flag). We designed the WIM by extruding walls
and stairs from a 2D map, so that it appears as a 2D map from afar but if needed it can be
explored in 3D from closer and tilted points of view (see Figure 8.8 (e)). The rationale is



8.2. Sparse localisaƟon and Augmented-Reality cues 159

that a 2D map can quickly convey route information, whereas a WIM supports landmark
recognition, as shown by Kray et al. [86]. When seen from above, the floor texture of
the WIM provides further details, such as toilets, wall shadows and the location of doors.
By showing the WIM in AR, we provide an easy affordance of browsing the path using
the mobile phone, panning the device over the tracking target to control the viewpoint on
the WIM, similar to our work on augmented maps (Chapter 6). In contrast, exploring a
VR model in this detail would require a 6-DOF manual control of the viewpoint over the
WIM, which would be much more cumbersome.

8.2.2 Controlled study

We conducted a user study to validate our interface, to explore how people use it, and
to study how the presence of augmented info points affects the performance of users, in
comparison to a static list of turn-by-turn instructions.

Task. Similarly to the controlled study in Section 8.1.2, we asked participants to find one
office room inside our department buildings. We reason that this is a typical scenario for
users who must navigate an unknown indoor environment, e.g., an office building or a
hospital. Our department is composed of four buildings that are interconnected to each
other by several bridges. All buildings have a strong cubature with in-situ concrete walls
and internal patios, and they contain a large number of repetitive features with a general
lack of clear landmarks. There is virtually no signage for departments or offices. We
consider it a hard case for indoor navigation.

Independent variable. We had two conditions for this experiment:

• No info points (NoIP). The condition in which info points are absent is a baseline
condition, analogous to the work presented by Brush et al. [18]. In this condition,
the system provides users with a sequence of turn-by-turn instructions that must
be followed to reach the target office room. There are no info points accessible
throughout the path.

• With info points (IP). The condition in which info points are present and the system
provides users with the same sequence of turn-by-turn instructions as in NoIP. In
this condition the sequence of instructions includes information on the available
info points through the path. During the study, we physically placed a number of
info points in the building. Users could move to a nearby info point to re-orient
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Figure 8.12: The tasks designed for the user study. Tasks A and B were designed for the NoIP condiƟon,
tasks C and D for the IP condiƟon. All tasks have comparable length and difficulty. IP tasks appear longer
as straight path segments are split in two by info points.

the interface and themselves, obtaining detailed location-aware information on the
upcoming path segments.

Hypotheses. We expected the presence of info points to keep users more on track and to
lower their perceived workload, as also observed in our previous studies. We therefore set
the following hypotheses: (H1) shorter walked distances in IP compared to NoIP, (H2)
lower number of navigation errors in IP compared to NoIP, and (H3) lower workload
perceived in IP than in NoIP.

Procedure. We used a within-subjects design: all participants experienced both NoIP and
IP conditions. We designed 4 tasks, 2 for each condition (see Figure 8.12). All tasks have
comparable difficulty, containing a similar number of turns and always one floor change
up or down. We recorded a ground-truth step count for each task using a commercial step
counter, and verified that all task have a similar path length (127 ± 3 steps). Participants
were asked to perform all four tasks; we used a Latin square to balance the order of tasks
between them. One study session lasted on average 45 minutes.

We began a study session by collecting demographic data from the participants and
having them sign an informed consent form that introduced the procedure of the user
study. We then had participants conduct a tutorial task that forced them to try all
functionalities of the application, supported by a verbal explanation by the examiner. In
particular – as AR is not a commonplace interface metaphor – we enforced AR training on
two info points during the test task. We therefore assume that all our participants were at
least familiar with the operation of the AR interface before starting the subsequent tasks.
Finally, we conducted participants to one of the four locations designated as a starting
point for the tasks, we gave them the device and we asked them to find the target office
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room. This procedure was repeated for all four tasks.

As the goal was to validate our design, explore how participants use it, and measure the
impact of info points on task performance, we used a number of methods to collect both
qualitative and quantitative data. On the device, we ran a software logger continuously
recording the application status and selected events. We asked the participant to wear a
commercial step counter and we recorded the number of steps needed to complete each
task, for comparison against the ground truth. An evaluator followed the participant and
noted all observations and all spontaneous feedback given by the participant while per-
forming the task. The evaluator also noted on a map all occurrences of navigation errors.
After each task, we asked the participant to fill in a one-page NASA TLX questionnaire
[51].

After all office rooms were found, we interviewed the participants. First, we asked for
subjective feedback – whether having or not having the info points changed anything in
their navigation experience. The question was aimed at collecting feedback on whether
users found info points useful, and if so why. We structured the rest of the interview
around all noted occurrences of navigation errors, to collect subjective comments on the
issues that occurred in each situation.

Apparatus. We implemented our interface in an application running on an HTC HD2
smartphone at interactive frame rates (20–30 frames per second). The integrated sensors
of the phone (an accelerometer and a magnetometer) assist in estimating the device’s
orientation and counting the user’s steps. The device’s orientation is estimated using
the gravity vector measured by the accelerometer and the north vector measured by the
magnetometer. We use a linear Kalman filter to reduce jitter in the sensors’ measurements.
We use the local magnitude variations of the accelerometer measurements to count the
user’s steps, as proposed by Jimenez et al. [70].

At each info point, we placed a poster on the floor containing a pattern that can
be detected and tracked using computer vision technology. We track the position and
orientation of the device with respect to the posters using the natural-feature tracking
approach described in Chapter 3. This approach allows us to track the position and
orientation of the device accurately, even in the case of reflections on the poster, or when
the poster is only partially visible. In the centre of the poster, we encode a unique
ID for the info point as a 9-bit BCH code (4 redundancy bits and 5 data bits). We
supply the application with a graph of the corridors and office rooms in our department’s
buildings. A module of our application uses this graph to calculate the path between any



162 Chapter 8. Indoor navigaƟon

Step Time NavigaƟon errors
difference (seconds) SoŌ Hard Total

NoIP 29.75 135 19 3 22
IP -2.25 142 9 1 10

Table 8.1: Task performance per condiƟon. We show the median difference in step count from a pre-
recorded ground truth, the median task compleƟon Ɵme, and the total number of navigaƟon errors.

pair of connected locations using the Dijkstra algorithm. This module can dynamically
recalculate the path to the target destination whenever the user reaches any arbitrary info
point in the buildings.

ParƟcipants. We recruited 10 participants (5 male and 5 female) aged between 24 and
35 (median 28) through the newsgroups of two local universities. Our participants were
predominantly early adopters. All participants were not familiar with the buildings where
our study took place and they had not previously been involved in our research work. We
compensated all participants for their time with a voucher for a local media store.

Results. We focus our analysis on verifying our hypotheses on task performance and per-
ceived workload. We integrate the quantitative analysis with a qualitative discussion of
how participants used the interface, the problems they experienced, and how info points
impacted on their navigation.

Task performance. All users completed all tasks successfully. As a metric for task
performance, we looked at the step difference from a recorded ground truth, at the task
completion time, and at navigation errors made by the users (see Table 8.1). Step count
and task completion time are of course a rough measure of the performance in a navigation
task, as they also depend on walking speed and stride length. However, our analysis only
considers relative differences between conditions, therefore the measurements can be used
to highlight whether each participant performed better in one of the two conditions. We
encode navigation errors into two groups, soft and hard errors, based on the severity of
the deviation from the path. Soft errors denote when the participant departed the path
indicated by the interface, noticed the mistake, and recovered from the position in which
she had departed from the path. Hard errors denote when the participant could not
recover from the position where she departed from the path, but she had to roll back a
number of instructions and repeat them from scratch.

The NoIP condition has a median step difference of 29.75 steps more than the pre-
recorded ground truth, about 23% of the whole path length. A t-test shows that the
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Figure 8.13: Number of navigaƟon errors per condiƟon and type.

difference between IP and NoIP is statistically significant (t(9) = −3.14, p = .01) and
supports our hypothesis (H1). This result points to the fact that users in the IP condition
followed on average an almost optimal route, whereas in the NoIP condition they usually
deviated by several steps from the optimal route. While deviating more from the optimal
route, the results show that users in the NoIP condition were slightly faster. This is not
surprising, as participants spent some extra time browsing the augmentations at the info
points, in the IP condition. A t-test shows that the difference in task completion time is
not statistically significant (t(9) = −.25, p = .80).

We recorded more errors in the NoIP condition than in the IP condition. A Wilcoxon
test shows that the difference is not statistically significant (Z = −1.796, p = .07). Our
second hypothesis (H2) is not supported statistically, but there is a clear trend in favour
of it.

From the interviews, we identify a number of error sources (Figure 8.13). We list them
below, indicating the number of occurrences for each condition as (NoIP, IP):

• Overshooting due to a wrong step count (13, 6). Inaccuracies in the step counter
and errors in the mental count of the steps caused the problem of users overshooting
a turning point and erroneously going straight, in some cases performing the turn
at the next intersection.

• Confusion caused by the arrow (1, 1). Magnetic influences within the building caused
the overlay arrow to point in an incorrect direction.

• Issues with the design of the interface (4, 2). In four cases, participants performed
the wrong activity, either because they forgot to switch to the next instruction, or
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because they clicked more than once on the next button. One participant confused
one info point with another, and took the wrong turn. This is because info points
are indistinguishable from each other in the activity bar, as shown in Figure 8.14
(a). Another participant was confused by arrows on both sides of the instruction,
as shown in Figure 8.14 (b). While the flow of instructions suggests a right turn in
this case, we reason that the arrows, like the instructions, should also be greyed out
once the turn has been performed. Arrows in the interface have a high affordance
signal and therefore easily override relevance of other parts in the interface.

• Other (4, 1). One participant erroneously read “one floor down” in place of “one
floor up”. Another participant was distracted and missed one turn. Some other
issues could not be explained or remembered by participants.

(a)

(b)

Figure 8.14: Interface ambiguiƟes that caused navigaƟon errors.

We investigated how users exploit the interface to cope with navigation errors, both
from observations during the experiment and from interviews after the experiment. We
observed that after a navigation error, participants try to match distinguishable building
elements (i.e., landmarks) with the visualisation on their device, in order to recover from
the error. In particular, stairs act as prominent landmarks, because they also appear
as a clear checkpoint in the list of instructions. For example, users walking past an
intersection with the stairs, when the next instruction was a floor change, were usually able
to rapidly recover from the navigation error and go back to the stairs. In the interviews,
one participant said: “when I saw that the next activity was to go up the stairs, it was
obvious to me that I had walked a few steps too many.” Stairs are also a checkpoint for
rolling back the list of instructions in the case of hard errors. For example, one participant
was disoriented in the NoIP condition, and rolled back instructions to the last floor change,
went back to the last set of stairs and then once again performed all instructions from
that point on.
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Figure 8.15: The average self-reported workload for each condiƟon. We report all indices of the NASA TLX
quesƟonnaire, on a scale from 0 (low) to 20 (high), and the total workload: TOTAL is the weighted sum as
defined in the NASA TLX instrucƟons. The bars represent 95% confidence intervals.

Some participants also used more complex reasoning on the instructions and the struc-
ture of the building to recover from an error. For example, one participant who made a
navigation error commented in the later interview: “In this case you reason more, like if
you have to do 50 steps, you pick the longest corridor.” Similarly, another participant got
confused and rolled back to a walking instruction with a large number of steps to perform,
returning to the beginning of a long corridor that she remembered. We observed that the
turns given in the list of instructions also help in solving navigation ambiguities: in a few
cases, we observed that when the overlay arrow pointed in the wrong direction users relied
on the turn instruction visible in the instruction view.

Overall, the presence of info points improved performance on the navigation tasks,
keeping users more on track and reducing the number of navigation errors. In the case of
navigation errors, users often tried to match the list of instructions with prominent nearby
landmarks, and to recover from these points.

Workload. A Pearson correlation test shows that the TLX results (the weighted sum
of all TLX indices) have a positive correlation to the number of navigation errors. This
correlation is statistically significant (r = .563, N = 40, p < .01). As shown in Figure
8.15, there is a slight tendency for a lower self-reported workload in the IP condition as
compared to the NoIP condition. This difference is not statistically significant, therefore
our hypothesis (H3) is not statistically supported. Furthermore, as the workload correlates
positively with the number of errors, this difference in workload can be explained by the
fact that participants made more errors in the NoIP condition.
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All participants were asked if they felt a difference in completing the task with or
without the info points. Three participants answered that it was the same with or without
them. Yet, other participants claimed that it was “easier”, “more intuitive”, “useful” and
“reassuring” to have the info points. Overall, most participants valued info points, but
info points had no impact on their perceived workload.

Info points. During the interviews we additionally questioned all participants on their
perceived value of the info points. The answers from the participants reveal that the value
of info points was twofold, both as overview and confirmation.

• Overview. The info points acted as spots where users could get an overview of the
sequence of upcoming instructions. For example, two participants stated that they
were matching landmarks (e.g., toilets, corridors) between the info point and the
environment, and one of them added that the info point showed “more than one
task, not only the next but also the one after the next”. Another participant said
that on the info point “you can look at the upcoming path: you get an overview, not
only an arrow”. One further participant stated that “you see the direction where you
have to go, not only the arrow. You get a good image of where you are.” Overall,
“you could do [the task] without the info points, but with the info points it was much
more intuitive. You could see the way you had to go.” Participants also contrasted
this amount of overview to the arrow visualisation, which only shows information
about the current instruction.

• Confirmation. Confirmation information is the second most needed type of informa-
tion in navigation tasks, after wayfinding information [106]. From the interviews, it
emerges that info points acted as checkpoints to obtain confirmation that the par-
ticipant was on track. Info points were “good to check the position where you are
located”, said one participant. At the info points “you have a point where you’re
sure you get information [about] where you are”, added another participant. As one
further participant remarked, “I was more sure that I’m on the right place, because
with the [info points] I get feedback.”

The median number of info points used for each task is 3, thus almost every participant
used each info point to complete the task (some participants used the same info point more
than once). The average duration of an info point session (from the moment in which the
info point was detected to the moment in which the participant stopped pointing the
camera at it) is 3.72 seconds (SD = 3.26). As the standard deviation is high, in Figure



8.2. Sparse localisaƟon and Augmented-Reality cues 167

0"

2"

4"

6"

8"

10"

12"

C1" C2" C3"

Se
co
nd

s(

Info(point(

Task(C(

0"

2"

4"

6"

8"

10"

12"

C1" C2" C3"

Se
co
nd

s(

Info(point(

Task(C(

0"

2"

4"

6"

8"

10"

12"

D1" D2" D3"

Se
co
nd

s(

Info(point(

Task(D(

0"

2"

4"

6"

8"

10"

12"

D1" D2" D3"

Se
co
nd

s(

Info(point(

Task(D(

Figure 8.16: The average duraƟon of info point sessions. We show Ɵmings and 95% confidence intervals
for both tasks in the IP condiƟon. Info points are presented according to the order in which they appear in
the tasks (see Figure 8.12).

8.16 we look at the average duration of a session for each separate info point. Differences
are not statistically significant, but they allow for interesting qualitative considerations.
Usage sessions of info points where a turn was needed (C1, C2, D2) were longer than the
info points where no turn was required (C3, D1, D3). In particular C2 took the longest.
We reason that this is because, in contrast to C1 and D2, C2 was not followed by a
single long sequence of steps but by a set of smaller activities, and therefore the info point
presented a larger amount of information. In general, all sessions were only a few seconds
long, supporting the observation that info points were used mainly as confirmation spots.
This is in particular true for info points where users were not required to turn, whereas the
info points at more complex intersections might present a higher component of overview.

8.2.3 Discussion

Overall, our interface was validated as an effective means to support indoor navigation
with AR. As hypothesised from our previous experience with Signpost, the presence of
info points causes an improvement in the performance of navigation tasks, significantly
reducing the step deviation from the optimal path and contributing to a reduction in the
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number of navigation errors. While participants did not perceive a reduction in work-
load when info points were present, they valued them for their twofold role of providing
confirmation that they were on track and showing an informative overview on the next
instructions.

The role of confirmation was already present in Signpost, whereas overview is a novel
role supported by the augmentations available at info points. We observed that partic-
ipants often recovered from the navigation errors by looking for matches between the
visualisation and the structure and landmarks in the surrounding building. The overview
provided by info points was helpful in supporting this matching, as also stated by partic-
ipants in the interviews.

Participants also contrasted the overview at info points with the poor overview of
the arrow visualisation, which only shows information about the upcoming instruction.
This informs our next design iteration: continuously supporting the matching between
the instructions visualised on the screen and the environment is fundamental to help
users monitoring their position in the building. This hints towards a more informative
visualisation in between the info points, with similar characteristics to the visualisation at
the info points. As proposed also by Butz et al. [19], increasing the information visualised
when the localisation accuracy decreases makes the system more robust to navigational
errors, because the user’s spatial reasoning compensates for the lower accuracy of the
system.

8.3 Sparse localisaƟon and Mixed-Reality Cues

In light of the results of the previous experiment, we redesigned our interface with the
objective of providing WIM-based navigation support continuously, rather than only at
info points. To achieve this, we propose a smooth transition inside the MR space, de-
pending on whether localisation is available or not, between AR (at info points) and VR
(in-between info points). Our new design is shown in Figure 8.17.

8.3.1 Interface design

As in the previous design, we divide our interface into two main areas. The instruction
view presents users with a list of instructions that must be performed in order to reach
the next info point, or the target destination.

We redesigned the AR view as an MR view (Figure 8.17, upper part of the screen),
which supports users’ navigation with MR WIM views. The WIM contains some of the
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(a) (b) (c)

Figure 8.17: Screenshots of our MR WIM views. We use MR to conƟnuously support user navigaƟon: as a
user walks, we illustrate the next navigaƟonal instrucƟon using VR (a). Once the user reaches an info point
we show the whole path aligned with the environment using AR (b). AŌer deparƟng from the info point,
we resort again to VR (c).

(a) (b) (c) (d) (e)

Figure 8.18: WIM views in our interface. To provide conƟnuous support for navigaƟon with sparse localisa-
Ɵon, we transiƟon within the MR space: we use VR when there is no localisaƟon (a-c) and AR when there
is localisaƟon (d-e).

landmarks of the building: walls, bridges, stairs, toilets and offices. Info points are also
visualised. The WIM thus acts as a visual aid for the path that must be navigated, so
that users can match their view on the physical environment with the view on the screen.
We adapt the visualisation of the WIM depending on the current localisation accuracy.

If a user is walking between two info points, we present only information that details
the current instruction in VR (Figure 8.18 (a-c)). In this case, our WIM visualisation is
centred on the current instruction, so that we prominently present the next path segment
to be traversed and the upcoming turn. If the user switches to the next instruction, a
short animation moves the user’s avatar (a small blue pawn) through the path segment
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to the next decision point, and the view is then centred on the next instruction. The
same applies if the user switches to the previous instruction. The viewpoint position is
fixed – as users are walking we do not know their location, therefore we assume that they
are on the current instruction’s path segment and we maintain the focus only on such
segment. Yet, users control the angle at which the WIM is viewed by tilting the phone,
so that parallax effects can help better understanding the 3D structure of the path (e.g.,
Figure 8.18 (a) shows a top-down view, while Figure 8.18 (b-c) show a more tilted view).
Text information complements the VR view of the WIM and the rendering of the path,
providing verbal details on the current instruction. Live video rendering is darkened –
rather than disabled – to allow for camera targeting when a user approaches an info point.

When users approach an info point and they target it with the phone’s camera, we
provide more detailed information (Figure 8.18 (d-e)). In this case, we transition from
the VR view to an AR view that provides an overview of the whole path – similar to the
previous design – highlighting the current position, the path to the destination, and the
already traversed path.

8.3.2 Controlled study

We have already validated the combination of AR with turn-by-turn instructions in our
previous experiment. In this experiment, we focus on validating our refined interface
design and evaluating if the WIM effectively supports users in monitoring their position
continuously, not only at info points.
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Figure 8.19: The path designed for the experiment. ParƟcipants walked the path from A to the office B.We
divided the path into 10 path segments (1–10), which contain one floor change (3), one bridge (skyway)
crossing (4) and a number of intersecƟons.

Task. Participants were asked to navigate a significantly complex path within our de-
partment’s building (Figure 8.19) – a task requiring one floor change, crossing a skyway
(bridge-like connection between buildings), 7 changes in heading and 9 wayfinding deci-
sions at intersections.
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Research quesƟon. We wanted to see if participants continuously use the WIM views to
monitor their position in the environment.

Experimental design. We adopted a think-aloud approach: we asked participants to state
aloud all their navigational decisions and why they took them, during navigation. By
choosing think-aloud, we aimed at collecting information on how users exploit environ-
mental and interface cues during the task to make navigational decisions. We also tried to
avoid the influence of post-task reasoning, which would have emerged more prominently
with a post-task interview. At the end of the task, we collected usability data using the
System Usability Scale (SUS) questionnaire [17].

ParƟcipants. 8 participants took part in the experiment, 4 male and 4 female, aged be-
tween 24 and 30. Each of them was compensated with a voucher for a local bookstore.

Apparatus. Our interface runs on an iPhone 4 at interactive frame rates. In VR mode,
gyroscope, magnetometer and accelerometer data are fused with a linear Kalman filter
to estimate the orientation of the device. Our implementation uses GLSL ES shaders for
rendering.

Results. All participants successfully completed the task. The average score from SUS (on
the range 0–100, 100 being the highest usability) is 75.31 (median = 83.75, SD = 20.29).
The high standard deviation is inevitable, due to the small sample size and the subjec-
tive nature of the questionnaire. The result shows that participants did not have major
usability issues with our system.

We transcribed all justifications of navigational decisions made by participants and
divided them into 10 groups, one for each path segment. We then extracted all the
keywords related to navigation (e.g., “turn left”), landmarks (e.g., “door”) or other spatial
reasoning (e.g., “dead end”). Finally, for each path segment, we counted the utterances of
each keyword. In Table 8.2, we distinguish between keywords that appear in the interface
(top) and those that do not appear in the interface (bottom). The results of this process
are also presented as tag clouds in Figure 8.20. Clearly, keywords cluster in proximity of
corresponding building elements.

As expected, a large part (81%) of the keywords used by participants appears in textual
form in the turn-by-turn instructions. In our previous experiment, we observed that turns
and step counts are strong navigation indicators: our results from this experiment confirm
this finding. Info points also act as strong landmarks: the posters (and the relative ID)
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Path segment
Total

1 2 3 4 5 6 7 8 9 10
steps 4 2 6 3 2 5 1 3 3 29
straight 3 1 5 3 1 13
turn right 5 3 4 5 17
turn leŌ 3 5 2 10
up 2 7 9
office 3 3
info point 2 1 4 3 3 13

94

intersecƟon 1 1 2
stairs 3 2 5
door 2 1 3
bridge 2 2
dead end 2 2 4
corridor 1 1
long distance 3 3
map 1 1 2

22

Table 8.2: Keyword uƩerances used by parƟcipants to jusƟfy navigaƟonal decisions. We count how many
parƟcipants uƩered a keyword on each path segment and in total. We further divide the keywords between
those that appear wriƩen in the interface (top) and those that do not (boƩom).
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Figure 8.20: Keyword uƩerances as a tag cloud. We represent the uƩerances from Table 8.2 as tag clouds,
for each path segment.

appear prominently on the floor of the building, in the WIM and in the instructions view.
Some participants referred to them stating the specific number (e.g., “I am at info point
2”). The exact term “info point” did not appear in the interface, but the examiner used it
in the introductory phase of the experiment. Nevertheless, one participant called it aptly
a “check point”, hinting at its role for confirmation and overview.

The remaining part (19%) of the keywords relates to elements of the building that also
appear in the WIM, but not textually in the interface: an intersection of two corridors, the
stairs, the door of the staircase and of the target office, a bridge between two buildings, and
a dead end in the corridor. A more complex keyword was used to match a long distance
to travel (37 steps) with the one sufficiently long corridor in the apparent surroundings.
Together with the keyword “dead end”, this points at the visual support of the WIM for
excluding impossible routes. Interestingly, the map that we used as floor texture for the
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WIM was also used twice.

8.3.3 Discussion

While keywords from turn-by-turn instructions are prominent in participants’ justifica-
tions, the results suggest that there was also an underlying process, supported by the
WIM, of matching the environment with the interface. Further, keyword utterances oc-
curred throughout the path, not only at info points. Many auxiliary landmarks (e.g.,
plants, fire extinguishers, tables) were missing in our WIM visualisation: indeed, such
landmarks also did not appear as keywords in participants’ statements.

Our evaluations confirms the validity of our design – combining MR WIM views with
turn-by-turn instructions can support indoor navigation when continuous localisation is
not available. Furthermore, our results suggest that providing informative views – in
the form of a WIM – supports users in monitoring their position by matching the view
on the interface with the physical elements of the environment. In line with our previous
observations, our results show that users’ navigational ability can be exploited to substitute
continuous localisation, if a sufficiently informative and consistent interface is provided.
An important aspect hereby is that transitioning within MR allows us to keep the WIM
always on the screen and adapt affordances depending on the state of localisation.

8.4 ReflecƟon on our research quesƟons

The results presented in this chapter show that AR can be successfully used to support
indoor navigation at critical decision points in the building, with minimal instrumentation
of the environment by means of simple info points.

If we consider the results of this chapter from the perspective of our main research
questions (Section 1.3), we see that AR succeeds in supporting users at info point, with
informative WIM views that can be intuitively browsed by moving the phone over the
info point. We find an analogy with the results presented in Chapter 6, where users also
quickly grasped the interaction metaphor of browsing augmented maps.

Similarly to the results from Chapter 7, we see that an arrow-based AR visualisation
is not sufficiently informative. In this case, AR fails to support navigation, because the
egocentric information does not provide sufficient overview and is not always reliable, due
to the limitations of tracking technology. Our results show that AR can be complemented
by a VR visualisation that is more robust to tracking inaccuracies, and provides more
details needed by users during the wayfinding task.
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In summary, the results from our experiments suggest two key design recommenda-
tions. First, using augmented maps at difficult decision points in the building is a good
design choice for improving navigation performance. Since maps are typically available
in many buildings, this design can be easily integrated with the already existing infras-
tructure. Second, using detailed egocentric AR cues is not a good design choice when the
navigation system has a high uncertainty on the user’s position and orientation. Rather,
using more informative views (such as our VR WIM) is a good design choice that helps
people compensating for the system’s uncertainty. In relation to the second recommenda-
tion, interface designers should consider that we only evaluated two extreme cases: in one
case we had perfect tracking and localisation (at the info point), in the other case we had
no localisation at all (in between info points). Some navigation systems use intermediate
localisation technology – for example, dead reckoning, which offers continuous localisation
but does not have a good accuracy. For these intermediate cases, our results and the
related work on the topic [19, 50] are consistent in suggesting that a good design choice
is to adapt at runtime the amount of information visualised, in function of the current
localisation accuracy.
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Chapter 9

Discussion and future direcƟons

This goal of this thesis was to investigate the usability of AR in the context of handheld
navigation systems. In particular, our focus was on finding when AR enhances handheld
navigation systems and, when it fails to enhance them, how we can complement AR with
other interfaces to build a hybrid and more effective interface.

In order to design clear and informative experimental evaluations, we subdivided the
problem into sub-tasks and studied each of them separately. We organised our research
work in two separate parts, one focused on exploration and another one on wayfinding,
observing the duality of the two tasks in related literature on human navigation. We
further subdivided exploration into egocentric (Chapter 5) and exocentric (Chapter 6),
depending on how AR is used to present information, and separated outdoor wayfinding
(Chapter 7) and indoor wayfinding (Chapter 8). We studied the four tasks separately and
presented our results in the corresponding chapters.

In this final part of the thesis, we give an overview of all our results from a global point
of view, grouping together all the lessons learned and forming a concise set of general
considerations. These can be useful as high-level guidelines for interface designers who
want to integrate AR into handheld navigation systems. Finally, we conclude the chapter
highlighting the most promising directions for future research on the topic.

9.1 Lessons learned

The related work suggests that a key role of AR in enhancing navigation systems is the
intuitive and natural interaction metaphor that it provides. First of all, our experimental
results confirm and strengthen this consideration.

• AR provides an intuitive means for pointing at information in the environment. Both

177
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in Chapter 5 and in Chapter 7, we observed that users quickly grasp the concept of
pointing the device to different directions in the environment, in order to access the
information.

• AR provides an intuitive means for browsing paper-based artefacts. Both in Chapter
6 and in Chapter 8, we observed that users quickly grasp the concept of sweeping
the device around a paper map or a poster, in order to change the point of view on
the information.

These first two considerations inform us about the general usability of AR in handheld
navigation systems, and they confirm that the interaction metaphor offered by AR is found
to be intuitive by end users. We further identified two specific scenarios, in which AR is
not only usable but also enhances handheld navigation systems.

• In exploration, AR is advantageous for supporting discussion and common under-
standing on the information space (in our case, a paper map). As we observed in
Chapter 6, the availability of a physical prop encourages collaborative behaviour and
discussion, in contrast to a handheld navigation system that does not use AR. It
must be also noted how the availability of one device for each user supports easier
understanding of the information with less communicational effort: this stresses the
necessity to make the augmented information visible and accessible to all parties
involved in the discussion.

• In wayfinding, AR support is needed when decisions have to be made, in particular
at intersections and in the proximity of a destination. Both in Chapter 7 and in
Chapter 8, we observed how AR cues can have a dual role of providing navigational
information as well as confirmation of being on track. Reflecting on the first two
points made at the beginning of this section, AR support is not limited to egocen-
tric cues augmented on the environment (as in Chapter 7), but it also extends to
exocentric overviews that can be browsed intuitively (as in Chapter 8).

In the course of this thesis, we also identified a number of scenarios in which AR
potentially fails to enhance handheld navigation systems, unless it is complemented by
other interfaces. From the design iterations and the evaluations we conducted, we can
draw a few considerations on this matter.

• In egocentric AR, users need guidance when augmentations are outside the camera
view. We did not find a unique interface that can be used to always provide this
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guidance, but we rather observed that the choice of such interface depends on the
task users are engaged in. In Chapter 5, we observed that overlays can be used
for pointing users to one single off-screen augmentation, exploiting the intuitiveness
of pointing in AR. A similar overlay was also successfully used in Chapter 7. In
Chapter 5, we also found that transitioning to other interfaces is more efficient than
using an overlay, when overview on all augmentations is needed. In our case, we
found that both an egocentric view (a 360° panorama) and an exocentric view (a
top-down map) can provide this overview.

• In exocentric AR, we found that bimanual coordination of the device with the paper
map is difficult while walking. In Chapter 6, we observed that usage of the handheld
navigation system while walking is still possible, provided that the system transitions
to non-AR interfaces if AR is not necessary for the user’s task. In our case, we use AR
for exploring and selecting photographs from a paper map, and a simple thumbnail
list for looking at the photograph. We adopt this concept also in Section 8.3, where
a number of public AR information points are distributed in a building: users can
explore overview information in AR while standing at the information points, or
take it away with them in a VR mode.

• Overall, interface designers also need to consider that the adoption of AR for a
specific navigational task is constrained by the support given by more established
interfaces for the same task. It is not only important to evaluate if AR enhances
navigation tasks, but also to consider if more established interfaces cannot support
such tasks. For example, in Chapter 7 we saw that for simple outdoor navigation
tasks users are reluctant to abandon a map-based interface – an established interface
that works sufficiently well – for a novel interface like AR.

Finally, two main themes touched all the work in this thesis. The first is the importance
of considering tracking at all stages of the design process of a handheld navigation system.
With this, we do not only refer to the understanding that good tracking is necessary for
good AR, which is an established consideration within the AR community. We also refer
to the need of not disregarding tracking inaccuracies in the interface design. For example,
we observed both in Chapter 7 and in Chapter 8 that arrow-based augmentations create
expectations of high precision in the registration, and when these expectations are broken,
users are left disoriented. This clearly points to the need of actively communicating the
inaccuracies in the interface design, in order to avoid misleading the users. Human abilities



180 Chapter 9. Discussion and future direcƟons

can be exploited for filling the gaps in which tracking is too inaccurate or impossible. For
example, in Chapter 8 we show a system that transitions from AR to more informative
views when tracking is not available. Finally, the role of tracking as a factor must also
be considered in the user evaluations. For example, in Chapter 6 we observed that a
revised tracking technology changed the users’ behaviour with augmented maps, making
the usage more spontaneous and agile. Overall, throughout our research work we found
that tracking must be considered not only a key technological requirement, but also a
fundamental factor in the user experience of the application. Tracking should therefore
be considered not only during implementation but also in the design phase.

The second common theme is the need to find the most effective evaluation techniques
for mobile AR navigation systems. In line with common HCI practices, our experience
shows that a triangulation of different methodologies is key to understand how people
benefit from mobile AR. We gained insight on users’ performance and preferences from
quantitative data in controlled studies, while qualitative data let us better understand
why differences or similarities occurred in the quantitative data. Real-world deployment
gave us further insight on how the results from the studies map to everyday life, when the
environment, the users’ tasks and the users’ priorities are more varied and variable than
in a controlled study. Overall, we found that a key factor in mobile AR evaluations is
not only choosing the most effective evaluation techniques, but also how complementary
techniques are combined to form a “big picture” of the usability of the AR system.

9.2 Future direcƟons

We see three key future directions for the research work conducted in this thesis. The first
and most straightforward direction is to closely follow new findings in tracking technology
(see Section 2.4) and explore the support they can provide for novel interface designs. For
example, the recent work by Arth et al. [3, 4] enables accurate 6 DOF localisation in urban
scenarios on mobile phones and expands the possibilities for egocentric exploration in AR.
The foreseeable future availability of a SLAM-like solution for mobile phones would allow
full 6 DOF tracking, thus enabling more accurate AR cues also for wayfinding, where we
noticed that users typically operate the interface while walking. Following the most recent
trends in tracking and exploring how they can enable novel interface designs is a research
direction in clear continuity with the work done in this thesis.

A correlated research direction is to expand our work with large-scale longitudinal
studies. While this was not easily doable a few years ago, it is now becoming possible
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thanks to two key technological advancements: first, the availability of commercial tracking
solutions, such as Vuforia [149], that allow easy development of AR applications with
robust state-of-the-art tracking. Second, the relative ease in penetrating a very large user
base by publishing these application on the app stores (see, for example, the recent work
done by Henze et al. [54]). For example, it is feasible to implement an application that
augments public maps with content retrieved from online sources, and to publish it on the
app stores. Similarly to the study we presented in Section 8.1.3, anonymous usage logs
can provide deeper insight on how users operate augmented reality in their daily life and
over a long period of time. This type of insight is a strong quantitative complement to
the results from the controlled studies presented in this thesis.

A final and more speculative research direction is to look at how AR can support novel
ways of communicating navigational instructions: this will require combining AR interface
design with a deep cognitive understanding of how humans navigate. In particular, the
recent trends in handheld navigation systems (see Section 2.2) and our most recent work
from Section 8.3 inspire us in looking at how landmark-centred instructions can enhance
human navigation abilities, rather than replace them. Landmark-centred instructions are
the way people typically communicate navigation instructions to each other, and AR could
provide instructions in a similar fashion. For example, AR could be used to highlight an
important landmark at a distance, so that the navigation system can use it for explaining
to the user where she is supposed to turn. Overall, we envision that a key role of AR
could be providing instructions in a natural way, which differentiates itself from the very
abstract turn-by-turn instructions typical in handheld navigation systems. Similar to the
partially explored role of photographs as navigation cues, the tight bound of AR to the
real world can be exploited for providing natural instructions that are clearly anchored
to landmarks in the environment. These instructions would be much closer to the way
humans are used to navigate with their own minds, when no navigation system is at hand.
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Appendix A

QuesƟonnaires

A.1 PoinƟng to a specific augmentaƟon

This section presents the questionnaire used in the user study presented in Section 5.1.

185
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   Institute(for(Computer(Graphics(and(Vision(

(

USER(NUMBER( ( ( |( (CODE( ( |(( DATE((  

Institute(for(Computer(Graphics(and(Vision((Graz,(Austria((+43;316;873;5011(
EMAIL(office@icg.tugraz.at((WEB(www.icg.tugraz.at(

3(of(20(
(((

DEMOGRAPHICS(

(
(

Sex.( ( □(female((((( ( □(male(

Age.( ( _______________( ( Country.( _______________(
(

Education((cross(ONE):( ( □(below(high(school( □(high(school( (

( ( ( ( □(bachelor( ( □(master( ( □(doctorate(
(

Field(of(study((cross(ONE):( □(agricultural/natural(sciences( □(biological/biomedical(sciences(

( ( ( ( □(health(sciences(( ( □(engineering(

    □(computer/information(sciences( □(mathematics(

( ( ( ( □(astronomy( ( ( □(meteorology(

( ( ( ( □(chemistry( ( ( □(geological/earth(sciences(

( ( ( ( □(physics( ( ( □(ocean/marine(sciences(

( ( ( ( □(psychology( ( ( □(social(sciences(

( ( ( ( □(humanities( ( ( □(education(

( ( ( ( □(professional(fields(
(

Do(you(have(ocular(deficiencies?( ( ( ( ( □(yes(((( ( □(no(

( IF(YES:(

( Are(they(corrected((contact(lenses,(glasses,(etc)?((( ( ___________________(

( Do(you(consider(yourself(to(see(well(after(the(correction?(( □(yes(((( ( □(no(
(

How(often(do(you(use(paper(maps?( (

□(never((((((((□(once(a(year((((((((□(once(a(month((((((((□(once(a(week((((((((□(every(day(
(

Have(you(used(GPS(before?(( ( ( ( ( ( □(yes(((( ( □(no(

Have(you(used(navigation(systems(before((e.g.(car(navigation)?(( □(yes(((( ( □(no(
(

If(you(are(confused(about(the(direction(you(have(to(go(to(reach(one(place,(you’d(rather:(

( □(Use(a(map(

( □(Use(some(electronic(device((GPS,(car(navigation,(etc)(

( □(Ask(directions(

( □(Move(randomly(until(you(find(a(known(location(
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USER(NUMBER( ( ( |( (CODE( ( |(( DATE((  

Institute(for(Computer(Graphics(and(Vision((Graz,(Austria((+43;316;873;5011(
EMAIL(office@icg.tugraz.at((WEB(www.icg.tugraz.at(

4(of(20(
(((

QUESTIONNAIRE(

(
(

1. I(can(visualize(what(the(cut(face(of(an(apple(would(look(like(when(the(apple(is(cut(on(different(planes.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
2. I(don't(have(a(very(good("mental(map"(of(my(environment.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
3. I(usually(let(someone(else(do(the(navigational(planning(for(long(trips.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
4. I(very(easily(get(lost(in(a(new(city.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
5. I(can(usually(remember(a(new(route(after(I(have(traveled(it(only(once.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
6. I(could(clearly(imagine(what(a(Coca;Cola(can(would(look(like(after(it(was(partially(crushed.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
7. I(tend(to(think(of(my(environment(in(terms(of(cardinal(directions((N,(S,(E,(W).(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
8. I(have(a(poor(memory(for(where(I(left(things.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
(
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5(of(20(
(((

9. I(can(clearly(imagine(how(snow(would(accumulate(in(a(courtyard(on(a(windy(day.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
10. I(would(be(very(good(at(building(a(model(airplane,(car,(or(train.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
11. I(am(very(good(at(reading(maps.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
12. I(can(easily(imagine(what(a(3D(landscape(would(look(like(from(a(different(point(of(view.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
13. My("sense(of(direction"(is(very(good.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
14. I(have(trouble(giving(someone(directions,(using(a(map(that(they(are(holding,(without(the(ability(to(

rotate(the(map(to(match(the(direction(I(am(currently(facing.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
15. I(am(very(good(at(judging(distances.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
16. I(am(very(good(at(giving(directions.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
(
(
(
(
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6(of(20(
(((

17. I(have(a(hard(time(recognizing(a(familiar(place(from(a(satellite(image.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
18. I(can(easily(recreate(an(origami(piece(after(watching(someone(else(make(it.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
19. I(have(trouble(understanding(directions.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
20. I(don't(remember(routes(very(well(while(riding(as(a(passenger(in(a(car.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
21. I(can(easily(visualize(the(location(of(electrical(sockets(along(the(other(side(of(wall(in(the(adjoining(

room(to(my(bedroom.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
22. I(am(good(at(determining(if(my(car(fits(into(an(available(parallel(parking(spot.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
23. I(can(clearly(imagine(how(water(flows(through(a(rocky(landscape.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
24. I(always(know(if(a(chair(will(fit(through(my(front(door(before(buying(it.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
(
(
(
(
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7(of(20(
(((

25. I(enjoy(putting(together(puzzles.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
26. I(can(easily(fold(an(elaborate(paper(airplane(using(a(diagram.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
27. I(am(good(at(putting(together(furniture(with(only(the(use(of(diagrams.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
28. I(can(easily(visualize(my(room(with(a(different(furniture(arrangement.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
29. It's(not(important(to(me(to(know(where(I(am.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
30. I(don't(enjoy(giving(directions.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
31. I(enjoy(reading(maps.(
(
( Strongly(agree( ( ( ( ( ( Strongly(disagree(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
(
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8(of(20(
(((

SAMPLE(MAP(
(

Please(make(a(drawing(of(the(scene,(including:(

( (

( ( ( ( (
( your(local(( the(remote( buildings( trees(
( camera( camera( (

(

(
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9(of(20(
(((

TECHNIQUE(A(
(

Please(make(a(drawing(of(the(scene,(including:(

( (

( ( ( ( (
( your(local(( the(remote( buildings( trees(
( camera( camera( (

(

(
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10(of(20(
(((

TECHNIQUE(A(
(

1. How(mentally(demanding(was(the(task?(
(
( Very(Low( ( ( ( ( ( Very(High(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
(
2. How(physically(demanding(was(the(task?(
(
( Very(Low( ( ( ( ( ( Very(High(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
(
3. How(hurried(or(rushed(was(the(pace(of(the(task?(
(
( Very(Low( ( ( ( ( ( Very(High(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
(
4. How(successful(were(you(in(accomplishing(what(you(were(asked(to(do?(
(
( Perfect( ( ( ( ( ( Failure(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
(
5. How(hard(did(you(have(to(work(to(accomplish(your(level(of(performance?(
(
( Very(Low( ( ( ( ( ( Very(High(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
(
6. How(insecure,(discouraged,(irritated,(stressed,(and(annoyed(did(you(feel?(
(
( Very(Low( ( ( ( ( ( Very(High(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
(
7. In(order(to(accomplish(your(task,(where(you(getting(more(information(from(the(screen(or(from(the(

environment?(
(
( More(from(( ( ( ( ( ( More(from(
( the(screen( ( ( ( ( ( the(environment(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(
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11(of(20(
(((

TECHNIQUE(A(
(

Please(indicate(how(much(effort(it(took(for(you(to(complete(the(task(you’ve(just(finished.(
Put(one(X(anywhere(on(the(vertical(axis(below.(

(

(
(
(

1. What(is(your(level(of(familiarity(with(this(location?((
(

I(have(seen(it:(( o(never((((((((o(once((((((((o(several(times((((((((o(daily(
(

2. Can(you(see(the(remote(camera?(
(

O(yes,(I(can(see(the(camera( O(no,(I(can(not(see(the(camera(
(

3. From(your(location,(can(you(see(any(object(that(is(also(visible(in(the(remote(camera?(
(

( ( O(yes( ( (O(no( ( O(not(sure(



A.1. PoinƟng to a specific augmentaƟon 195

   Institute(for(Computer(Graphics(and(Vision(

(

USER(NUMBER( ( ( |( (CODE( ( |(( DATE((  

Institute(for(Computer(Graphics(and(Vision((Graz,(Austria((+43;316;873;5011(
EMAIL(office@icg.tugraz.at((WEB(www.icg.tugraz.at(

12(of(20(
(((

TECHNIQUE(B(
(

Please(make(a(drawing(of(the(scene,(including:(

( (

( ( ( ( (
( your(local(( the(remote( buildings( trees(
( camera( camera( (

(

(
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13(of(20(
(((

TECHNIQUE(B(
(

8. How(mentally(demanding(was(the(task?(
(
( Very(Low( ( ( ( ( ( Very(High(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
(
9. How(physically(demanding(was(the(task?(
(
( Very(Low( ( ( ( ( ( Very(High(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
(
10. How(hurried(or(rushed(was(the(pace(of(the(task?(
(
( Very(Low( ( ( ( ( ( Very(High(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
(
11. How(successful(were(you(in(accomplishing(what(you(were(asked(to(do?(
(
( Perfect( ( ( ( ( ( Failure(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
(
12. How(hard(did(you(have(to(work(to(accomplish(your(level(of(performance?(
(
( Very(Low( ( ( ( ( ( Very(High(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
(
13. How(insecure,(discouraged,(irritated,(stressed,(and(annoyed(did(you(feel?(
(
( Very(Low( ( ( ( ( ( Very(High(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
(
14. In(order(to(accomplish(your(task,(where(you(getting(more(information(from(the(screen(or(from(the(

environment?(
(
( More(from(( ( ( ( ( ( More(from(
( the(screen( ( ( ( ( ( the(environment(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(
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14(of(20(
(((

TECHNIQUE(B(
(

Please(indicate(how(much(effort(it(took(for(you(to(complete(the(task(you’ve(just(finished.(
Put(one(X(anywhere(on(the(vertical(axis(below.(

(

(
(
(

4. What(is(your(level(of(familiarity(with(this(location?((
(

I(have(seen(it:(( o(never((((((((o(once((((((((o(several(times((((((((o(daily(
(

5. Can(you(see(the(remote(camera?(
(

O(yes,(I(can(see(the(camera( O(no,(I(can(not(see(the(camera(
(

6. From(your(location,(can(you(see(any(object(that(is(also(visible(in(the(remote(camera?(
(

( ( O(yes( ( (O(no( ( O(not(sure(
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15(of(20(
(((

TECHNIQUE(C(
(

Please(make(a(drawing(of(the(scene,(including:(

( (

( ( ( ( (
( your(local(( the(remote( buildings( trees(
( camera( camera( (

(

(
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16(of(20(
(((

TECHNIQUE(C(
(

15. How(mentally(demanding(was(the(task?(
(
( Very(Low( ( ( ( ( ( Very(High(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
(
16. How(physically(demanding(was(the(task?(
(
( Very(Low( ( ( ( ( ( Very(High(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
(
17. How(hurried(or(rushed(was(the(pace(of(the(task?(
(
( Very(Low( ( ( ( ( ( Very(High(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
(
18. How(successful(were(you(in(accomplishing(what(you(were(asked(to(do?(
(
( Perfect( ( ( ( ( ( Failure(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
(
19. How(hard(did(you(have(to(work(to(accomplish(your(level(of(performance?(
(
( Very(Low( ( ( ( ( ( Very(High(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
(
20. How(insecure,(discouraged,(irritated,(stressed,(and(annoyed(did(you(feel?(
(
( Very(Low( ( ( ( ( ( Very(High(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(

(
(
21. In(order(to(accomplish(your(task,(where(you(getting(more(information(from(the(screen(or(from(the(

environment?(
(
( More(from(( ( ( ( ( ( More(from(
( the(screen( ( ( ( ( ( the(environment(
( |( |( |( |( |( |( |(
( O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O;;;;;;;;;;;;;;;;;;;; O(
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17(of(20(
(((

TECHNIQUE(C(
(

Please(indicate(how(much(effort(it(took(for(you(to(complete(the(task(you’ve(just(finished.(
Put(one(X(anywhere(on(the(vertical(axis(below.(

(

(
(
(

7. What(is(your(level(of(familiarity(with(this(location?((
(

I(have(seen(it:(( o(never((((((((o(once((((((((o(several(times((((((((o(daily(
(

8. Can(you(see(the(remote(camera?(
(

O(yes,(I(can(see(the(camera( O(no,(I(can(not(see(the(camera(
(

9. From(your(location,(can(you(see(any(object(that(is(also(visible(in(the(remote(camera?(
(

( ( O(yes( ( (O(no( ( O(not(sure(
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18(of(20(
(((

COMPARATIVE(QUESTIONNAIRE(

(

Please(express(your(preference(for(each(technique(by(crossing(the(circle(that(you(find(appropriate.(
(

IT(WAS(EASY(TO(NAVIGATE(BETWEEN(CAMERAS:(

(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(A:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(B:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(C:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(
(

IT(WAS(EASY(TO(USE:(

(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(A:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(B:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(C:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(
(

IT(WAS(EASY(TO(DRAW(THE(MAP(AFTER(USING(IT:(

(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(A:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(B:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(C:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(

(

I(NEEDED(LITTLE(EFFORT(TO(USE(IT:((

(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(A:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(B:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(C:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(
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19(of(20(
(((

I(FOUND(IT(WAS(HELPING(ME(IN(ACHIEVING(MY(TASK:(

(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(A:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(B:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(C:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(

(

I(REQUIRED(LITTLE(ATTENTION(TO(USE(IT:(

(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(A:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(B:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(C:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(

(

I(FELT(CONFIDENT(IN(PERFORMING(MY(TASK(WITH(IT:(

(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(A:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(B:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(C:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(

(

I(LIKE(IT:(

(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(A:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(B:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(

( ( ( No( ( Indifferent( ( Yes(
( ( Technique(C:( O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;O(
(

(

(

(

(
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20(of(20(
(((

OPEN(COMMENTS(
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A.2 PoinƟng to mulƟple augmentaƟons (pilot)

This section presents the information sheet and the questionnaire used in the pilot study
presented in Section 5.2.2.
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The	
  study	
  
You	
   will	
   try	
   three	
   different	
   user	
   interfaces	
   that	
   allow	
   you	
   to	
   browse	
   spatial	
   information.	
   In	
   this	
  
particular	
   case,	
   the	
   interfaces	
   will	
   allow	
   you	
   to	
   browse	
   all	
   cafes	
   and	
   restaurants	
   in	
   the	
   University	
  
campus.	
  All	
  techniques	
  will	
  present	
  labels	
  with	
  the	
  names	
  of	
  the	
  cafes	
  in	
  Augmented	
  Reality	
  (AR).	
  
You	
   are	
   not	
   assigned	
   a	
   particular	
   task:	
  we	
   just	
   ask	
   you	
   to	
   spend	
   a	
   few	
  minutes	
   trying	
   all	
   the	
   three	
  
interfaces.	
  We	
  are	
   looking	
   for	
  preliminary	
   feedback	
  on	
  our	
   interfaces,	
   so	
  we	
  will	
   ask	
  you	
   to	
   fill	
   in	
  a	
  
short	
  questionnaire	
  with	
  informal	
  feedback	
  afterwards.	
  
At	
   the	
  moment	
  no	
  occlusion	
  clues	
  are	
   implemented,	
  so	
  cafes	
   that	
  are	
  behind	
  a	
  building	
  will	
  also	
  be	
  
visible	
  in	
  your	
  AR	
  view.	
  The	
  system	
  is	
  still	
  in	
  an	
  early	
  stage,	
  so	
  please	
  be	
  forgiving	
  if	
  the	
  tracking	
  is	
  not	
  
as	
  robust	
  as	
  it	
  could	
  (should)	
  be!	
  
	
  
The	
  techniques	
  

	
  
Zooming	
   interface.	
  This	
   interface	
  allows	
  you	
   to	
   zoom	
  
out	
  the	
  view,	
  up	
  to	
  a	
  virtual	
  wide-­‐angle	
  view	
  covering	
  
360°.	
   Your	
   camera	
   leaves	
   a	
   trace	
   in	
   the	
   form	
   of	
   a	
  
panorama,	
  to	
  hint	
  at	
  the	
  areas	
  you	
  already	
  explored.	
  A	
  
green	
   wireframe	
   grid	
   shows	
   you	
   the	
   extents	
   of	
   the	
  
space.	
  	
  
	
  
	
  
	
  
	
  
	
  

	
  
Transitional	
   interface.	
   This	
   interface	
   allows	
   you	
   to	
  
transition	
  to	
  a	
  third-­‐person	
  view.	
  This	
  view	
  shows	
  you	
  
a	
   map	
   of	
   the	
   campus,	
   with	
   labels	
   presenting	
   the	
  
location	
   of	
   all	
   cafes.	
   Your	
   position	
   and	
   live	
   video	
  
frame	
   is	
   always	
   in	
   the	
  middle	
  of	
   the	
   screen,	
   and	
   the	
  
map	
  rotates	
  as	
  you	
  turn	
  your	
  camera.	
  
	
  
	
  
	
  
	
  
	
  
	
  
Compass	
   overlay.	
   This	
   technique	
  uses	
   an	
  overlay	
   (on	
  
the	
  upper	
  side	
  of	
  the	
  screen)	
  to	
  present	
  as	
  red	
  dots	
  all	
  
cafes/restaurants	
  that	
  are	
  outside	
  the	
  current	
  view	
  of	
  
the	
   camera	
   (on	
   the	
   line)	
   and	
   inside	
   the	
   current	
   view	
  
(represented	
   by	
   the	
   square	
   in	
   the	
   middle	
   of	
   the	
  
overlay).	
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Zooming	
  interface	
  

	
  
Transitional	
  interface	
  

What	
  did	
  you	
  like	
  of	
  it,	
  
and	
  what	
  didn’t	
  you	
  
like?	
  	
  

What	
  would	
  you	
  
change?	
  

	
   	
  

With	
  respect	
  to	
  the	
  
compass	
  overlay	
  what	
  
did	
  you	
  like	
  more	
  and	
  
what	
  less?	
  	
  

	
  

	
   	
  

 

	
  

 
Zooming	
  interface	
  

 
Transitional	
  interface	
  

Which	
  interface	
  would	
  
you	
  prefer	
  if	
  the	
  cafe	
  
you	
  are	
  looking	
  for	
  
were	
  not	
  visible	
  
because	
  it’s	
  behind	
  
another	
  building?	
  

	
   	
  

Which	
  interface	
  would	
  
you	
  prefer	
  if	
  the	
  cafe	
  
you	
  are	
  looking	
  for	
  
were	
  visible	
  in	
  the	
  real	
  
world?	
  

	
   	
  

Would	
  you	
  prefer	
  
having	
  a	
  user	
  interface	
  
that	
  combines	
  both	
  this	
  
technique	
  and	
  the	
  
compass	
  overlay	
  at	
  the	
  
same	
  time?	
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A.3 PoinƟng to mulƟple augmentaƟons

This section presents the questionnaire used in the user study presented in Section 5.2.4.
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Participant code  Date   1 2 3 4 
 
 
 

General Information 
Please circle the appropriate answer or fill in the spaces provided: 

1. Gender:  M  /   F 

2. Age (years):  _______ 

3. Eyesight problems / defective vision:  yes / no 

If yes, please describe: _________________________________________________ 

Is it corrected (glasses, etc.)?  yes  /  no 

Do you suffer from colour-blindness?  yes  /  no  /  don’t know 

4. What kind of mobile phone do you generally use? 

  Smart phone (iPhone, Nokia N series, Blackberry, Windows mobile) 

  regular mobile phone 

5. How long do you use your mobile phone for the following activities (per day): 

 never Less than 
30 min. 

30 min. – 
1 hr 1-2 hrs 3-5hrs More than 

5 hrs 

making phone calls       

SMS, MMS       

Web browsing, 
email       

Organizer 
(Calendar, etc.)       

Multimedia 
(music, video, 
photos, etc.) 

      

Navigation (GPS)       

 
GPS / in car 

navigation, etc. never Once per 
month 

Once per 
week Most days Daily 

How long do you 
use a GPS unit or 
in car navigation 
system 
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Participant code  Date   1 2 3 4 
 
 
 

Compass 
 

 Number of 
bars 

(completely 
disagree) 

--- -- - + ++ 

(completely 
agree) 
+++ 

6 bars       
It was easy to use 
the interface 

12 bars       

6 bars       The interface was 
useful to 
complete the task 12 bars       

6 bars       There was too 
much 
information on 
the screen 12 bars       

6 bars       There was too 
little  
information on 
the screen 12 bars       
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Participant code  Date   1 2 3 4 
 
 
 

Compass + Panorama 
 

 Number of 
bars 

(completely 
disagree) 

--- -- - + ++ 

(completely 
agree) 
+++ 

6 bars       
It was easy to use 
the interface 

12 bars       

6 bars       The interface was 
useful to 
complete the task 12 bars       

6 bars       There was too 
much 
information on 
the screen 12 bars       

6 bars       There was too 
little  
information on 
the screen 12 bars       

The animation between the 
views was helpful       
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Participant code  Date   1 2 3 4 
 
 
 

Compass + Bird’s Eye View 
 

 Number of 
bars 

(completely 
disagree) 

--- -- - + ++ 

(completely 
agree) 
+++ 

6 bars       
It was easy to use 
the interface 

12 bars       

6 bars       The interface was 
useful to 
complete the task 12 bars       

6 bars       There was too 
much 
information on 
the screen 12 bars       

6 bars       There was too 
little  
information on 
the screen 12 bars       

The animation between the 
views was helpful       
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Participant code  Date   1 2 3 4 
 
 
 

Compass + Panorama + Bird’s Eye View 
 

 Number of 
bars 

(completely 
disagree) 

--- -- - + ++ 

(completely 
agree) 
+++ 

6 bars       
It was easy to use 
the interface 

12 bars       

6 bars       The interface was 
useful to 
complete the task 12 bars       

6 bars       There was too 
much 
information on 
the screen 12 bars       

6 bars       There was too 
little  
information on 
the screen 12 bars       

The animation between the 
views was helpful       
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Participant code  Date   1 2 3 4 
 
 
 

  

  Preferred interface 

Compass 
 
 

 

Compass + 
Panorama 
 

 

Compass +  
Bird’s Eye View 
 

 

Please rank the 4 
interfaces from 1 - 4 
(1 = best).  
Give one (different) 
number for each.  
 

Compass + 
Panorama + 
Bird’s Eye View 

 

 
 
 
 
Please give some more detailed comments (choose your preferred language to 
give comments): 
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A.4 Panoramic overviews (pilot)

This section presents the information sheet and the questionnaire used in the pilot study
presented in Section 5.3.2.
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#	
   	
   	
   	
   	
   	
   	
   DATE	
  
	
  
	
  
	
  
	
  
	
  
Sex:	
   	
   [	
  	
  ]	
  M	
   	
   	
   [	
  	
  ]	
  F	
  
	
  
Age:	
   	
   _________	
  
	
  
Have	
  you	
  ever	
  used	
  an	
  Augmented	
  Reality	
  application?	
  
	
  
[	
  	
  	
  ]	
  YES	
   	
   [	
  	
  ]	
  NO	
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What	
  was	
  your	
  strategy	
  for	
  resolving	
  the	
  physical	
  direction	
  in	
  the	
  following	
  
different	
  cases?	
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A.5 Indoor navigaƟon (MEDC 2007)

This section presents the questionnaire used at the Microsoft MEDC 2007 conference,
where our system for indoor navigation, presented in Section 8.1.3, was deployed. Please
note that the MEDC 2007 study is work that was done prior to this thesis, and the author
of this thesis did not contribute to it. This study is mostly work done by Daniel Wagner
(TU Graz) and István Barakonyi (Imagination GmbH).
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A.6 Indoor navigaƟon (TechReady 7)

This section presents the questionnaire used at the Microsoft TechReady 7 conference,
where we deployed our system for indoor navigation presented in Section 8.1.3.
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Register now to win a Samsung Blackjack II !!!

Family name

First (given) name

How can we contact you?

Please help us making Signpost better!

Compared to the printed PocketGuide, please cross the score you would give to the Signpost features, 
on a scale from 1 (useless) to 5 (useful).

2D map of the conference center

1 2 3 4 5

3D view of the conference center

Per-day browsing of the schedule

Full-text search over the schedule

Live positioning using the camera

Other comments:

Register now to win a Samsung Blackjack II !!!

Family name

First (given) name

How can we contact you?

Please help us making Signpost better!

Compared to the printed PocketGuide, please cross the score you would give to the Signpost features, 
on a scale from 1 (useless) to 5 (useful).

2D map of the conference center

1 2 3 4 5

3D view of the conference center

Per-day browsing of the schedule

Full-text search over the schedule

Live positioning using the camera

Other comments:



Appendix B

Acronyms

AR Augmented Reality

DOF degrees of freedom

DoG Difference of Gaussians

DoP Dilution of Precision

EKF extended Kalman filter

GPS Global Positioning System

HCI Human-Computer Interaction

HMDB Hypermedia Database

M Mean

MR Mixed Reality

NCC Normalised Cross-Correlation

RLE run-length encoding

SD Standard Deviation

SE Standard Error

SIFT Scale Invariant Feature Transform

SLAM Simultaneous Localisation and Mapping

SSD Sum of Squared Difference
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SUS System Usability Scale

VR Virtual Reality

WIM World-in-Miniature
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