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Diese Dissertation ist auf den Internetseiten der Universitätsbibliothek online verfügbar.
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Abstract

Nowadays we are surrounded by various visual data, for example medical images, geo-

graphic data and online videos. In the meantime, mobile personal devices are ubiqui-

tously available. From handheld devices to wearable equipments, technology advances

have brought us to a wide range of miniature hardware which used to be only in sci-

ence fictions but now carried by us everyday everywhere. Following these trends, a new

challenge arises: How can we present huge amount (and categories) of visual content

to users via resource limited mobile devices while still achieving good user experience.

There is no straightforward solution to this question in practice, because we are facing

challenges from three aspects: Mobile Devices, Visual Data and User Factors.

First, although modern mobile devices are equipped with fast processors and various

sensors, they are still resource limited devices and have many inherent constraints, such

as screen size, 3D-2D ambiguity, memory restriction and system latency. Despite the fact

their resolution (or pixel density) have been increased, the screen physical dimension has

to be restricted to handheld size. Also a mobile screen is a 2D surface. When showing 3D

content, it suffers from 3D-2D ambiguity in both input and output. Moreover, although

we can use up to several gigabytes of memory on a mobile phone, certain visual content,

like city reconstruction data, can easily exceed this bound, which causes issues in data

transmission and storage. Last but not least, system latency is unavoidable due to

network delay, hardware update rate and computing tasks.

Second, visual data has huge diversity and thus conventional visualization approaches

may not be suitable for mobile devices. Increasing quantity and quality of visual data

requires novel approaches to visualize and interact with the data. Materials (such as

high definition images/videos and complex 3D scenes) are widely available today. New

methods are desired to efficiently visualize these data and create intuitive interfaces.

Third, different user scenarios request different mobile user interface design. As known

from the concept of user centered design, we must take user factors as input to the design

cycle, understanding what users need and what users perceive. Without such knowledge,

a design will result in failure.

In this thesis we are going to answer these challenges by exploring the design of mobile

augmented reality (AR) and virtual reality (VR) user interfaces. Instead of designing a

universal solution, which is hardly possible, we investigate fundamental components in
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designing mobile AR/VR interfaces. Our goal is to provide guidance for future mobile

AR/VR visualization/interaction design. To handle the challenges of Devices-Data-

Users, we have three fundamental requirements. First, we need novel approaches to

deliver large, complex visual data, like 3D scenes, to mobile devices. Second, we have

to handle inherent constraints of mobile devices to support intuitive interaction. Third,

we need formal user studies to evaluate user experience of novel interfaces. This thesis

is organized into three parts accordingly: Visual content generation and transmission,

interaction with visual content, and user perception of visual content. In each part we

focus on a fundamental question of designing mobile AR/VR interfaces and provide

several techniques to handle different scenarios.

In the section of visual content generation and transmission, we present a solution

to transmit and visualize complex visual data on resource limited mobile devices. We

shift computing complexity from local mobile devices to a remote server via network

and trade-off between computing time and transmission latency. The major effort con-

centrates on server-side visualization, screen space feature extraction, data transmission

and client-side image re-synthesis.

In the section of interaction with visual content, we explore several mobile AR/VR

interface designs to show visual content to users more intuitively and interactively. We

first present techniques that combine multiple mobile displays together to create a large

display surface. Using easy and flexible localization and tracking methods, we can

build planar or non-planar displays from commodity mobile devices, supporting static

or dynamic configurations. Second, we show several mobile AR interfaces in navigation

scenarios, where we apply emerging display techniques in AR navigation and explore

visual design of AR navigational information.

In the section of user perception of visual content, we investigate the design of mo-

bile AR interfaces from users’ perspective. In particular, we evaluate the influence of

system latency to user performance and perception in a representative AR scenario. By

understanding the relationship between system latency and user factors, we can better

distribute computing resources of a mobile AR system.
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Sack and Jiyoung Park, for their nice support and collaboration. I also want to thank my

student assistants: Lars Mahnkopf and Kaspar Scharf, who extended and maintained

several interesting research projects.

In addition, I thank all my colleagues in Computer Graphics and Multimedia Group.

Special thanks go to Jan Möbius for his great job in maintaining our system, Lars

Krecklau and Dominik Sibbing for co-supervising practical courses and joint projects,

Isaak Lim and Anne Kathrein for organizing the best VMV conference, Sven Middelberg

for managing our website and sport events, Jan Robert Menzel for joint work in many

demo events, Peter Collienne for great jobs in 3D printing, Marcel Campen and Hans-

Christian Ebke for organizing the best TDI (Tag der Informatik), Monika Maszynkiewicz

and Silke van Betteraey for their great help in handling official documents. In particular,

I thank my friend Chat Wacharamanotham in the Media Computing Group for his

valuable suggestion to my conference submissions.

Finally, I would like to thank my family and close friends for their accompany and

encouragement during the past years. I would particularly like to thank my father

Liansheng Li and my mother Mingxiang Xu for offering me emotional and spiritual

support throughout writing this thesis.

iii



iv



Contents

1. Introduction 1

1.1. Devices, Data and Users . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2. Mobile AR/VR Interfaces . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3. Thesis Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2. Related Work 11

2.1. Mobile Graphical Standard . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2. Mobile Tracking Technologies . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2.1. Sensor Tracking . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2.2. Visual Tracking . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2.2.1. Camera calibration . . . . . . . . . . . . . . . . . . . . . 17

2.2.2.2. Marker based tracking . . . . . . . . . . . . . . . . . . . 18

2.2.2.3. Natural feature based tracking . . . . . . . . . . . . . . 20

2.3. User Study Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.3.1. Research questions and hypotheses. . . . . . . . . . . . . . . . . . 22

2.3.2. Independent and dependent variables. . . . . . . . . . . . . . . . . 23

2.3.3. Experiment design . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3.4. Pilot study and formal experiment . . . . . . . . . . . . . . . . . 25

2.3.5. Data analysis and report . . . . . . . . . . . . . . . . . . . . . . . 26

2.4. Mobile Remote Rendering . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.4.1. Imposter/panorama based approaches . . . . . . . . . . . . . . . 27

2.4.2. Simplified model based approaches . . . . . . . . . . . . . . . . . 28

2.4.3. Depth image based approaches . . . . . . . . . . . . . . . . . . . 28

2.5. Multiple Mobile Displays . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.5.1. Mobile Tiling Displays . . . . . . . . . . . . . . . . . . . . . . . . 29

2.5.2. Mobile Multi-Perspective Displays . . . . . . . . . . . . . . . . . . 31

2.6. Mobile Navigational Interfaces . . . . . . . . . . . . . . . . . . . . . . . . 32

2.6.1. Mobile Outdoor Navigational Interfaces . . . . . . . . . . . . . . . 32

2.6.2. Mobile Indoor Navigational Interfaces . . . . . . . . . . . . . . . . 33

2.7. User Perception of System Latency in AR/VR applications . . . . . . . . 34

v



Contents

3. Contributions 37

3.1. Visual Content Generation and Transmission . . . . . . . . . . . . . . . . 37

3.2. Interaction with Visual Content . . . . . . . . . . . . . . . . . . . . . . . 38

3.2.1. Multiple Mobile Displays . . . . . . . . . . . . . . . . . . . . . . . 38

3.2.2. Multiple Perspective Displays . . . . . . . . . . . . . . . . . . . . 39

3.2.3. Mobile Navigational Interfaces . . . . . . . . . . . . . . . . . . . . 40

3.3. User Perception of Visual Content . . . . . . . . . . . . . . . . . . . . . . 41

I. Visual content generation and transmission 43

4. Remote Computing, Transmission and Local Re-synthesis 45

4.1. System Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.2. Coarse 2.5D Mesh Generation . . . . . . . . . . . . . . . . . . . . . . . . 48

4.2.1. Rendering Server . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.2.2. Image Segmentation . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.2.3. Edge Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.2.4. Monotonic Line Growing . . . . . . . . . . . . . . . . . . . . . . . 50

4.2.5. Inverse Bresenham Algorithm . . . . . . . . . . . . . . . . . . . . 51

4.2.6. Triangulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.3. Immersive Display . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.4. Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.5. Discussion and Design Implications . . . . . . . . . . . . . . . . . . . . . 58

II. Interaction with visual content 59

5. Multiple Mobile Devices AR/VR Interface Design 61

5.1. Ad-Hoc Multiple Mobile Displays . . . . . . . . . . . . . . . . . . . . . . 63

5.1.1. System Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.1.2. Calibration Process . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.1.2.1. Pose Estimation . . . . . . . . . . . . . . . . . . . . . . 65

5.1.2.2. Manual Fine Tuning . . . . . . . . . . . . . . . . . . . . 65

5.1.3. Synchronization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.1.3.1. Multi-Device Multi-Touch . . . . . . . . . . . . . . . . . 67

5.1.3.2. Tiling Display . . . . . . . . . . . . . . . . . . . . . . . . 69

5.1.4. Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.1.4.1. Participants . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.1.4.2. System Configuration . . . . . . . . . . . . . . . . . . . 70

vi



Contents

5.1.4.3. Tasks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

5.1.4.4. Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.1.4.5. Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.1.5. Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5.2. Dynamic Tiling Displays . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

5.2.1. Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.2.1.1. System Structure . . . . . . . . . . . . . . . . . . . . . . 76

5.2.1.2. View Computation . . . . . . . . . . . . . . . . . . . . . 78

5.2.2. Exemplary Application . . . . . . . . . . . . . . . . . . . . . . . . 79

5.2.3. Experiment and Results . . . . . . . . . . . . . . . . . . . . . . . 79

5.2.4. Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.3. Active Tangible User Interfaces . . . . . . . . . . . . . . . . . . . . . . . 83

5.3.1. Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.3.1.1. System overview . . . . . . . . . . . . . . . . . . . . . . 84

5.3.1.2. Touch patterns . . . . . . . . . . . . . . . . . . . . . . . 85

5.3.1.3. Device Tracking . . . . . . . . . . . . . . . . . . . . . . 86

5.3.2. Exemplary applications . . . . . . . . . . . . . . . . . . . . . . . . 86

5.3.2.1. Magic lens . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.3.2.2. Bench viewer display . . . . . . . . . . . . . . . . . . . . 87

5.3.3. Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

5.3.4. Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

5.4. Design Implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

6. Mobile AR Navigational Interface Design 93

6.1. Segway AR-Tactile Navigation System . . . . . . . . . . . . . . . . . . . 94

6.1.1. Design and prototype . . . . . . . . . . . . . . . . . . . . . . . . . 96

6.1.1.1. Navigation graphical interface . . . . . . . . . . . . . . . 97

6.1.1.2. Turning instruction feedback . . . . . . . . . . . . . . . 98

6.1.2. Setup and experiments . . . . . . . . . . . . . . . . . . . . . . . . 99

6.1.2.1. Study 1: Driving test in real traffic . . . . . . . . . . . . 99

6.1.2.2. Study 2: Lane switching test in artificial environment . . 105

6.1.3. Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

6.1.3.1. The utility of navigation interfaces . . . . . . . . . . . . 107

6.1.3.2. The effectiveness of navigation instructions . . . . . . . . 108

6.1.3.3. Design implications and future research . . . . . . . . . 108

6.2. Mobile Projector based Indoor Navigation Interface . . . . . . . . . . . . 110

6.2.1. Spatial cognition and individual differences in navigation . . . . . 111

6.2.2. Technology acceptance of navigation devices . . . . . . . . . . . . 113

vii



Contents

6.2.3. Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

6.2.3.1. Research questions . . . . . . . . . . . . . . . . . . . . . 114

6.2.3.2. Experimental design . . . . . . . . . . . . . . . . . . . . 114

6.2.3.3. Independent variables . . . . . . . . . . . . . . . . . . . 115

6.2.3.4. Hardware . . . . . . . . . . . . . . . . . . . . . . . . . . 118

6.2.3.5. Experimental setup . . . . . . . . . . . . . . . . . . . . . 118

6.2.3.6. Dependent variables . . . . . . . . . . . . . . . . . . . . 119

6.2.3.7. Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.2.3.8. Sample . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.2.3.9. Statistical analysis . . . . . . . . . . . . . . . . . . . . . 123

6.2.4. Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

6.2.4.1. Effects of navigation device, information type and learn-

ability on navigation performance . . . . . . . . . . . . . 123

6.2.4.2. Effects of navigation device and information type on end-

user perceptions . . . . . . . . . . . . . . . . . . . . . . 123

6.2.4.3. Effects of users’ spatial ability on navigation performance

and perceptions . . . . . . . . . . . . . . . . . . . . . . . 128

6.2.4.4. Prediction of user satisfaction . . . . . . . . . . . . . . . 131

6.2.5. Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

6.2.5.1. The utility of navigation devices: screen vs. projector . . 132

6.2.5.2. The effectiveness of navigation information: map vs. arrow133

6.2.5.3. Determinants of users’ satisfaction when using naviga-

tion devices . . . . . . . . . . . . . . . . . . . . . . . . . 134

6.2.5.4. The impact of spatial abilities . . . . . . . . . . . . . . . 135

6.2.5.5. Design implications and application scenarios . . . . . . 136

6.2.5.6. Methodological considerations and future research. . . . 138

6.3. Product Finder in a Supermarket Scenario . . . . . . . . . . . . . . . . . 139

6.3.1. Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

6.3.1.1. Visual Tracking . . . . . . . . . . . . . . . . . . . . . . . 140

6.3.1.2. AR Interface and Pattern types . . . . . . . . . . . . . . 141

6.3.2. Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

6.3.3. Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

6.3.4. Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

6.4. Design Implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

III. User perception of visual content 149

viii



Contents

7. User Perception of AR System Latency 151

7.1. System Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

7.1.1. IR Tracking System . . . . . . . . . . . . . . . . . . . . . . . . . . 154

7.1.2. Setup of Markers . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

7.1.3. Mobile AR Interface . . . . . . . . . . . . . . . . . . . . . . . . . 154

7.2. Questions Addressed and Logic of Experiment . . . . . . . . . . . . . . . 156

7.3. Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

7.3.1. Independent Variables . . . . . . . . . . . . . . . . . . . . . . . . 157

7.3.2. Dependent Variables . . . . . . . . . . . . . . . . . . . . . . . . . 158

7.3.3. Study design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

7.3.4. Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

7.3.5. Participants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

7.4. Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

7.4.1. Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

7.4.2. Ease of Use . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

7.5. Discussion and Design Implications . . . . . . . . . . . . . . . . . . . . . 164

8. Conclusion 169

8.1. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

8.2. Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

Bibliography 173

Curriculum Vitae 195

ix


