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Abstract

Year after year, technologies are evolving in an incredible rapid pace, becoming faster,

more complex, more accurate and more immersive. Looking back just a decade, especially

interaction technologies have made a major leap. Just two years ago in 2013, after being

researched for quite some time, the hype around virtual reality (VR) arouse renewed

enthusiasm, finally reaching mainstream attention as the so called head-mounted displays

(HMD), devices worn on the head to grant a visual peek into the virtual world, gain more

and more acceptance with the end-user. Currently, humans interact with computers in a

very counter-intuitive two dimensional way. The ability to experience digital content in

the humans most natural manner, by simply looking around and perceiving information

from their surroundings, has the potential to be a major game changer in how we perceive

and eventually interact with digital information. However, this confronts designers and

developers with new challenges of how to apply these exciting technologies, supporting

interaction mechanisms to naturally explore digital information in the virtual world,

ultimately overcoming real world boundaries. Within the virtual world, the only limit is

our imagination.

This thesis investigates an approach of how to naturally interact and explore in-

formation based on open data within an immersive virtual reality environment using a

head-mounted display and vision-based motion controls. For this purpose, an immersive

VR application visualizing information as a network of European capital cities has been

implemented, offering interaction through gesture input. The application lays a major

focus on the exploration of the generated network and the consumption of the displayed

information. While the conducted user interaction study with eleven participants in-

vestigated their acceptance of the developed prototype, estimating their workload and

examining their explorative behaviour, the additional dialog with five experts in the form

of explorative discussions provided further feedback towards the prototype’s design and

concept. The results indicate the participants’ enthusiasm and excitement towards the

novelty and intuitiveness of exploring information in a less traditional way than before,

while challenging them with the applied interface and interaction design in a positive

manner. The design and concept were also accepted through the experts, valuing the

idea and implementation. They provided constructive feedback towards the visualiza-

tion of the information as well as emphasising and encouraging to be even bolder, making

more usage of the available 3D environment. Finally, the thesis discusses these findings

and proposes recommendations for future work.

Keywords: virtual reality, human-computer interaction, immersive interaction, natural

user interface, information visualization, open data, head-mounted display, vision-based

motion controls



Acknowledgements

Although studying abroad is an exciting activity, writing a master thesis while working at

the same time is not a trivial task. As of this moment I concluded the work on the thesis

and thus would like to reflect both on the particular time of working on the thesis as well

as the time before in order to thank and acknowledge some special people who provided

help and support along the way.

First, I want to say a very special thank you to Prof. Marcelo Milrad, who encouraged

me to come to Sweden back in 2011 in the first place and showing believe, support and

confidence in many ways towards me and my work ever since. The Department of Media

Technology at Linnaeus University has become a great place to work, being surrounded

by amazing and inspiring individuals day after day. Thank you Alisa and Max as well as

David, Mattias, Kalle and Henrik for always having a great time with lots of laughter as

well as fruitful discussions. Thank you Janosch for being an awesome office colleague. Also

thanks to Lampros, Mhretab, Romain and Yeray, with whom I had the pleasure to work

with as well as sharing office and workplace. Furthermore, I want to thank Bato, Björn,

Didac and Oskar, who were providing a lot of useful advices by sharing their experiences,

always being a source of inspiration. And of course a warm thank you to everyone else

within the Department of Media Technology.

I also want to particularly thank Susanna Nordmark, under whose guidance I had the

pleasure to work for a long time. The collaboration with her is one of the most pleasant

and enjoyable I have ever experienced. Thank you so much for all the good advice, honest

communication and amazing project work. During all the time you have not just become

another colleague, but also a friend.

A special thanks goes out to Bella, who was not just an amazing classmate and inspiring

partner for all the conducted projects throughout the studies, but also for becoming a close

friend, as those are not found often in life.

Another special thank you is reserved for my supervisor Dr. Aris Alissandrakis, who

was an important pillar of support and advice ever since we first met in 2011. As he is a

very active and dedicated individual, he is always pushing to go beyond your limits. That,

I value very much. You also are not just any colleague, supervisor or senpai, but a dear

and valued friend. I am already looking forward to all the challenges we are hopefully able

to tackle together in the future, one way or the other.

Finally, I am afraid I am not able to put the feelings of love and gratitude for my

family into words, who always had a friendly ear as well as supporting and encouraging

me. Without you, I wouldn’t be the person who I am, writing these lines right now.

Without you, I wouldn’t have reached this very moment. Thank you!



Contents Contents

Contents

List of Abbreviations VIII

List of Figures IX

List of Tables XII

List of Listings XIII

List of Media Sources XIV

1 Introduction 1

1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Problems and needs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Research questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.4 Approach to solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.5 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Foundations 8

2.1 Natural User Interface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.1.1 Learning from the past: CLI and GUI . . . . . . . . . . . . . . . . . 8

2.1.2 The concept of NUI . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Virtual Reality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2.1 Clarifying the terminology: Immersion vs presence . . . . . . . . . . 11

2.2.2 Fundamental VR technologies . . . . . . . . . . . . . . . . . . . . . . 12

2.3 Vision-based motion controls . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.4 Interactive information visualization . . . . . . . . . . . . . . . . . . . . . . 19

2.4.1 The visualization pipeline . . . . . . . . . . . . . . . . . . . . . . . . 19

2.4.2 Visualization techniques and underlying concepts . . . . . . . . . . . 20

2.4.3 Interaction in information visualization . . . . . . . . . . . . . . . . . 24

2.4.4 Crucial considerations within visualization design . . . . . . . . . . . 27

2.5 Open data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.6 Prior efforts and user interaction studies . . . . . . . . . . . . . . . . . . . . 30

3 Methodology 32

3.1 Remarks regarding the foundational research . . . . . . . . . . . . . . . . . 32

3.2 Aims and conduction of the user testing . . . . . . . . . . . . . . . . . . . . 33

3.2.1 Technical validation of the prototype . . . . . . . . . . . . . . . . . . 33

3.2.2 User interaction study . . . . . . . . . . . . . . . . . . . . . . . . . . 34

V



Contents Contents

3.2.3 Explorative expert discussion . . . . . . . . . . . . . . . . . . . . . . 35

3.3 Data collection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.3.1 The logging system of the developed prototype . . . . . . . . . . . . 37

3.4 Evaluation categories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4 Concept and interaction design 39

4.1 Scenario: Exploring European capitals . . . . . . . . . . . . . . . . . . . . . 39

4.1.1 Road to conceptual interaction and interface design . . . . . . . . . . 40

4.1.2 User scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.1.3 Interaction overview . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.2 Functional requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

5 Implementation of the prototype 47

5.1 Complementary server and database . . . . . . . . . . . . . . . . . . . . . . 47

5.1.1 Query data from DBpedia . . . . . . . . . . . . . . . . . . . . . . . . 48

5.1.2 Store queried data persistently . . . . . . . . . . . . . . . . . . . . . 49

5.1.3 Access stored data, prepared for visualization . . . . . . . . . . . . . 50

5.2 VR application . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

5.2.1 Application overview . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.2.2 Enabling user interaction: The NetworkVisPlayerController . . . . . 54

5.2.3 Interactive 3D GUI: The VR-FilterExplorationView . . . . . . . . . 57

5.2.4 Dynamically manipulating the city network: The NetworkCreator . . 58

5.2.5 Displaying the city network: The NetworkVisualization . . . . . . . . 58

5.2.6 Presenting city information: The VR-NetworkNode-ContentView . . 59

5.2.7 Providing spatial guidance: The EuropeMapLayer . . . . . . . . . . 60

5.2.8 Keeping track of the player: The LoggingSystem . . . . . . . . . . . 60

6 Results and Analysis 61

6.1 Technical validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

6.2 User interaction study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

6.2.1 Pre-session questionnaire: Demographics and prior experiences . . . 64

6.2.2 Task description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

6.2.3 Task completion and log file . . . . . . . . . . . . . . . . . . . . . . . 65

6.2.4 NASA Task Load Index . . . . . . . . . . . . . . . . . . . . . . . . . 67

6.2.5 Post-session questionnaire (PTQ) . . . . . . . . . . . . . . . . . . . . 69

6.3 Explorative expert discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 77

VI



Contents Contents

7 Discussion 81

7.1 Technical validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

7.2 User interaction study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

7.3 Explorative expert discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 87

7.4 Research questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

8 Conclusion 91

8.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

8.2 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

8.3 Other lessons learned . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

8.4 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

References 97

A Appendix 104

A.1 Prior efforts and user interaction studies: Results . . . . . . . . . . . . . . . 105

A.2 Prototype validation material . . . . . . . . . . . . . . . . . . . . . . . . . . 109

A.3 NASA TLX: Physical handout . . . . . . . . . . . . . . . . . . . . . . . . . 112

A.4 User interaction study: Pre-Session Questionnaire . . . . . . . . . . . . . . . 113

A.5 User interaction study: Post-Session Questionnaire . . . . . . . . . . . . . . 115

A.6 Explorative Expert Discussion: Presentation . . . . . . . . . . . . . . . . . . 119

A.7 Log file system: All entries . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

A.8 City data to request and display within the VR prototype . . . . . . . . . . 129

A.9 User scenarios: Abstract vs. Detailed . . . . . . . . . . . . . . . . . . . . . . 130

A.10 Implementation: Parts of the source code . . . . . . . . . . . . . . . . . . . 134

A.11 Results: Prior experiences with VRE and vision-based motion controls . . . 140

A.12 Results: Individual participants’ answers for task 1 and 2 . . . . . . . . . . 141

A.13 Results: Log file analyses per individual participant . . . . . . . . . . . . . . 142

A.14 Results: Pathway visualizations per individual participant . . . . . . . . . . 153

A.15 Results: Cities sorted after amount of visits . . . . . . . . . . . . . . . . . . 175

A.16 Results: Explorative Expert Discussion - Extracted feedback . . . . . . . . . 176

VII



List of Abbreviations List of Abbreviations

List of Abbreviations

AR augmented reality

CAVE computer assisted virtual environment

CLI command line interface

GUI graphical user interface

HCI human-computer interaction

HMD head-mounted display

ICT information and communication technologies

IDE integrated development environment

InfoVis information visualization

LNU Linnaeus University

NUI natural user interface

OSM Open Street Map

SDK software development kit

TLX task load index

UI user interface

VE virtual environment

VR virtual reality

VRE virtual reality environment

WWW world wide web

VIII



List of Figures List of Figures

List of Figures

2.1 CLI and GUI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Human-VE interaction loop . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3 Sutherland’s original HMD . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4 Examples of HMD’s currently in development . . . . . . . . . . . . . . . 15

2.5 User operating in a CAVE . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.6 Examples of physical motion controllers . . . . . . . . . . . . . . . . . . 17

2.7 Taxonomy of hand gestures . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.8 Visualization Pipeline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.9 Charles Joseph Minard’s visualization of Napoleon’s Russian campaign . 25

2.10 Visual analytics - The sense-making loop . . . . . . . . . . . . . . . . . . 25

2.11 High level overview of the search feature . . . . . . . . . . . . . . . . . . 27

2.12 Norman’s Action Cycle in information visualization . . . . . . . . . . . . 28

3.1 Still from the pre-recorded instruction video . . . . . . . . . . . . . . . . 35

4.1 Infobox of Stockholm’s Wikipedia article . . . . . . . . . . . . . . . . . . 42

5.1 System architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

5.2 Server and database overview . . . . . . . . . . . . . . . . . . . . . . . . 49

5.3 Workflow of querying data from DBpedia to finally saving all results locally 51

5.4 Unity application - GameObject overview . . . . . . . . . . . . . . . . . 54

5.5 VR prototype - multiple screenshots . . . . . . . . . . . . . . . . . . . . 55

5.6 Unity - Texture overview of the seven UI feedback states . . . . . . . . . 57

6.1 Hand recognition - Fingers slightly open (a) vs closed (b) . . . . . . . . . 62

6.2 Impressions - User interaction study participants interacting within the

developed VRE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

6.3 Results - Participants’ named solutions for task 1 . . . . . . . . . . . . . 66

6.4 Results - Participants’ named solutions for task 2 . . . . . . . . . . . . . 67

6.5 Results - Summary of log file analyses . . . . . . . . . . . . . . . . . . . 68

6.6 Results - NASA TLX - Estimated workloads of participants . . . . . . . 68

6.7 Results - NASA TLX - Weight averages . . . . . . . . . . . . . . . . . . 69

6.8 Results - NASA TLX - Rating averages . . . . . . . . . . . . . . . . . . . 70

6.9 Results - PTQ - Perception of the content generated with data from the

web . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

6.10 Results - PTQ - Spatial perception of my location within the 3D network 72

6.11 Results - PTQ - Interaction using the vision-based motion control interface 73

6.12 Leap Motion controller - Usual setup (a) vs. 90 degree changed HMD

setup (b) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

IX



List of Figures List of Figures

6.13 Results - PTQ - Human factors and ergonomics . . . . . . . . . . . . . . 75

6.14 Results - PTQ - Imagination: Other enjoyable technologies . . . . . . . . 76

6.15 Different world bending effects: Inception (a) and Halo (b) . . . . . . . . 79

6.16 Push (a) vs. pull (b) gesture . . . . . . . . . . . . . . . . . . . . . . . . . 80

7.1 Participants’ explorative behaviour . . . . . . . . . . . . . . . . . . . . . 84

A.7.1 Log file system - All entries . . . . . . . . . . . . . . . . . . . . . . . . . 128

A.8.1 City data to request . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

A.12.1 Results - Individual participants’ answers for task 1 and 2 . . . . . . . . 141

A.13.2 Results - Log file analysis - Participant 1 . . . . . . . . . . . . . . . . . . 142

A.13.3 Results - Log file analysis - Participant 2 . . . . . . . . . . . . . . . . . . 143

A.13.4 Results - Log file analysis - Participant 3 . . . . . . . . . . . . . . . . . . 144

A.13.5 Results - Log file analysis - Participant 4 . . . . . . . . . . . . . . . . . . 145

A.13.6 Results - Log file analysis - Participant 5 . . . . . . . . . . . . . . . . . . 146

A.13.7 Results - Log file analysis - Participant 6 . . . . . . . . . . . . . . . . . . 147

A.13.8 Results - Log file analysis - Participant 7 . . . . . . . . . . . . . . . . . . 148

A.13.9 Results - Log file analysis - Participant 8 . . . . . . . . . . . . . . . . . . 149

A.13.10 Results - Log file analysis - Participant 9 . . . . . . . . . . . . . . . . . . 150

A.13.11 Results - Log file analysis - Participant 10 . . . . . . . . . . . . . . . . . 151

A.13.12 Results - Log file analysis - Participant 11 . . . . . . . . . . . . . . . . . 152

A.14.13 Results - Pathway visualization - Participant 1 - Task 1 . . . . . . . . . . 153

A.14.14 Results - Pathway visualization - Participant 1 - Task 2 . . . . . . . . . . 154

A.14.15 Results - Pathway visualization - Participant 2 - Task 1 . . . . . . . . . . 155

A.14.16 Results - Pathway visualization - Participant 2 - Task 2 . . . . . . . . . . 156

A.14.17 Results - Pathway visualization - Participant 3 - Task 1 . . . . . . . . . . 157

A.14.18 Results - Pathway visualization - Participant 3 - Task 2 . . . . . . . . . . 158

A.14.19 Results - Pathway visualization - Participant 4 - Task 1 . . . . . . . . . . 159

A.14.20 Results - Pathway visualization - Participant 4 - Task 2 . . . . . . . . . . 160

A.14.21 Results - Pathway visualization - Participant 5 - Task 1 . . . . . . . . . . 161

A.14.22 Results - Pathway visualization - Participant 5 - Task 2 . . . . . . . . . . 162

A.14.23 Results - Pathway visualization - Participant 6 - Task 1 . . . . . . . . . . 163

A.14.24 Results - Pathway visualization - Participant 6 - Task 2 . . . . . . . . . . 164

A.14.25 Results - Pathway visualization - Participant 7 - Task 1 . . . . . . . . . . 165

A.14.26 Results - Pathway visualization - Participant 7 - Task 2 . . . . . . . . . . 166

A.14.27 Results - Pathway visualization - Participant 8 - Task 1 . . . . . . . . . . 167

A.14.28 Results - Pathway visualization - Participant 8 - Task 2 . . . . . . . . . . 168

A.14.29 Results - Pathway visualization - Participant 9 - Task 1 . . . . . . . . . . 169

A.14.30 Results - Pathway visualization - Participant 9 - Task 2 . . . . . . . . . . 170

X



List of Figures List of Figures

A.14.31 Results - Pathway visualization - Participant 10 - Task 1 . . . . . . . . . 171

A.14.32 Results - Pathway visualization - Participant 10 - Task 2 . . . . . . . . . 172

A.14.33 Results - Pathway visualization - Participant 11 - Task 1 . . . . . . . . . 173

A.14.34 Results - Pathway visualization - Participant 11 - Task 2 . . . . . . . . . 174

A.15.35 Results - Cities sorted after amount of visits . . . . . . . . . . . . . . . . 175

A.16.36 Results - Explorative Expert Discussion - Extracted feedback . . . . . . 176

XI



List of Tables List of Tables

List of Tables

2.1 5-star open data deployment scheme according to [BL15] . . . . . . . . . 30

3.1 Examples for log file entries according to the action-object-target approach 37

6.1 Task 1 - Result set of cities identifying successful task accomplishment . 65

6.2 Task 2 - Result set of cities identifying successful task accomplishment . 65

6.3 Results - Participants’ named solutions for task 1 and 2 (cities especially

close to the asked parameter are marked bold) . . . . . . . . . . . . . . . 66

A.11.1 Results - Prior experience using VREs . . . . . . . . . . . . . . . . . . . 140

A.11.2 Results - Prior experience using vision-based motion control interfaces . 140

A.11.3 Results - Prior experience using VREs by genre . . . . . . . . . . . . . . 140

A.11.4 Results - Prior experience using vision-based motion control interfaces

by genre . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

XII



List of Listings List of Listings

List of Listings

A.1 Accessing information - Wikipedia article vs. DBpedia resource . . . . . . . 134

A.2 Accessing information - DBpedia image reference original and resolved . . . 134

A.3 Node.js - Querying DBpedia data using sparql-client . . . . . . . . . . . . . 134

A.4 Node.js - Read received DBpedia data and prepare database entry . . . . . 135

A.5 Node.js - Receive image metadata and write image file locally . . . . . . . . 136

A.6 Node.js - Insert JSON formatted variable into MongoDB database . . . . . 137

A.7 Node.js - Visual structure of the result set and a result set entry . . . . . . 138

A.8 Unity - Setting up swipe gestures for the Leap Motion HandController . . . 139

XIII



List of Media Sources List of Media Sources

List of Media Sources

1. Figure 2.4a (Oculus Rift - Crescent Bay) on page 15 via
http://arstechnica.com/gaming/2014/09/eyes-on-oculus-crescent-bay-prototype-is-a-new-

high-water-mark/

2. Figure 2.4b (HTC Vive) on page 15 via
http://www.popsci.com/HTC-Oculus-Competitor-Valve-Vive

3. Figure 2.4c (Sony Morpheus) on page 15 via
http://www.next-gamer.de/news/playstation-4-vr-headset-heist-project-morpheus-weitere-

infos-und-bilder/

4. Figure 2.4d (Samsung GEAR VR) on page 15 via
http://www.samsung.com/de/news/product-/samsung-gear-vr-innovator-edition-eroffnet-neue-

welt

5. Figure 2.5 (User operating in a CAVE) on page 16 via
https://en.wikipedia.org/wiki/Cave_automatic_virtual_environment

6. Figure 2.6a (Nintendo Wii Remote Plus) on page 17 via
http://www.nintendo.se/wii/tillbehor/wii_remote

7. Figure 2.6b (Sony PS Move) on page 17 via
http://www.eurogamer.net/articles/digitalfoundry-playstation-move-tech-interview

8. Figure 2.6c (Sixense STEM) on page 17 via
http://www.roadtovr.com/sixense-stem-update-pre-order-black-friday-sale-prototype-colors/

9. Figure 6.15a (Inception) on page 79 via
http://trailers.apple.com/trailers/wb/inception/

10. Figure 6.15b (Halo 2 - Remastered) on page 79 via
https://www.halowaypoint.com/en-us/games/halo-the-master-chief-collection

XIV

http://arstechnica.com/gaming/2014/09/eyes-on-oculus-crescent-bay-prototype-is-a-new-high-water-mark/
http://arstechnica.com/gaming/2014/09/eyes-on-oculus-crescent-bay-prototype-is-a-new-high-water-mark/
http://www.popsci.com/HTC-Oculus-Competitor-Valve-Vive
http://www.next-gamer.de/news/playstation-4-vr-headset-heist-project-morpheus-weitere-infos-und-bilder/
http://www.next-gamer.de/news/playstation-4-vr-headset-heist-project-morpheus-weitere-infos-und-bilder/
http://www.samsung.com/de/news/product-/samsung-gear-vr-innovator-edition-eroffnet-neue-welt
http://www.samsung.com/de/news/product-/samsung-gear-vr-innovator-edition-eroffnet-neue-welt
https://en.wikipedia.org/wiki/Cave_automatic_virtual_environment
http://www.nintendo.se/wii/tillbehor/wii_remote
http://www.eurogamer.net/articles/digitalfoundry-playstation-move-tech-interview
http://www.roadtovr.com/sixense-stem-update-pre-order-black-friday-sale-prototype-colors/
http://trailers.apple.com/trailers/wb/inception/
https://www.halowaypoint.com/en-us/games/halo-the-master-chief-collection




1 Introduction

1 Introduction

“We have all seen that when people see the virtual reality for the first time

ever. People that are not necessarily enthusiasts. And they are amazed by

it. And they are imagining all the things they can do with this.” [Car15]

(John Carmack, 2015)

1.1 Motivation

Modern technologies are evolving in a fast pace. If we look back at the past few decades,

computer and interface technologies have come a long way. Mobile technologies enjoyed a

huge success in the beginning of the 21st century. Apple revolutionized mobile technologies

in 2007 by introducing the iPhone and thus bringing touch screens to the mainstream mar-

ket [App07]. Touch (and multi-touch) input is a much more natural way of interacting with

digital content than using traditional input devices, such as keyboard and mouse. Thus the

experience of how we interact and perceive content has changed drastically compared to

the way how it was before. All this evolution happened within the last decade. Interacting

with digital content in a natural way is very intuitive, first and foremost because it lies

literally in the nature of us humans [Car13]. Therefore adapting to the human’s natural

behaviour seems to influence the user experience dramatically, meaning how we experience

and interact with digital content.

The research regarding Virtual Reality (VR) has been of interest in the past [Sut68]

and is not a particularly new area of interest in the community [LFM+14]. However,

having a fully immersive VR experience required expensive equipment as well as elaborate

maintenance in the past [LFM+14]. Immersion, meaning the feeling of being surrounded

by an image of the virtual world, should not be confused with presence, describing the

perception and feeling of “being in” someplace else while actually being in a VR environment

[GVT08, Abr14]. Commonly known technologies to create an immersive VR experience are

head-mounted displays (HMD) or computer assisted virtual environment (CAVE) systems

[DDS+09, SCMW08]. HMDs are intended to be worn as glasses and thus translate the

human’s perception into a virtual environment [LFM+14, SCMW08]. Today, newer HMD

models feature minimum space requirements. CAVE systems however are much more space

consuming, because multiple projectors are used to display the virtual world on walls of

a room-sized cube [DDS+09]. Thus the user is standing in a room, which walls contain

information of the virtual world [SCMW08]. Lately, CAVE systems also use stereoscopic

3D to further enhance the VR experience [SCMW08].

Touch input has introduced a much more natural way of interacting with digital con-
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tent by utelizing the human’s hands, simply because it is the most intuitive way humans

interact with their environment [Car13]. Through head tracking technologies and systems

like HMDs or CAVEs, VR has the potential to achieve a similar effect regarding natu-

rally handling digital content for the human’s vision [LFM+14]. This is the way humans

perceive their environment: They look around, which is the most intuitive way to gather

information [Car13, LFM+14]. The ability of looking around and perceiving the environ-

ment is fundamentally how humans operate as biological beings [Car13]. That is why there

seems to exist a lot of potential regarding the visualization of digital content in a 3D en-

vironment suited for immersive VR [BT06]. Especially through the Oculus Rift [IAC14],

VR and HMDs have raised a lot of attention in the past couple of years [LFM+14, Par13].

Developers are able to acquire necessary technologies at a comparatively low price, while

the development support for these technologies is growing fast [Par13, DDAM14]. Thus,

a lot of movement is happening in the VR development scene, mostly with a focus on

games [Nov14, Abr14], since a broader audience of developers is getting their hands on the

technology [DDAM14].

Information visualizations are used by humans to gain insights and acquire an under-

standing and meaning of data in a more comfortable and easier way compared to e.g.

reading information in text format [WGK10, Spe07]. This is attributable to the human’s

cognitive capabilities of perceiving information visually, interpret the graphical represen-

tation of data and infer a meaning [Spe07]. Immersive virtual environments have the

potential to drastically change the perspective of how humans perceive digital information

[Car13]. Interactive information visualization within immersive VR environments has been

of interest in the past [WGK10]. However, the “killer application”, successfully illustrating

the core values of interactive information visualization within an immersive virtual reality

environment worth desiring, still needs to be discovered [WGK10]. Abrash states that

simply porting existing software or visualization techniques to VR is not enough, since the

creation of highly immersive user experiences demands custom software [Abr14]. At the

same time, natural input devices, such as gesture or voice controls, have not just the poten-

tial to change the way how humans interact within virtual environments (VE) or machines

in general, but also how they interact with interactive data visualization [WGK10].

1.2 Problems and needs

Currently, humans interact with the computer in a very counter-intuitive two-dimensional

way [Spa13]. We create 3D objects, even rendering whole majestic worlds in 3D, which are

first of all presented to us in a very limited way through the small and fixed window of the

computer screen, while secondly we are using counter-intuitive 2D tools, such as keyboard

and mouse, to interact with them [Car13, Spa13].
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A lot of VR research has been done in the past, tackling a broad variety of different

problems and topics. The question of how to display digital content appropriately in a

certain context within a virtual, either 2D, 2.5D or 3D, environment while keeping the im-

mersive VR viewing angle in mind is probably the most obvious one [LFM+14]. But also the

exploration, or simply put “the user input”, within the virtual space requires a lot of atten-

tion [Fol07], ultimately providing proper interaction possibilities for the user. HMDs cover

the human’s eyes, sealing the user visually completely off the physical space [LFM+14].

Therefore, especially traditional input technologies such as keyboard and mouse are rather

unsuitable and unintuitive, besides their 2D input character. Control- or gamepads seem

to be a good enough alternative at this point, but they do not particularly align with the

concept of a natural user interface (NUI) at the same time either. Motion controls, such as

Microsoft’s Kinect or the Leap Motion, are getting more and more attention in the recent

years [SCPY13]. These technologies are able to track the human’s body movement and

translate it accordingly into the virtual space [SCPY13].

A combination of both VR as NUI for the human’s vision and motion controls, in

particular hand tracking [LFM+14], as NUI for the human’s body movement, and thus the

interaction interface consequently, could deliver an immersive user experience, ultimately

interacting with digital content in a natural way according to NUI principles. However, due

to the relatively young age of these technologies, more research investigating the interplay

between them and NUI approaches could be done to further contribute within this research

area [LFM+14].

At the same time, very little research has been conducted regarding the question of

how to visualize and explore data from the web, such as open or linked data, accordingly

within immersive VR environments. Particularly within the last decade, rapidly increasing

data volumes are being collected. In order to analyse these data volumes it has become

common for data collectors to make data openly available to the public. With the overall

idea behind the concept of open data, meaning that data and content can be “freely used,

modified, and shared by anyone for any purpose" [Ope15], exciting opportunities for data

visualization and exploration arise. Creative third parties might come up with experimental

and innovative approaches of how to use the openly available data, which has the potential

to support the original data collectors by gaining new insights [JCZ12]. Even governmental

institutions are becoming more and more transparent in their data collection, encouraging

citizens to come up with innovative use-cases of how to use their data within the scope of

civic hackathons, events that bring creative individuals together in order to create unique

applications [JR14]. Without direct governmental oversight in place, open data enables

a whole new generation of independent, innovative and experimental applications and

services [JR14]. As for itself, open data has no value, not until it is actively used, one way
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or the other [JCZ12]. There are certainly visualization techniques for illustrating data and

data networks of any kind, both in 2D or 3D [WGK10]. However, applying the VR layer

and translating data to new presentation and interaction approaches is not a trivial task.

Especially while keeping the ability to intuitively and naturally interact with the digital

content in order to provide a convincing user experience. Therefore it seems that there is

also a need for more research regarding the visualization of traditional web content suited

for exploration within an immersive VR environment.

Summarising, the following problems can be identified:

• Humans interact with the computer in a counter-intuitive 2D way, both visually as

well as interactively.

• There is a lack of research regarding NUI approaches to explore digital content within

an immersive VR environment, especially using HMDs.

• There is a lack of research regarding how to display web content, which was generated

in a 2D or other, non-VR related, dimension, in an immersive VR environment.

Just recently, the social network giant Facebook acquired OculusVR for 2 billion USD

[Fac14, Ocu14b], after OculusVR had a massive success with their VR development kit

Oculus Rift on Kickstarter. Additionally, OculusVR and Samsung announced a collabora-

tion regarding the Samsung GALAXY Gear VR, a mobile VR accessoire for their Galaxy

Note smartphone series [Ocu14a]. Certainly, the big players have realized the importance

and the potential of VR and the impact that it might have in the future.

Putting yourself into a VR environment and thus directly inside things, does dramati-

cally change the equation of how you feel, completely shifting your perspective in a break

of tradition [Car13]. Thus, exploring the virtual world from a new perspective can be fresh

and novel [Car13]. In addition, motion controls can provide a natural and fun way of how

to interact with complex models [Spa13]. Breakthrough experiences are a consequence

of platform shifts [Abr14]. Simply porting existing software to VR is not enough, but it

requires custom software to create an immersive, interactive user experience [Abr14].

1.3 Research questions

In order to address the problems and needs as stated in Section 1.2, several research

questions need to be identified. To define the overall aim of the investigation, a perspective

template according to the GQM (Goal/Question/Metric) paradigm, described by Basili

[Bas92], can be applied:
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Purpose: Investigate

Issue: how to naturally explore and interact with

Object : open data content received from the web

Viewpoint : in an immersive virtual reality environment using a head-

mounted display and vision-based motion controls.

According to the overall aim of the investigation, concrete research questions can be

derived:

• RQ1: Is immersive virtual reality suited for exploration of open data and content

received from the web?

• RQ2: Is the usage of head-mounted display technologies and vision-based motion

controls suited to work together and can they benefit from each other in order to

create a natural user experience?

The intention of RQ1 is to investigate approaches to visualize open data and content

received from the web and furthermore how to explore the visualized data within an immer-

sive VR environment. Based on foundational research, essential state-of-the-art insights

about VR and vision-based motion controls will be collected as well as identifying require-

ments and recommendations for a visualization design, whereafter a prototype application

can be built and evaluated accordingly. The aim of RQ2 is to investigate the interplay

between different technologies that align to the NUI paradigms, in particular HMDs and

vision-based motion controls. The exploration of potential benefits as well as flaws derived

from applying both technologies within the same application is the emphasis of RQ2.

1.4 Approach to solution

After conducting initial research in order to gather important foundational knowledge

about the topics of virtual reality, vision-based motion controls, interactive information

visualization as well as open data, a design approach in order to create an immersive VR

application to explore open data received from the web will be proposed. The focus hereby

will be laid on user interaction mechanics, and particularly the exploration, that stand in

line with the concept of NUI. Concretely, an immersive VR application to visualize and to

enable a user to explore a network of European capitals based on open data received from

Wikipedia will be designed and implemented accordingly. The approach to solution should

overcome prior identified bottlenecks towards the described area of interests, thus creating

a novel user experience as well as providing insights for future design and development

decisions in relation to immersive VR applications and the visualization of traditional web
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content within it. In order to evaluate the designed and implemented approach to solu-

tion and to answer the prior defined research questions as stated in Section 1.3, a user

interaction study will be conducted. Within this study, the developed prototype will be

presented to users, who will then operate the prototype and try to complete tasks regard-

ing the exploration of the visualized data. Furthermore, the prototype will be presented

to experts within the fields of human-computer interaction (HCI) and (interactive) infor-

mation visualization (InfoVis) in order to exploratively discuss its design and concept as

well as gathering additional feedback from the experts’ point of view. The evaluation of

the research questions show, how an immersive VR environment can be used in order to

visualize and naturally explore content from the web, crafting a novel and engaging user

experience of the future.

1.5 Thesis outline

While Chapter 1 already provides an introduction to the current state-of-the-art of VR and

interactive InfoVis, it also emphasizes on existing problems and needs in human-computer

interaction. Motivated by the current situation, Chapter 1 further describes the overall

aim of this thesis, stating the research questions as well as the approach to solution.

Chapter 2 summarizes all the foundational research necessary in order to conduct this

project. Typical for media technology related research, fundamental knowledge about

different areas of interest related to this thesis is stated. First, insights about HCI and

particularly NUI are provided. Second, the topic of VR is examined in more detail, includ-

ing details on the history, fundamental VR technologies such as HMD and CAVE systems

as well as on the immersion and presence terminology. Third, the concept of vision-based

motion controls and thus gesture recognition is explained. Fourth, an extensive look is

done into the topic of interactive InfoVis, stating details about the visualization pipeline,

existing visualization techniques and their underlying concepts including well received ex-

amples, the interaction in InfoVis as well as other crucial considerations within visualization

design. Afterwards, a brief introduction about open data is provided. Finally, prior efforts

conducted towards this project are described and considered accordingly.

Chapter 3 features the thesis’ methodological considerations and planning. It reflects

upon the gained insights of the foundational research and states details about the aims

and conduction of the user testing. It describes and argues for the conduction of the

technical validation, the user interaction study as well as the explorative expert discussions.

Information about intended evaluation categories is provided as well as the data collection

methods that will be applied at all stages in order to gather meaningful data. The three

pillars of the user interaction study’s data collection are most certainly the self-constructed

questionnaires, the NASA Task Load Index (TLX) workload estimation as well as the
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application of an implemented log file system within the developed VR prototype.

The overall interaction design and application concept, concretely in order to craft

an immersive 3D virtual environment enabling the user to naturally interact and explore

content gathered from open accessible online sources, are described in Chapter 4. The

scenario about exploring a network of European capital cities and the key features of the

interaction and interface design are explained. Two user scenarios, an abstract and a

more detailed one, describing the designed application’s workflow help to ultimately derive

functional requirements.

The implementation of the interaction and interface design is documented in Chapter 5.

Essential parts of the prototype system’s architecture are explained, concretely consisting

of two parts: a complementary server and database as well as the actual immersive VR

application. Insights to the practical development and implementation of these parts are

provided, first by presenting an overview about each part and then going in more detail

into each implementation.

With the developed VR prototype up and running, a technical validation with two

and a user interaction study with eleven participants were conducted, in addition to two

explorative expert discussions with overall five experts. The results of these phases, both

qualitatively and quantitatively, are analysed and reported in detail within Chapter 6.

Chapter 7 discusses the findings according to their report and analysis in Chapter 6.

It starts by discussing each of the distinct data collection phases separately and closes by

stating answers to the initially stated research questions.

Finally, Chapter 8 concludes the thesis by summarizing the conducted work. Fur-

thermore, it describes limitations and discusses other noteworthy lessons learned during

the conduction of this thesis as well as stating some directions and possibilities for future

work.
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2 Foundations

Through the rapid evolution of today’s modern technologies, new interaction paradigms

become available. These technologies offer opportunities to build novel and engaging user

experiences in a variety of different scenarios and cases of application. In order to get a

better understanding of such technologies, it is necessary to explain theoretical foundations

and concepts since they are essential for the work conducted in this thesis. First, some

light is shed on the concept of Natural User Interfaces (NUI) in Section 2.1 as it is the

very foundation of all the work to come. Afterwards, essential information about virtual

reality (VR) and its recent comeback to the developer community are given in Section 2.2.

Insights about vision-based motion control technologies are provided in Section 2.3. A

look into the concepts of interactive information visualization (InfoVis) in Section 2.4 will

provide fundamental knowledge regarding the engaging and visual communication of data.

Furthermore, Section 2.5 illustrates the basic concept about open data.

Finally, Section 2.6 describes prior efforts towards this thesis based on the the de-

velopment of an interactive mock-up prototype and the evaluation of different interface

design approaches in order to visualize content generated by and related to social networks

within an immersive VR environment. These efforts provided crucial feedback and impor-

tant considerations for the later designed and implemented VR prototype as described in

Sections 4.1 and 5.2.6.

2.1 Natural User Interface

In order to understand the concept of NUI, it is crucial to have a look at prior interface

approaches such as the Command Line Interface (CLI) and the Graphical User Interface

(GUI). This section provides first some information about CLI and GUI, while afterwards

having a more detailed look into the concept of NUI.

2.1.1 Learning from the past: CLI and GUI

The interaction between humans and machines, particularly computers, is commonly known

as the topic of human-computer interaction (HCI). Using simple text in- and output, the

CLI is based on displaying content in textual format [Bla13]. Compared to a CLI, a GUI

uses interface elements that can be interactive [Bla13]. Examples for such interface ele-

ments in a GUI are primarily windows, menus and icons [Bla13]. The major difference

between CLI and GUI is the applied input device: While a keyboard is used for content

input within a CLI, a GUI uses additionally a pointing device such as a mouse in order to

interact with the displayed content [Bla13]. Figure 2.1 shows examples for both CLI and

GUI.
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(a) Command Line Interface (CLI) (b) Graphical User Interface (GUI)

Figure 2.1: CLI and GUI

2.1.2 The concept of NUI

In comparison to CLI and GUI, the NUI adds two main approaches to the interface’s

concept. First, through the application of new input alternatives such as (multi-) touch

interaction, motion tracking, voice recognition or stylus interaction, NUI is not limited

to classical input devices such as keyboard and mouse [Bla13]. Additionally through the

increased amount of input technology alternatives, the concept of NUI also focuses on the

“how” to interact with digital content, primarily emphasizing an interaction through natural

gestures, e.g. using touch interaction [Bla13]. Joshua Blake defines NUI as followed:

“A natural user interface is a user interface designed to reuse existing skills for

interacting directly with content.” - [Bla13]

Continuing, Blake divides his definition of NUI into three separate parts [Bla13]:

1. NUIs are designed: The interaction design for handling the content plays an impor-

tant part. NUIs for different scenarios and purposes have to be designed appropriately for

the individual case of application and according to the used interaction technology. The

design of NUIs may differ strongly depending on those conditions.

2. NUIs reuse existing skills: A basic concept of NUIs is that they want to benefit

from experiences, the human users have gained throughout their lives. Therefore NUIs

try to adapt interaction mechanics such as touching, gestures and talking as intuitive and

natural actions the user is already familiar with. Content is primarily represented in a way

that the user is able to understand it through metaphors for real world experiences.

3. NUIs have direct interaction with content: Direct interaction within the concept

of a NUI means that the user focuses on interacting with the content directly, e.g. through

touching or recognised gestures, while in GUIs the user interacts with interface elements
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indirectly, e.g. by using the mouse to move an element. Traditional interface elements like

windows, icons or menus are no longer playing an important part in the overall interface.

However, this does not imply that they are obsolete or should not be used anymore.

2.2 Virtual Reality

VR has come a long way and its research is not particularly new among researchers

[Sut68, LFM+14]. Typically, VR definitions and explanations are technological driven

rather than experiential. Using a variety of hardware technologies, such as e.g. the inter-

play of head-mounted displays (HMD), motions sensors and 3D audio, VR is exemplified

to people unfamiliar with the concept [Ste95]. This technological driven definition of VR

is insufficient, especially to communication researchers, software developers or media con-

sumers [Ste95]. In relation to other media formats and thus less technology driven but

more experiential, VR is based on the concept of presence [BM07, Ste95]. The aim of

the concept is to create an experience of “being present” or “being there” in a computer-

generated world and thus experiencing the digital world as if it was real [BM07, Ste95].

Creating such an experience is not trivial and involves usually a lot of different sensor tech-

nologies interconnecting each other and forming one system trying to achieve the feeling

of presence for its user [BM07, Sla03]. This sensory fidelity is commonly referred to as the

level of immersion of a virtual reality environment (VRE) and should not be confused with

the term presence [BM07, Sla03].

Recently, experts within the field of both virtual as well as augmented reality (AR)

have successfully outlined the relevance of wearable displays as they get closer and closer

to broad consumer adoption [LFM+14]. In an interview from 2013, John Carmack describes

the current on-goings and importance of VR [Car13]. At the same time, several reports

state that immersive VR is not just suitable for an application within games, but also

for educational purposes or non-gaming related entertainment [LFM+14, BM07]. Abrash

emphasizes the importance of future challenges regarding VR technologies, such as input

hardware, interaction design and consequently also haptics, which “is a huge and largely

unsolved area” [LFM+14]. Additionally, he states that also perceptual psychology and

human factors are of importance in order to identify which perceptual cues are essential

and which have to be avoided to ensure an immersive user experience [LFM+14].

As VR technologies become more and more affordable for developers, the reports of

experimental and novel approaches to use these technologies accumulate. Tilt Brush1 is

a VR tool to paint directly in the virtual 3D space. Simon de Diesbach presents with

OccultUs2 an approach to design an alternate reality. A prototype for real-time, three-
1http://www.tiltbrush.com
2http://www.creativeapplications.net/environment/occultus-by-simon-de-diesbach-
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dimensional live coding3 within a VR environment demonstrates possibilities for future

software developer IDEs. Vision-based motion control technologies and VREs have been

combined in order to provide immersive user experiences4.

The remaining of this section provides more insights to the terminology of immersion

and presence as they are essential in the context of VR. Following, the basics of fundamental

VR technologies such as HMD and CAVE are explained with an emphasis on HMD due

to the particular relevance in this project.

2.2.1 Clarifying the terminology: Immersion vs presence

Within the context of VR, two concepts are particularly important and not to confused or

interchanged: immersion and presence. Slater provides a clear definition and distinguishes

between both as follows [Sla03]:

• The objective level of sensory fidelity provided in a VR system is referred to as

immersion.

• The user’s subjective psychological response to a VR system is referred to as presence.

Bowman and McMahan specify that both rendering software and display technology are

crucial to a VR system’s level of immersion [BM07]. Reportingly, users show strong reac-

tions toward the usage of immersive VR [BM07]. Moving the head to look around in the

virtual space or using the real hands to interact with virtual objects as one would do it in

the real world provide a unique user experience and does drastically change the feeling and

perception of digital content [Car13, BM07]. Different VR systems demonstrate different

levels of immersion, depending on the types of sensory displays included, consequently

enabling immersion to be objective and measurable [BM07]. The ability to immerse users

in a VE can be considered as a major asset of VR [BCF+08].

Presence however is not directly measurable, since it refers to the user’s individual

and context-dependent response to a VR system and the feeling of “being there” (in the

virtual space) [BM07, Ste95, Sla03]. Therefore presence is rather hard to define, since it is

about experience [LFM+14]. Using the same VR system, different users may respond with

different levels of presence due to factors such as their prior experience with VR systems

or their current state of mind [BM07].

Immersive VR systems have certainly the potential to trigger the feeling of presence

[BM07, LFM+14]. However, it is not a simple “more sensors lead to more immersion

leads to a higher probability of presence” calculation [BM07]. The human’s perception of

designing-for-alternate-reality/
3https://www.youtube.com/watch?v=db-7J5OaSag
4http://hackaday.com/2014/10/03/interacting-with-virtual-reality-brings-us-even-

closer-to-a-real-holodeck/
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Figure 2.2: Human-VE interaction loop according to [BM07]

reality comes from several peripheral processors, such as the retina, the cochlea and so on

[LFM+14]. If these processors receive data that come up to their expectations and thus fit

their parameters, and if the collective of all the processed data allows the brain to make

a coherent model of the world, the human perceives the result as real [LFM+14]. On the

other hand, if the processed data is not coherent, the human perceives the result as artificial

[LFM+14]. While the as artificial perceived result can still hold useful information, it is

not part of the world [LFM+14].

Visual immersion and thus the VR system is only one part important in an VE [BM07].

Various input devices and the input interpretation software accordingly are not less of

importance, since they enable user interaction within the VE and stimuli human’s non-

visual processors [BM07, LFM+14, BCF+08]. Figure 2.2 shows the Human-VE interaction

loop according to Bowman and McMahan and illustrates that immersion only refers to the

visual components in a VE [BM07].

2.2.2 Fundamental VR technologies

Immersive VR enables its users to visually perceive computer-generated content as if it was

real [LFM+14]. From a technology perspective, there exist two distinct approaches: Head-

mounted displays (HMD) and cave automatic virtual environments (CAVE) [BM07, SJ07].

12



2.2 Virtual Reality 2 Foundations

The HMD

For VR systems, HMDs have usually a closed view in a non-see-through mode [SJ07].

Consequently, the user is visually isolated from the real world, completely surrounded by

computer-generated content [BM07, SJ07]. Using head- and even body-tracking, the user

is able to naturally look around and explore the three-dimensional virtual scene according

to the real world paradigms [BM07, SJ07].

The remaining of this section provides a brief look into the history of the development

of HMDs and thus augmented reality (AR), as it is essential to understand where the HMD

approach is coming from.

Augmented reality (AR) is a technological approach of enhancing or augmenting a direct or

indirect view of the physical real world environment by adding virtual information in real-

time [CFA+11, SLB11]. Consequently, computer-generated objects will appear to coesist

in the same space as the real world [KP10]. The overall idea of AR is to add additional or

supplemental information to the user’s field of view [KP10]. In summary, AR 1) combines

real and virtual objects in the real world environment, 2) registers and aligns real and

virtual objects with each other and 3) runs interactively in three dimensions and in real-

time [KP10]. Furthermore, it is important to notice that AR is not restricted to particular

display technologies and thus enhancing the vision, but can also enhance other senses such

as hearing, touch and smell [KP10].

Krevelen and Poelman examined different display technologies related to AR and iden-

tified three technological approaches to visually present an augmented reality: video see-

through, optical see-through and projective [KP10]. While video see-through completely

overlays and replaces the real world environment with a video feed of reality and digitised

images, optical see-through leaves the real world projection as it is, but displays an over-

lay with augmented information [KP10]. The projective display approach projects virtual

objects as overlay onto real world objects [KP10].

The original AR system was introduced with the first HMD by Ivan E. Sutherland in

1968 [Sut68, LFM+14]. As the name indicates, users wear a HMD on their head [Sut68].

Using a display device, image rendering, head tracking, interaction and computer-generated

model generation, Sutherland’s original HMD implemented all components of an AR sys-

tem [LFM+14]. The implemented display device used optical see-through technology, leav-

ing the real world perception as it is, but displaying an AR overlay using virtual information

[Sut68, KP10]. The system was able to project a suitable 2D image on the user’s retina

and thus craft an illusion of having a virtual object in the real world space [Sut68]. The

projection had to be adjusted according to the user’s viewing angle in order to keep the

illusion alive [Sut68]. Therefore Sutherland’s HMD featured head- and position-tracking,
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Figure 2.3: Sutherland’s original HMD [Sut68]

which was implemented mechanically [Sut68]. Figure 2.3 provides some impressions of the

system. What Sutherland could not know at the time was that his HMD approach would

become crucial for today’s VR technologies.

HMDs using closed displays, not following Sutherland’s optical see-through strategy,

and thus cutting the user visually completely off the physical environment became ap-

proachable much later [LFM+14]. Around 1985 the researcher Eric Howlett was involved

with NASA and VPL to build one of the first closed display HMDs using a LCD of Sony’s

pocketTV, which became commercially available in 1989 [LFM+14, How15]. However for

the dream of displays attached directly to the eyeglasses and perceiving sophisticated user

experiences to come true, we had to wait for a couple of decades, since the display tech-

nologies and image generation were simply not sufficient enough at the time [LFM+14].

However, Sutherland’s vision of the ultimate HMD kept inspiring researchers and pioneers

[LFM+14].

VR related research continued to be interesting for researchers in the following years,

but one could argue that it faded into the background. That dramatically changed how-

ever once Palmer Luckey achieved tremendous success with the crowd-sourced funding of

his proposed VR HMD Oculus Rift in 2012 [LFM+14, Par13, DDAM14]. Providing hard-

ware that is affordable and accessible even to smaller groups of developers was a game

changer and kept the VR hype train running in the following years. Eventually Facebook,

one of the major social networks today, showed interest in the Oculus Rift and acquired

the OculusVR, the company founded behind the Rift HMD, for 2 billion USD in 2014

[Fac14, Ocu14b]. Furthermore, OvulusVR announced a partnership with the conglomer-

ate Samsung in order to release and frequently update the Gear VR platform, a mobile

VR accessoire for the Samsung Galaxy Note smartphone [Ocu14a]. It is clear that VR

has arrived at a stage of being exciting for consumers, as other companies present their

competitor answer to the Oculus Rift HMD. Sony is currently working on Project Mor-

pheus, a VR HMD that shall bring VR experiences to the PlayStation 4 gaming console

[Son15]. At the same time, the entertainment software and technology company Valve is

14



2.2 Virtual Reality 2 Foundations

(a) Oculus Rift - Crescent Bay (b) HTC Vive

(c) Sony Morpheus (d) Samsung GEAR VR

Figure 2.4: Examples of HMD’s currently in development

conducting serious VR research and teamed up with smartphone and tablet manufacturer

HTC to work on the HTC Vive HMD and the SteamVR software platform [Val15, HTC15].

Figure 2.4 presents some of the presented HMDs as they are available to developers. These

are only a few examples of the current developments in the VR HMD developer and con-

sumer scene. Without a doubt, exciting times lie ahead as VR consumer technologies are

still at the very beginning.

The CAVE

The CAVE system, originally proposed by Cruz-Neira et al., is based on projector tech-

nologies as it projects images on the walls, floor and ceiling of a, usually cube-shaped, room

[SJ07, CNSD+92]. The size of a CAVE depends on the individual setup, but it usually

provides space for smaller groups and thus multiple users [SJ07]. However, modern CAVE

systems feature 3D stereoscopic image projections, enabling the digital content to pop

out of the screen towards one user [BM07, SJ07]. Using stereoscopic projections within a

CAVE system requires the tracking of the user’s head movement in order to adjust the view

projections accordingly [SJ07]. Furthermore, the user has to wear special glasses in order

to perceive the stereoscopic 3D effect [SJ07]. The projected visual content is specifically

processed for one user, thus enabling only single user experiences, while bystanders would

perceive the content as distorted [SJ07].

Tracking systems, not just for the head but for the overall location of the user, are
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Figure 2.5: User operating in a CAVE

essential part of a CAVE, allowing the user to move freely around, while the projected

visuals adjust accordingly [CNSD+92]. Typically, the user is provided with a physical

controller in order to interact with the project content [BCF+08, MB07]. Figure 2.5 shows

an example of a user operating within a CAVE.

2.3 Vision-based motion controls

More and more applications use three-dimensional digital content to represent information,

either within home entertainment, medical systems, military training or within complex

real world simulations [BM07, RO13]. Interfaces to effectively interact and manipulate

visualized 3D content become increasingly important as traditional 2D input devices such

as keyboard and mouse are rather counter-intuitive, not supporting modern interfaces

concepts such as NUI [RO13]. Even today, most 3D interactions are still broadly per-

formed using 2D input devices, transforming the interaction into a single pointer movement

[BCF+08]. As these manipulations become more and more complex, it becomes harder for

the user to learn and adapt to counter-intuitive input techniques [BCF+08]. Consequently,

NUI approaches have been become very appealing in the past, letting the user interact

with computer-generated content in the 3D space more naturally. A variety of multisen-

sory input devices have come to the surface such as trackballs, joysticks, sensor-equipped

data gloves, motion controllers or even haptic interfaces [BCF+08].

Motion controllers are usually implemented as physical devices featuring sensors such as

an accelerometer to measure the device’s acceleration, a gyroscope to measure the rotation

of a device or a magnetometer to measure strength and direction towards a magnetic

field at a point in space [SJ07, DDAM14]. Broadly known examples of such controllers

are without a doubt the Nintendo Wii Remote Plus5 controller, the PlayStation Move6

5http://www.nintendo.com/wiiu/accessories/
6https://www.youtube.com/watch?v=KywklJJoJ5s
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(a) Nintendo Wii Remote Plus (b) Sony PS Move

(c) Sixense STEM

Figure 2.6: Examples of physical motion controllers

controller or Sixense’s STEM system7 as illustrated in Figure 2.6.

While these controllers deliver fairly accurate sensor data, they require the user to

hold a physical object in their hands [BCF+08, RO13]. Vision-based motion controls,

sometimes also referred to as vision-based gesture recognition, have the potential to be

a powerful tool in order to support the user with interaction and manipulation in the

3D space without the need to hold physical sensor devices [MJ09]. As the prefix “vision-

based” indicates, technologies following this approach usually use one or multiple cameras

or infrared sensors to visually recognise the user’s hand- or body-movements to translate

these movements accordingly into the digital space without the requirement of on-body

sensors attached to the user [MJ09, BCF+08, RO13]. As the most primary and expressive

form of human communication, gestures have the potential to be useful in HCI as their

application goes directly in line with the concept of NUI [WKSE11]. Microsoft’s Kinect8,

the Leap Motion9 controller or Nimble VR10 system are only a few concrete examples of

such vision-based motion controllers that are commercially available at low cost [RO13].

Consequently, the user can naturally interact with a system right away without complex
7http://sixense.com/wireless
8https://www.microsoft.com/en-us/kinectforwindows/
9https://www.leapmotion.com

10http://nimblevr.com
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commands or calibration efforts [RO13].

Murthy and Jadon define a gesture as followed:

“A gesture may be defined as a physical movement of the hands, arms, face,

and body with the intend to convey information.” - [MJ09]

A gesture recognition system does not only include the detection, but also the interpretation

of motion or a gesture as semantically meaningful commands [MJ09]. Consequently, it is

crucial to gain an understanding of contextual information and the human’s activity at

an appropriate level in order to successfully infer the intend of a gesture [Neh05]. Both

Nehaniv as well as Murthy and Jadon suggest to classify gestures into distinct types [Neh05,

MJ09]. Irrelevant or manipulative gestures are instances and effects of human motion and

have no communicative or other socially interactive intend [Neh05]. Their counterpart,

communicative gestures, can be classified in more detail as (inter-)actional and symbolic

gestures as well as side effects of expressive behaviour [Neh05, MJ09]. While (inter-)actional

and symbolic gestures hold a specifc intend, Nehaniv puts an emphasis on the particular

classification of side effects of expressive behaviour, which can occur due to motion of the

hands or changes in their state as part of the overall communicative behavior [Neh05].

Additionally, Wachs et al. reported on the costs and benefits as well as the design and

implementation challenges of gesture interfaces as they should not be considered trivial

[WKSE11]:

• Responsiveness: A system implementing vision-based motion controls should be able

to perform the recognition in real time.

• Adaptability and feedback: While some systems are only able to recognise a fixed

amount of gestures, others learn and adapt to the user over time.

• Learnability: It is important that gesture patterns are easy to perform and remember.

• Accuracy: Accuracy embraces detection (is the hand in the camera’s view), tracking

(ability to follow a detected hand) and recognition (is the hand in a position similar

or according to one within the system’s gesture lexicon).

• Low mental load: Hand gestures should be easy to remember enabling the user to

fluently perform operations.

• Intuitiveness: Selected gestures should have a clear cognitive association towards the

function they perform within the case of application.

• Comfort: Gestures that require a high level of muscle tension should be avoided.

• Come as you are: No requirement to wear additional artifacts such as markers, gloves

and so on.

18



2.4 Interactive information visualization 2 Foundations

Figure 2.7: Taxonomy of hand gestures, derived and adapted from [Neh05] and [MJ09]

• Interaction space: Provide clear feedback towards the area of possible motion recog-

nition as some systems are stationary, while others are able to follow the user around.

• Gesture spotting and the immersion syndrome: The gesture recognition system

should be able to differentiate between useful and unintentional gestures. This is

particularly related to the interpretation of unintended movement against the user’s

will, also known as the immersion-syndrome phenomenon.

Figure 2.7 illustrates an adapted version of the taxonomy of hand gestures derived and

adapted from the reports by Nehaniv as well as Murthy and Jadon (originally by Quek)

[Neh05, MJ09].

2.4 Interactive information visualization

This section provides an overview about the essentials of InfoVis with a special regard

to interactivity, and is structured in subsections describing the visualization pipeline, vi-

sualization techniques and underlying concepts, interaction in InfoVis and finally crucial

considerations within visualization design.

2.4.1 The visualization pipeline

Every kind of InfoVis, regardless of chosen tools, techniques and final representation, has

a certain sequence of abstract steps necessary for its creation. Ward, Grinstein and Keim

describe this process as Visualization Pipeline [WGK10]. The data that is going to be vi-

sualized needs to be structured and thus prepared for the usage by the visualization tool or

engine in order to get rendered accordingly (data modeling) [WGK10]. Additionally, it is

recommendable that the data is stored and available in a way that ensures a swift access as
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Figure 2.8: Visualization Pipeline according to [WGK10]

well as an effortless modification [WGK10]. Furthermore, the subset of data that is poten-

tially going to be visualized needs to be identified, either through automatic algorithms or

the user’s interest (data selection) [WGK10]. The core of the data visualization is the map-

ping of available data to an according visualization, representing the data items’ attributes

visually through size, color, position and more (data to visual mappings) [WGK10]. The

user also needs to select and set certain attributes, which are comparatively independent of

the data, such as color map selection, sound map selection or lighting specifications (scene

parameter setting, view transformation) [WGK10]. Finally, the visualization is going to

be rendered according to the previously used mapping and selection of data (rendering or

generation of the visualization) [WGK10]. Rendering methods vary dramatically accord-

ing to the actual use-case and can include complex texture rendering mechanisms or just

simple drawing of lines and uniformly shaded polygons [WGK10]. Figure 2.8 illustrates

the visualization pipeline.

2.4.2 Visualization techniques and underlying concepts

InfoVis makes use of modern computer system’s graphic rendering and interaction capabil-

ities in order to assist humans in solving problems [PAJKW08]. Two major types of data

are differentiated within InfoVis: Values and relations [Spe07]. While values or nodes usu-

ally represent individual data entities, their attributes or characteristics, relations or edges,

represent a logical or natural association between two or more things [Spe07, Mun08]. One

of the main motivations of this work is to find ways to display networks within a VRE (see

Section 1.3). Therefore one needs to have a look at visualization techniques that address

and illustrate relational information, meaning how single data items are related to each

other. Conveying information about relations is an important application within the field

of InfoVis [WGK10]. As a structural and organizational model, networks can basically be
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found everywhere [Lim11]. Network visualizations that represent complex relations includ-

ing the association of attributes with that data are also known as multivariate networks

[KPW14]. Relationships can appear in many different forms, such as parent-child rela-

tions, hierarchical relations or connectedness [WGK10]. Furthermore, relations themselves

can have different attributes and characteristics. According to Ward, Grinstein and Keim

[WGK10], relations can be:

• simple or complex

• certain or uncertain

• unidirectional or bidirectional

• non-weighted or weighted

While parent-child and hierarchical relations are often displayed in formats such as tree,

treemap, cone tree, hyperbolic browser or sunburst, illustrating arbitrary connectedness of

entities is often applied using graph or network representations [WGK10, Spe07]. Visual-

izations with a tree-like structure typically have elements called roots, branches and leaves

[Lim14]. Node-link graphs are a common technique to illustrate connectedness [WGK10].

While single entities are displayed as individual nodes, a connection between two nodes is

displayed as simple line [WGK10]. Graphs and networks can also be displayed in matrix

representation or cluster maps [WGK10, Spe07]. They can appear in centralized, decen-

tralized and distributed format [Lim11]. The whole area of graph theory was born thanks

to Leonard Euler’s mathematical work and analyses [Lim11]. Lima summarizes the five

key functions of network visualizations as document, clarify, reveal, expand and abstract

[Lim11]. Furthermore, Lima discusses eight principles when creating network visualizations

to encourage and guide designers [Lim11], concretely:

1. Start with a question.

2. Look for relevancy.

3. Enable multivariate analysis.

4. Embrace time.

5. Enrich your vocabulary.

6. Expose grouping.

7. Maximize scaling.

8. Manage intricacy.

Purchase et al. differentiate between two models, which set the formal foundations con-

sidering human’s experience and the visualization domain [PAJKW08]. The visualization

exploration model focuses on the interaction with the visualization and consequently its
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dynamic aspects to the analysis, while the depiction and constructive aspects of a visual-

ization are summarized in the visualization transform design model [PAJKW08].

As the area of information, and especially network, visualization evolves over time, a

marvelous variety and diversity of different works and projects has been created [Lim11].

Through innovation and creativity, new visualization approaches, techniques and types

have been presented [Lim11]. Lima lists newly established visualization types of the past

15 years, concretely arc diagrams, area grouping, centralized bursts, centralized rings, cir-

cled globes, circular ties, elliptical implosions, flow charts, organic rhizomes, radical con-

vergences, radial implosions, ramifications, scaling circles, segmented radial convergences

and spheres [Lim11].

Real world examples

CNN Ecosphere Project (2011)11

Minivegas and Heimat Berlin created an information visualization regarding the Earth

Summit 2012 in the format of a figurative tree. The authors describe the visualization

as “digital ecosphere”. Topics and conversations on Twitter towards the Earth Summit

2012 are illustrated as trees, ultimately forming a huge three-dimensional dynamic sphere.

Furthermore they decided to use color-coding in order to visually distinct between the dif-

ferent topics discussed at the conference. The visualization was intended to be displayed

on a big wall of screens at the conference, attracting the attendees, providing immediate

feedback and thus involving them in the social media discussion.

CodeCity: Software Systems as Cities (2006)12

Rectangular treemaps seem to be a very traditional two-dimensional visualization tech-

nique, which does not really offer obvious use-cases to be applied within the three-dimensional

space at first. However, the project CodeCity demonstrates the opposite. Within this vi-

sualization approach, industrial-sized software systems are represented in a traditional

rectangular treemap layout. The uniqueness of CodeCity is the change of perspective,

providing the viewpoint into the third dimension, illustrating the visualization similar to

an urban layout architecture. While the system’s software packages are represented as dis-

tricts within the city, individual buildings conform to classes. Furthermore, the amount of

methods within a class is mapped to the height of the buildings, thus intelligently building

a bridge between the data metrics and the graphical representation.

11http://edition.cnn.com/2012/06/15/tech/cnn-ecosphere-rio/
12http://www.inf.usi.ch/phd/wettel/codecity.html
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CPAN Explorer (2009)13

The CPAN Explorer by Linkfluence is a graphical presentation of collaborations between

Perl developers in the Comprehensive Perl Archive Network (CPAN). While the size of

individual nodes is related to the amount of software modules released, the higher the

number of released modules the bigger the size of the node, connections represent shared

modules among the developers.

CIA World Factbook Visualization (2004)14

Moritz Stefaner created an interactive map illustrating geographic boundaries according

to the data found in the CIA world factbook. Once a country is selected, it expands to

show further information and details, thus providing several layers of information through

interaction.

PoliticoSphere.net (2009)15

Blogs, activities related to them and the spreading of information around different (social

media) channels are considered one of the most interesting social phenomena in recent

years. The PoliticoSphere.net project illustrates a map of the political blogosphere in the

United States of America in 2008. Different communities and their debates are presented

using nodes and different colors.

Just Landed (2009)16

One of the most popular microblogging services of our generation is undoubtedly Twitter,

enabling people around the globe to share messages in up to 140 characters. Jer Throp

used Twitter’s provided APIs in order to receive data concerning users’ flight activity. By

using both information from within individual Tweets as well as the users’ profile meta-

data, he creates a world map illustrating their travel paths.

Cascade (2011)17

Project Cascade is a project developed by the New York Times Research and Development

department in 2011. The core functionality of the application is to analyse the structures

and activities that are a consequence of sharing content on the Internet, ultimately facil-

itating to understand how information is spread and distributed within the social media

landscape. Cascade is mainly an exploration tool to investigate sharing events on Twitter.
13http://cpan-explorer.org
14http://archive.stefaner.eu/projects/relation-browser/
15http://politicosphere.net
16http://blog.blprnt.com/blog/blprnt/just-landed-processing-twitter-metacarta-hidden-

data
17http://nytlabs.com/projects/cascade.html
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A visual time-based analysis is one of Cascade’s major features: Rather than a static view,

Cascade enables the viewer to see how the network unfolds over time.

2.4.3 Interaction in information visualization

InfoVis has a long history (see Figure 2.9). In the past, InfoVis had often static charac-

teristics, presenting information on the one hand, but preventing the viewer to get active

and interact with the visualization on the other. However, since information and commu-

nication technologies (ICT) became more and more advanced, InfoVis can be changed and

viewed dynamically, providing interactive elements to the viewer, who leaves his passive

role of only interpreting the visualization and becomes an active investigator. Nowadays,

the interaction between human and computer represents the heart of a modern InfoVis

[Spe07]. Especially through the growing amount of collected data, tools of different na-

ture, from artistic to analytical to mixtures of both, have been developed in recent years

in order to provide a novel perspective to our surroundings [Lim11]. Since not everyone,

who will have a look at InfoVis, will have an educated background in this field, certain

requirements such as data literacy need to be developed [Lim11]. After all, InfoVis is con-

sidered essential in making data more accessible to a broader audience [Lim11]. Within

the area of HCI, particularly visual analytics deal with questions regarding how to com-

bine and integrate strengths of both humans and computers into creative and interactive

mechanisms to interpret and extract knowledge [KAF+08]. This process is also described

as sense-making loop, as Figure 2.10 illustrates [KAF+08].

In general, the mechanics of modifying what and how the user is presented with in-

formation can be described as interaction concepts within InfoVis [WGK10]. Ultimately,

most interaction techniques, regardless of how the actual interaction is implemented, can

be categorized as [WGK10]:

• navigation (exploration): changing the position or scaling the view (pan, rotate,

zoom), often with the intention to explore the scene or search for something

• selection: choosing a certain element or group of elements that can then be operated

with (highlight, delete, modify)

• filtering: controlling the displayed elements (hide and show certain subsets of data)

• reconfiguring: changing the way of how data is mapped to the visual entities and

attributes (e.g. reorder of data layouts)

• encoding: changing graphical attributes to reveal potentially hidden information (e.g.

size, color)

• connecting: linking different views to show more information

• abstracting/elaborating: modifying the information visualization’s level of detail
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Figure 2.9: Charles Joseph Minard’s visualization of Napoleon’s Russian campaign is considered
one of the very first information visualizations; taken from [Spe07]

Figure 2.10: Visual analytics - The sense-making loop
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• hybrid: combination of several of the above stated techniques

Wybrow et al. provide a similar, but slightly more detailed, classification of the interac-

tions within visualizations, particularly with regard to multivariate networks [WEF+14].

The single interaction categories as previously stated are classified as view-level, visual

structure-level or data-level interaction, thus further providing insights about the actual

subject of interaction [WEF+14]. Furthermore they provide recommendations and guide-

lines towards the aspects of learnability, flexibility and robustness of an InfoVis [WEF+14].

Normally, in order to apply a certain action such as highlighting, deleting, or obtaining

details, individual elements of the graph or network need to be selected first [WGK10]. This

is a common sequence of operations in order to apply an action on a visualization element.

Furthermore, two classifications can be identified when interacting with the structure of

the graph or network visualization: Changing the representation of the graph/network

itself as well as the focus + context technique [WGK10]. The latter one is particularly

intended to set the focus on a specific data subset and then present it with a higher detail,

while the rest of the visualization is displayed in lower detail [WGK10].

The exploration of visual data is seen as one of the major benefits in today’s interac-

tive information visualization [KAF+08]. In order to support successful and transparent

navigation and exploration opportunities, Spence states different questions that should be

asked [Spe07]:

• Where am I?

• Where can I go?

• How do I get there?

• What lies beyond?

• Where can I usefully go?

• Where have I been? (I want to go back.)

These questions, and thus navigating within the information space, are not that different

from navigating and moving within the real world [Spe07]. Navigating within the informa-

tion space can have different reasons and differ in many ways, such as the desire to get to a

defined destination or searching for something that might not be there [Spe07]. Within the

context of navigation, Spence furthermore describes three subclasses [Spe07]. Wayfinding

describes the procedure of finding the way to a certain, identified destination [Spe07]. The

process of freely moving and thus learning more about the information space is described

as exploration. The sequence of steps necessary to achieve a certain goal or task can be

classified as pursuit within the navigation context.
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Figure 2.11: High level overview of the search feature [HvOH11]

Additionally, modern InfoVis offer not just tools for navigation and exploration, but

also search functionalities in order to find entities in the data set that match the search

criteria. The search process can be separated into three different phases [HvOH11]. In the

first phase, the user constructs the search query, reflecting the user’s needs [HvOH11]. This

can either be implemented as a free text search or using an interface with value selection

lists [HvOH11]. While free text boxes require little or no knowledge about the visualization

and its data structure, value selection elements could support and guide the user with the

search procedure [HvOH11]. There is also the differentiation between when the search is

performed and thus the user is presented with the results if multiple search options are

available [HvOH11]. Generally the user can be presented with feedback either once all

search query data has been entered or already dynamically during the construction of the

query [HvOH11]. The second phase of the search process represents the execution of the

search algorithm accordingly, while the results of the search are presented to the user within

the third phase. Figure 2.11 provides a high level overview of the search functionality.

2.4.4 Crucial considerations within visualization design

Information density

A well designed visualization of data can provide lots and valuable information. However,

it is not always recommended to try to put as much information as possible into a graphical

representation. This concern is also known as information density [WGK10]. Information

density describes the amount of information within a visualization [WGK10]. There can

be two extremes, either presenting too little or too much data, also known as information

overload problem [WGK10, KAF+08]. Getting lost in data can be caused due to different

reasons, such as the displayed data might be irrelevant to the current task or processed,

presented respectively, in an inappropriate way [KAF+08]. It is the designer’s task to

carefully select, which information to display and at what times the visualization features

interactive elements [WGK10]. This way, various issues, such as cluttered displays as the

result of large and unevenly distributed data sets, can be avoided.
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Figure 2.12: Norman’s Action Cycle in information visualization [Spe07]

Space limitations

Any kind of display technology, regardless of 2D space on a high-resolution monitor or 3D

space within a CAVE system or via HMD, has a limited amount of space to display content.

The visualization designer and developer has to make a decision of how data is going to

be displayed, meaning how the viewer sees the presentation using the chosen technology,

independent of the question how data is represented, meaning the type of visualization

[Spe07]. Ultimately, this is a question of choosing the best layout possible, since space is

finite and thus limited [Spe07]. Although the visualization may be interactive and thus the

user might be able to change viewpoint and perspective, how data is displayed should still

been chosen wisely with regards to the task the visualization tool is designed for [Spe07].

The focus + context technique described in Section 2.4.3 can be helpful with including lots

of information into a visualization.

Time limitations

Another important element of InfoVis, especially in interactive ones, is time and thus time-

related characteristics such as transition effects [Spe07]. Navigation and exploration and

consequently related movement operations should neither take too long nor be too quick,

but have a for the user comfortable transition velocity [Spe07]. Transitions that are too

long may cause a certain fatigue effect at the user, recognising the feeling to wait. On

the other hands, transitions that happen to fast or even instantaneously may demand too

much of the user, who is not able to recognise what has changed or what is presented.

This stays also in line with results of prior research efforts (see Section 2.6). Spence refers

to Norman’s Action cycle, examining the connection between an action, the change in the

world and the user’s perception, as Figure 2.12 illustrates.

The third dimension: 3D

While two-dimensional (2D) InfoVis can be good, three-dimensional (3D) ones can be even

better [Mun08]. Especially for spatial layouts, 3D visualizations can provide advantages
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over 2D [Mun08]. However, it needs careful justification and benefits must outweigh the

costs, since moving from 2D to 3D can be expensive in various ways such as system per-

formance [Mun08]. On the other hand, if a meaningful 3D representation implicitly exists

within the dataset (e.g. airflow, skeleton), a 3D visualization approach is easily justifiable

[Mun08]. If the spatial model and layout is rather chosen and not given, it is the visu-

alization designer’s task to carefully map values and relations of the dataset’s items to

appropriate variables within the 3D space [Mun08], as e.g. shown in the CodeCity project

(see Section 2.4.2). Munzner argues that it is a naive assertion and beginner’s mistake

to blindly assume that an extra dimension available to put information must be a good

idea [Mun08]. After all, one of the most serious problems with 3D visualization is clutter

[Mun08]. Additionally, a decision whether to use 2D or 3D should also consider the actual

task and intended benefit that the visualization tries to achieve, since data comparison

is for example easier achieved in 2D than in 3D [Mun08]. As part of the rapidly emerg-

ing hardware technologies, Wybrow et al. consider the extra dimension, which is offered

through 3D, as both a challenge and vision for the future, ultimately overcoming downsides

such as disorientation and users getting lost [WEF+14]. Multivariate network visualiza-

tion has potential to make use of interactive multi-touch tablets and tabletop systems,

contact-less input devices such as Microsoft’s Kinect or the Leap Motion controller, wall-

sized displays, 3D stereoscopic displays or even immersive environments such as CAVEs or

HMDs [WEF+14]. Adapting interaction to these emerging technologies is however a huge

challenge [WEF+14].

2.5 Open data

According to the Open Knowledge network, open data can be described as data and con-

tent that can be “freely used, modified, and shared by anyone for any purpose” [Ope15].

Furthermore, the data should be free of proprietary formats and collected close and fre-

quently to the originated source [Ope15]. If the reusability of the raw data is not granted,

it fails in its definition of being open [Ope15].

As more and more data is being collected (“big data”) and as the popularity of open

data has grown significantly in the past years, the importance of being able to access open

data is higher than ever before [JCZ12]. Whether it is about the collectively gathered

knowledge, such as on platforms like Wikipedia or Open Street Map (OSM), or it is about

raw data collected by governmental institutions as cities are equipped with more and more

sensor systems [ABK+07, JCZ12]. While the concept of open data seems truly favourable

at first, Janssen et al. remind that open data has no value in itself, but it becomes valuable

when it is used [JCZ12]. Although the provision of raw data leads to data transparency,

it is not less crucial to provide the necessary infrastructure in order to help the user make
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Rating Deployment efforts
∗ make your data available on the web (regardless of its format) under an open

licence
∗∗ make it available in a structured format
∗ ∗ ∗ use non-proprietary formats
∗ ∗ ∗∗ use URIs to clearly distinguish things, so other entities can directly point to it
∗ ∗ ∗ ∗ ∗ link your data to other data in order to provide context

Table 2.1: 5-star open data deployment scheme according to [BL15]

sense of the data [JCZ12]. Data collectors have the potential to benefit from making their

data available to creative third parties such as citizens or companies within the private

sector, since these might come up with interesting approaches and applications of how to

use, interpret and mash-up the open data [JCZ12, JR14]. Within the past years, more

and more governmental institutions promote the access to open data and encourage third

parties to develop innovative use-cases and applications within the format of app contests or

civic hackathons, rewarding particularly exciting projects with prize money [JR14, Bar13].

The provision of the data without direct governmental oversights enables a new generation

of independent, civic-focused products and services [JR14].

When talking about open data, it is hard to not mention open standards, open formats

and linked data, ultimately making data more accessible and easier processable. Tim

Berners-Lee, inventor of the World Wide Web (WWW), emphasizes the importance of

open and linked data within his TED talk “The Next web”, providing a clear and simple

concept of data entities having a unique name, being represented in open standards and

holding relations to other data entities [BL09]. Consequently, Berners-Lee published the 5

star open data deployment scheme, further describing and encouraging the implementation

of open and linked data [BL15]. Table 2.1 summarizes the 5-star open data plan as proposed

by Berners-Lee [BL15].

2.6 Prior efforts and user interaction studies

Prior to the work presented within this thesis, efforts towards the exploration of interface

design approaches in order to visualize content generated by and related to social networks

within an immersive VR environment have been conducted. Particularly, a working mock-

up prototype featuring different interaction and interface designs has been developed using

Unity, the Oculus Rift DK 2 HMD and the Leap Motion controller. The conducted user

studies within the scope of these efforts provided crucial feedback and lessons learned,

which were considered during the research efforts presented within this thesis. Particularly

the later designed and implemented VR-NetworkNode-ContentView to present detailed

information about European capitals within the VR prototype benefited from the gained

insights and experiences (see Sections 4.1 and 5.2.6).
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Besides confirming the suitability of using these technologies to implement a more

functional prototype, the developed prototype was presented to ten participants in order

to evaluate the different interaction and interface design approaches and to gather insights,

thoughts and recommendations regarding the user experience while operating the presented

prototype. The participant’s perception towards the VR experience, the application of

vision-based motion controls, the comparison of different content transition effects as well

as human factors and ergonomics were of particular interest within the conducted user

studies.

The results indicated that, besides some technical concerns, such as motion blur of

the HMD or unintentional gesture recognition of the vision-based motion controls, par-

ticipants enjoyed the immersive experience of the presented VR mockup prototype. The

participants appreciated the intuitiveness of consuming the displayed content by naturally

looking around in the 3D space as well as the clear structure of the content. Furthermore,

using hand gestures to control elements in the prototype was perceived highly enjoyable.

Although the participants asked for more UI feedback towards the interaction possibilities

in the prototype scenes, they appreciated the natural exploration and manipulation of the

content by using their hands. The results also indicate that instant or very fast transi-

tions or animations were less likely to be accepted than smoother ones, simply because the

participants might not be able to perceive the change of state and thus miss the visual

feedback. Overall it seems that more affordance is necessary in order to indicate which

virtual objects are manipulable and how. The studies also indicate an impact by the actual

physical location when the application is used. Thus sitting on a desk seems to provide

a haptic feedback and the notion of orientation, determining the up front position. Also,

sitting in a swivel chair while looking around in the 3D space had an impact, supporting

the users with their head rotation movements in order to explore the prototype scenes.

According to the gathered feedback, the participants appreciate looking around in the 3D

space, but only to a certain amount of extent. Thus arranging content too far to the user’s

side or even behind were not perceived ideal. The complete results of the prior investigation

can be found in Appendix A.1.

31



3 Methodology

3 Methodology

The purpose of this thesis is to answer the question of whether and how appropriate the

application of immersive VR is in order to visualize and naturally explore traditional con-

tent from the web. The conducted research approach has rather deductive characteristics

[Gre09]. After the initial identification of the overall area of interest, concretely immersive

VR and natural user interaction, important foundational research towards the topics of

VR, vision-based motion controls, interactive InfoVis and open data was conducted (see

Chapter 2). Using the acquired knowledge, the design for a prototype application is pro-

posed (see Chapter 4) as well as implemented (see Chapter 5). In order to answer the

prior identified research questions, a user interaction study with several participants was

conducted, once the technical operation of the prototype had been successfully validated.

Additionally, explorative discussions with experts in the fields of HCI and (interactive)

InfoVis were conducted to gain further insights.

The remaining of this chapter will state further information about the applied method-

ology as well as providing detailed information about the data collection methods. First

the strategy of conducting the foundational research will be explained. Secondly, informa-

tion about the aims of the prototype testing with users and the discussion with experts will

be provided. Details about the applied data collection methods are provided afterwards.

Finally, the identification of specific evaluation categories should help to structure data

collection, analysis and discussion.

3.1 Remarks regarding the foundational research

The foundational research regarding the identified topics of VR, vision-based motion con-

trols, (interactive) InfoVis and open data was essential for the further conduction of the

work presented within this thesis. Consequently, it was necessary to gain a fundamental

knowledge about the state-of-the-art within these areas of interest.

In order to gain knowledge about the topics of VR and vision-based motion controls,

which combined can be roughly described as immersive interaction or immersive VR, rel-

evant literature was identified using keywords in appropriate electronic databases, namely

ACM DL, IEEE Xplore and Springer Link. The set of keywords included interface design,

immersion / immersive, head-mounted display (HMD), graphical user interface (GUI), nat-

ural user interface (NUI), 3D user interface design, virtual reality (VR) as well as gesture

based controls. Additionally, more specifically identified conferences relevant to the research

domain have been examined accordingly. The identified conferences included Special Inter-

est Group on Graphics and Interactive Techniques (SIGGRAPH), Conference on Human

Factors in Computing Systems (CHI), ACM SIGGRAPH Symposium on Interactive 3D
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Graphics and Games (I3D), International Symposium on Visual Computing (ISVC) and

International Conference on Intelligent User Interfaces (IUI). Furthermore, with Ian E.

McDowall, Henry Fuchs, Michael Abrash, Doug Bowman and John Carmack, a set of key

researchers was identified, ultimately pointing to vital publications in the area of VR and

immersive interaction.

Colleagues from the Department of Media Technology as well as from the Department of

Computer Science, particularly from the ISOVIS18 research group, at Linnaeus University

(LNU) were consulted in order to start the foundational research towards InfoVis with a

special focus on interaction. The consultation provided valuable starting points to further

conduct the foundational background research accordingly.

The participation at the 6th International UBI Summer School19 (UBISS 2015) hosted

by the University of Oulu, Finland, including a hackathon regarding 3D web and open

data for smart cities, provided meaningful starting points and thus a valuable introduction

to gather information about open and linked data.

3.2 Aims and conduction of the user testing

This section describes the aims of the user testing related stages, particularly towards

the technical validation of the prototype, the user study with participants operating the

prototype as well as the explorative discussions with experts.

3.2.1 Technical validation of the prototype

The aim of the prototype’s technical validation was to ensure that a successful operation

without major flaws or crashes is given. This provides also an opportunity to apply minor

adjustments and to deploy bugfixes if necessary. Ultimately, after a successful technical

validation the developed prototype would be considered ready for an actual user interaction

study.

The technical validation was conducted with multiple participants in one-on-one ses-

sions between the researcher and the participant with a duration of approximately one

hour. The participants were asked to agree to a participatory user consent as well as to

answer a pre-validation questionnaire, which aimed to examine the participant’s prior ex-

periences with VR and vision-based motion control interfaces. Afterwards, the participants

were asked to follow a particular set of operations as instructed by the researcher. These

operations followed a fixed protocol and thus were the same for all validation participants.

The researcher observed the participants and took notes whenever necessary. After per-

forming all operations stated within the protocol, the researcher conducted a very brief,
18http://cs.lnu.se/isovis/
19http://www.ubioulu.fi/en/UBISS2015
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semi-structured interview in order to get some additional feedback. This post-validation

interview was intended to provide insights regarding the participant’s felt mental demand,

physical demand and frustration while performing the presented actions.

Appendix A.2 lists the user consent, pre-validation questionnaire as well as the protocol

of actions and the questions of the semi-structured post-validation interview.

3.2.2 User interaction study

The aim of the user interaction study was to gain feedback about the design and operation

of the developed prototype. According to the overall defined research questions as described

in Section 1.3, it was of particular interest to gather the user’s thoughts about their ability

of being able to naturally interact with the visualized content and explore the data network

based on information about European capital cities. Therefore they were given two tasks

of explorative nature, which are described in more detail in Section 6.2.2.

Overall, the user interaction study was conducted with multiple participants in one-

on-one sessions between researcher and participants with an approximate duration of one

hour. Each session opened with a screening of a pre-recorded instruction video20, demon-

strating the features of the developed prototype as illustrated by Figure 3.1. The researcher

furthermore briefly introduced the overall project and motivation to the participant. After

agreeing to a participatory user consent, each participant completed a pre-session ques-

tionnaire. Before a participant was asked to complete the task, each one had the chance to

become familiar operating the developed prototype in order to understand the basic func-

tionalities as well as getting used to wearing a HMD and using the vision-based motion

controls. This warm-up phase should not take longer than five to ten minutes. There was

no time constraint regarding the completion of the tasks and the participants were also not

asked to do it as fast as possible, but to operate the prototype at their own speed. However,

the completion of a single task should not exceed a duration of ten minutes. After com-

pleting the tasks, each participant was asked to estimate the felt workload, based on the

Task Load Index (TLX) workload estimation developed by NASA [NAS15, Har06]. The

NASA TLX is a two step approach, letting the participant first “weight” and then “rate”

their interaction with the developed VR prototype towards different factors such as their

mental, physical and temporal demand as well as their performance, effort and frustration

[NAS15, Har06]. Receiving insights about the participants’ workload helps to analyse and

estimate the interaction and interface design, providing indications if the participants felt

e.g. bored, neutral or overburdened within the VRE. In order to get a basic understanding

about the NASA TLX approach, each participant received a short briefing through the

researcher as well as a physical hand-out sheet, describing the six factors of the approach
20https://vimeo.com/126973131
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Figure 3.1: Still from the pre-recorded instruction video to brief the study participants

in more detail. This hand-out is attached in Appendix A.3. Finally, the participants

completed a post-session questionnaire to gather more concrete feedback regarding their

experience operating the VR prototype.

3.2.3 Explorative expert discussion

While the user interaction study was conducted with participants not necessarily familiar

with immersive interaction and interactive InfoVis, additional explorative discussions with

experts could provide valuable insights from the experts’ point of view. Experts within

the field of HCI and (interactive) InfoVis were selected from within the staff at the Faculty

of Technology at LNU and were invited to participate in approximately one hour long

discussions between the researcher and two to three experts. Within these discussions,

the researcher presented the concept, idea and motivation of the conducted work to the

experts as well as information about the identified problem domain, scenario and research

questions. The researcher conducted also a live walkthrough, presenting the developed pro-

totype to the experts, including elaborating on the prior conducted user interaction study

and a set of preliminary results. During all time, the experts were encouraged to communi-

cate their feedback, comments and thoughts towards the project. They were furthermore

encouraged to not only think about the presented scenario, but to think further, more

abstract towards similar interactions or activities in similar cases. The material prepared

and presented to the invited experts can be found in Appendix A.6.
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3.3 Data collection

The technical validation, the user interaction study as well as the explorative expert dis-

cussion demand a mixture of data collection methods featuring both quantitative and qual-

itative characteristics in order to derive meaningful results to answer the initial research

questions as stated in Section 1.3.

Within the technical validation of the prototype, the following data collection methods

were applied:

• Self-constructed pre-validation questionnaire: Examining the participant’s

prior experiences with VR and vision-based motion control interfaces.

• Log files of the developed VR prototype (see Section 3.3.1): Tracking the

participant’s interactions and, at this stage, confirming the meaningfulness of the log

file entries as a whole.

• Semi-structured post-validation interview: Examining the participant’s feel-

ings towards the mental demand, physical demand and frustration while operating

the prototype.

The following data collection methods were used within the user interaction study:

• Self-constructed pre-session questionnaire: Examining the participant’s prior

experiences with VR and vision-based motion control interfaces and their impression

about VR (see Appendix A.4).

• Log files of the developed VR prototype (see Section 3.3.1): Tracking the

participant’s interaction.

• Think-aloud protocol while completing the given tasks: Encouragement of

the participants to communicate happenings and thoughts they think is worth men-

tioning immediately.

• NASA Task Load Index according to [NAS15] and [Har06]: Assessment of

the participant’s perceived workload.

• Self-constructed post-session questionnaire: Examining the prototype in more

detail according to the evaluation categories as described in Section 3.4 with both

five-point Likert scale assessment statements as well as open questions (see Ap-

pendix A.5).

• Audio-recording while answering the post-session questionnaire: Encour-

agement of the participants to provide written feedback within the questionnaire,

but elaborate on their feedback by engaging in a conversation with the researcher.
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Timestamp Action Object Target
1.000000 MOVE Player Stockholm
3.000000 TRIGGER Filter_Menu
7.000000 FILTER_APPLY Connection_Area

_Higher
Stockholm

11.000000 DISMISS Filter_Menu

Table 3.1: Examples for log file entries according to the action-object-target approach

The following data collection method were applied for the explorative expert discussion:

• Audio-recording: Encouragement of the experts to engage in a fruitful conversation

with the researcher and among each other.

3.3.1 The logging system of the developed prototype

In order to track the interaction and happenings within the developed VR prototype, a

meaningful strategy to create log files had to be created. The resulting strategy can be

described as an “action-object-target” approach. Each entry within the log file represents

an event within the operation of the VR prototype, featuring a timestamp when the event

occurred as well as information about the performed “action”, the “object” performing the

action and potentially the “target”, the performed action is applied on. By using this

strategy, the CSV file containing the log entries could later easily be sorted and evaluated

accordingly. Metrics, feasible to evaluate by following the action-object-target approach,

are the time needed to complete a task, the time spent on individual nodes (cities) and

the amount of user interactions needed to complete a task, including a separation between

e.g. movement- and filter-related interactions. Table 3.1 illustrates a couple of examples

for log file entries according to the presented approach. Appendix A.7 provides a table

summarizing all possible log file entries as implemented within the developed VR prototype.

3.4 Evaluation categories

In order to structure the collected data of the user interaction study up front, the post-

session questionnaire was divided into five separate categories:

• Perception of the content generated with data from the web

• Spatial perception of my location within the 3D network

• Interaction using the vision-based motion control interface

• Human factors and ergonomics

• Closing comments
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Asking about the participant’s perception of the content generated with data from the web

should deliver insights particularly regarding the presentation and visualization of the data,

which was generated with publically available data from the web. Valuable information

about the change of perspective, putting the user inside the visualization rather than

looking at it from the outside, as well as about the overall movement and exploration in the

visualized network are gathered within the category spatial perception of my location within

the 3D network. The category interaction using the vision-based motion control interface

collects feedback regarding intuitiveness of the interaction with the prototype and the user

interface design, receiving insights about both the gesture interface and the interactive 3D

GUI. Operating the developed prototype encourages the user to be comparatively active,

looking around with the head to perceive the visualized content and moving the arms and

hands to interact with it. Therefore, it is important to also gather information about human

factors and ergonomics. Finally, within the category closing comments, the participants

were given the chance to comment on anything else not covered within the prior described

categories and to provide additional feedback, suggestions and thoughts.
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4 Concept and interaction design

In order to investigate the research questions described in Section 1.3, the concept for

an interactive VR prototype had to be constructed and the interaction design created

accordingly. While VR has possibilities to provide a visual NUI, approaches to create a

NUI for user input in combination with VR had to be considered to create a fully natural

user experience. Vision-based motion controls, in particular hand gesture recognition, seem

to have a certain appeal, since they enable manipulations of virtual objects to a realistic

degree [MJ09]. Being the most primary and expressive form of human communication,

gesture recognition has the potential to strongly enhance the interaction between humans

and computers by simply making the interaction more natural, especially while wearing a

HMD and consequently not seeing the physical space anymore [WKSE11].

Given the overall purpose of this investigation, the prototype concept was initiated

with the identification of using a HMD for the visual perception of the VRE as well as a

vision-based gesture recognition for the user input and interaction from a technology point

of view. The applied prototype scenario was conceptualized around these technologies.

The following sections describe the main scenario of the designed VR prototype, con-

cretely the exploration of data about European capital cities from open data sources as well

as providing insights in the overall interface and interaction design process. An abstract

and detailed user scenario illustrate how the VR prototype is designed to work, ultimately

providing the foundation to identify the VR prototype’s functional requirements.

4.1 Scenario: Exploring European capitals

One of the most important lessons learned from the foundational research regarding the de-

sign process of interactive InfoVis was to start by identifying a concrete scenario and design

towards exactly that scenario (see Section 2.4) [Lim11]. Inspired by various information

visualizations illustrated in Lima’s Visual Complexity: Mapping Patterns of Information

the application scenario was identified with the purpose of exploring openly available data

about European capital cities within an immersive VRE.

Ultimately, the conceptual interaction and interface design of the VR prototype with

the purpose to explore open data about European capital cities can be summarized to

contain the following key features:

• present open data about European capital cities received from Wikipedia

• each capital is represented by an individual node in the 3D space

• put the user perspective inside the network visualization rather than looking at it

from the outside
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• automatic traversal for node to node movement, no “free” movement in the 3D space

outside the node network

• two view modes: exploration and content view

– exploration view: present minimal information about each node, meant to ex-

plore the network

– content view: present detailed information about one node, meant to explore

the current node

• filter options to display connections to cities with higher or lower area, respectively

population

• scale the sizes of the nodes’ 3D models to proportionally represent the cities’ individ-

ual area and population in respect to all others in the network (make them visually

comparable)

• swipe gesture interaction to initiate movement to other nodes and to trigger/dismiss

exploration as well as content view mode

• interactive 3D GUI to operate filter and scaling options

• visualization of the user’s hands and providing visual feedback for gesture interactions

The remaining of this section describes and argues for the selection of the above stated

key features of the conceptual interaction and interface design. The concept was designed

in regard to the foundational background research as well as prior investigation efforts as

described in Section 2.6.

4.1.1 Road to conceptual interaction and interface design

With the background research about VR in mind (see Section 2.2), the idea to build a

network of different nodes, each representing one European capital city, within the 3D

space came up. Furthermore, since VR has the potential to drastically change the user’s

perspective [Car13], the thought of putting the user inside the InfoVis came to mind fairly

early in the design process. In more traditional InfoVis approaches, the user is put quite

often outside the visualization, providing an overview about the data in a role that can

be described as an active or passive observer. With the HMD VR technology and the

available 3D virtual space at hand, the change of the user’s perspective to the inside

rather than to the outside of the InfoVis seemed attractive and novel to pursue. With this

change of perspective in mind, the user had to be enabled to explore each node, concretely

each European capital city, in more detail. At the time, two options to implement the

exploration of the network through the user were considered: On the one hand enabling

the user to move completely free without any restrictions within the VRE, while restricting

40



4.1 Scenario: Exploring European capitals 4 Concept and interaction design

the user movement to traversing between nodes only to one another. Since there are known

cases of intensified motion-sickness when letting the user move freely around in the VR

space (without physically moving in the real world) [SCMW08] and based on the results

of prior investigations (see Section 2.6) indicating that users feel neutral towards guided,

transitional movement, the decision was made to restrict the user movement to traversing

between nodes only.

With the overall network visualization and user movement defined, available data

sources had to be identified in order get a better impression of what kind of data is available

and thus can be worked with. Very early on the idea came up to use data from Wikipedia,

the world’s largest free online encyclopedia [KVV+07]. A practical look at the Wikipedia

article about Stockholm21 provided the idea to request particularly the data within the

article’s infobox using Wikipedia’s available API. The infobox, illustrated in Figure 4.1,

contained data such as the city’s country, a few images, geo location as well as information

about the city’s area and population. This information was considered relevant for the

purpose of the presented project, since open data was identified to serve as basis for the

visualized content in the VRE as described in Section 1.3. A look into Wikipedia arti-

cles of some other European capitals provided similar results. Therefore it was decided

to use Wikipedia article data22, particularly the data provided within the infoboxes. Ap-

pendix A.8 provides an example of the data items to request and display within the VR

prototype for Sweden’s capital Stockholm.

Next, a design to present information about each European capital city within the

network had to be conceptualized. Through the foundational research it was already iden-

tified that immersive VREs have the potential to overcome obstacles such as information

clutter [BM07]. However, at the same time the information density had to be considered

in order to neither present too little nor too much data to the user [WGK10] [KAF+08].

In regard to these two matters, concretely information clutter and density, the concept of

differentiating between a clean exploration view as well as a more detailed content view for

presenting detailed information about a European capital evolved. Within the exploration

view the user would be able to traverse between nodes in the network, providing only

minimal information indicators, such as the node’s name. However, at each node, the user

would also be able to trigger a designated content view, presenting detailed information

about the node, thus focusing the exploration rather on the node itself than on the whole

network.

Prior efforts regarding the investigation of VR interface design approaches were con-

sidered for the design of the node’s content view (see Section 2.6). These results indicated
21https://en.wikipedia.org/wiki/Stockholm
22Note that during the implementation it was decided to use DBpedia as a data source and thus indirectly

Wikipedia. This decision is discussed in Section 8.3.
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Figure 4.1: Infobox of Stockholm’s Wikipedia article

that users are willing to explore the VRE by looking around and thus rotating their head,

however only to a certain degree. Consequently a content view featuring an overall angle

of less than 180 degrees was applied. This way the content was placed on perpendicular

2D planes in front of the user as well as slightly to the left and the right. Users could

explore all displayed content without the need to rotate their upper body to support the

exploration, which was identified as more comfortable and found thus higher acceptance

with participants in prior user studies, as described in Section 2.6. In order to provide

further interaction possibilities with the content view and present additional information,

it was decided to make the 2D information planes on the left and the right rotatable by 180

degrees, supplying them effectively with a front and a back. The rotation animation found

acceptance in the prior efforts as well, providing immediate feedback as well as actually

using the 3D space, since the participants perceived the rotation as if a real world object

would have been flipped.
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In order to make the network visualization more approachable and providing func-

tionalities to support the exploration and to guide the user in certain directions, it was

decided to introduce filter interactions to the VR prototype. With a look to the city data

received from Wikipedia, the concept of letting the user filter all nodes in the networks

towards their area and population was realized. Concretely, the user would be able to set

a filter reference node based on the current position within the network and connect only

to the nodes in the network with a higher or lower area, population respectively, than the

set reference node. The concept of filtering is a common interaction technique in InfoVis

[WGK10]. With the option to apply filters in the VR prototype, users are given a tool to

perform certain tasks.

With the city’s area and population value identified as key components for applying

filters, thoughts were given to further make use of these values in respect to the 3D space.

The idea came up to integrate functionalities to let the size of the city’s 3D model represent

the individual area or population in respect to all other cities within the network. This

should provide additional feedback and guidance about a city’s attributes without the need

to have an immediate look into the city’s details, thus supporting a certain pre-selection

through the user’s visual perception of the 3D model’s size.

At this point, the main functionalities and interfaces were good to go and a clear picture

of what kinds of actions were necessary to operate the VR prototype was given. Major part

of the project’s research interest is the user interaction within the immersive VRE (see Sec-

tion 1.2). Using vision-based gesture recognition technologies the aim was to create a NUI

that could be operated entirely with the user’s hand movement, no additional controllers

or input devices needed. Using the hands operating in the proposed VR environment, two

interface approaches came to mind: Providing an invisible interface using gestures or a

visible interface using an interactive GUI (see Section 2.3). For the so far conceptualized

project, both input approaches were viable. Consequently a mixture of them was included

in the interaction design concept. While movement related actions and actions that require

to trigger or dismiss visual elements in the VR space were found suitable to be operated

using gesture recognition, more complex operations such as selecting one filter among a

variety of options were (considered) preferably represented using a traditional GUI. Con-

sequently actions to trigger and dismiss the detailed content view would be performed by

a set of swipe gestures. Also initiating the movement to another node within the network

would be triggered by a swipe gesture towards that node accordingly. For the prior de-

scribed filter options a 3D interactive menu consisting of different GUI elements such as

a set of buttons to activate and deactivate filter options should provide the user with the

necessary interface to apply filters precisely.

Using vision-based gesture recognition in combination with the user wearing a HMD
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presented an interesting challenge: How to provide feedback to users, who cannot effec-

tively see their hands because they are visually cut of the physical world? Therefore, it was

of utmost importance to a) visualize their hands in the 3D digital space and thus translate

their real world hand movement accordingly to the virtual as well as b) providing feed-

back towards the recognition of successfully performed gestures. These points represent

important requirements for the concept of the VR prototype.

Finally, after revising the overall concept, it was decided to add a minimal map of

Europe beneath the city nodes of the network. Since each city’s latitude and longitude

information should be used to place the nodes accordingly in the 3D space, the assumption

was made that a minimal map layer would further support the orientation and spatial

perception of the user caused due to the novel perspective as previously described.

4.1.2 User scenarios

With the designed concept for the VR prototype defined as described in Sections 4.1 and

4.1.1, user scenarios were created. The creation of these user scenarios should further

help with understanding the concept of the VR prototype including the identification of

all the concrete user interactions mandatory as well as bringing forth potential flaws that

might not have been considered yet. Finally, the user scenarios and the derived interaction

overview should serve as the foundation to identify the functional requirements of the VR

prototype leading towards the actual implementation.

Two user scenarios were created, eventually describing the same workflow with two

different personas. While the first user scenario is written more abstract in order to em-

phasize the happenings in a nutshell, the counterpart, meaning the second user scenario,

is written in much more detail, concretely describing the ongoings while operating the

VR prototype as well as providing insights to the persona’s intentions behind the stated

actions. Appendix A.9 states both user scenarios in table format, confronting each step in

the described workflow.

4.1.3 Interaction overview

Based on the conceptual interaction design as well as the created user scenarios as described

in Sections 4.1 and 4.1.2, an overview about all necessary user interactions to operate the

VR prototype was created. After initial testing using the Leap Motion controller and SDK,

swipe gestures were found to provide a robust gesture recognition.

Exploration mode / view

• Swipe, one hand, bottom up: Enter content view
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• Swipe, one hand, pushing forward: Select destination node and initiative movement

transition towards it

• Swipe, one hand, left to right: Trigger/display interactive filter menu

• Swipe, one hand, right to left: Dismiss/hide interactive filter menu

Content mode / view

• Swipe, one hand, top down: Dismiss content view, enter exploration mode

• Swipe, one hand, left to right: Rotate content planes left to right by 180◦

• Swipe, one hand, right to left: Rotate content planes right to left by 180◦

Interactive filter menu

• Several interactive GUI elements: Buttons to activate/deactivate filter options as

well as scaling the nodes’ size (buttons preferably visualize on and off state)

4.2 Functional requirements

Based on the conceptual interaction and interface design described in Chapter 4, functional

requirements were identified in order to support the later implementation process of the

VR prototype. These requirements are listed in the remaining of this section.

• REQ-01: The VR prototype shall import open data.

The content visualized within the VR prototype should be based on open data

sources. Therefore, a connection to such a data source has to be established as

well as content requested and received.

• REQ-02: The VR prototype shall visually display open data.

Information imported from an open data source has to be communicated to the user.

This should be achieved using the visual rather than the auditory communication

channel.

• REQ-03: The VR prototype shall present a network of different entities.

Entities with information should be represented as individual nodes, ultimately cre-

ating a network.

• REQ-04: The VR prototype shall provide functionality to explore the individual

nodes within the fully connected network.

In order to receive detailed information about an individual node, the VR prototype

shall provide a way of displaying this information. Furthermore, functionality to

move between nodes should be provided, while restricting completely free movement

within the 3D space.
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• REQ-05: The VR prototype shall provide basic filter functions, supporting explo-

rative tasks within the network.

Using filter options to compare a particular node in the network regarding one of

its attributes towards all other nodes in the network should further support the user

with the exploration of the displayed data.

• REQ-06: The VR prototype shall provide gesture interaction.

By recognising swipe gestures of the user’s hand, a certain set of functionalities as

an invisible interaction interface should be provided.

• REQ-07: The VR prototype shall provide interaction using a GUI.

By providing an interactive GUI, a certain set of functionalities as a visible interaction

interface should be provided.

• REQ-08: The VR prototype shall visualize the user’s hands.

The real world position of the user’s hands should be translated and visualized ac-

cordingly within the 3D space.

• REQ-09: The VR prototype shall provide visual feedback upon gesture interaction.

Once a gesture got recognised the user should receive visual feedback upon its success.

• REQ-10: The VR prototype shall provide features to record the user’s interactions.

Based on the methodology as described in Section 3.2.2, it is necessary to track and

record the user’s interaction with the VR prototype. Therefore the VR prototype

should provide sophisticated mechanisms to keep track of this data as described in

Section 3.3.1.

46



5 Implementation of the prototype

5 Implementation of the prototype

This chapter will provide insights into the technical implementation of the developed VR

prototype system as well as associated considerations and preparations. The prototype

can be divided into two parts. The VR application featuring the interactive 3D data

visualization and consequently providing the immersive interface between the human user

and the digital data is the major part of the developed system. The visualized data within

the VR application is collected, stored and prepared for visualization and interaction by a

complementary server and database, providing the data to the VR application. Figure 5.1

illustrates the system architecture of the overall VR prototype system.

5.1 Complementary server and database

According to the overall interaction design and user scenario (see Section 4) data about

various European capital cities had to be processed accordingly. In order to visualize

this data later on, the collected data needs to be structured and prepared for the usage

of the visualization tool [WGK10]. This is an essential part of the visualization pipeline

[WGK10]. Furthermore, Ward, Grinstein and Keim recommend that data is stored and

available in a way that ensures a swift access as well as an effortless modification [WGK10].

In order to collect, store and prepare the data independent of the later visualization

approach and according to the recommendations by Ward, Grinstein and Keim, it was

decided to implement a Node.js23 server connected to a MongoDB24 database. While being

familiar with these technologies on the one hand, Node.js and MongoDB were identified as

suitable regarding the conduction of the tasks required by the VR application. MongoDB

allows simple document-oriented storage of data in JSON format, while featuring a rich set

of querying options, including create, read, update and delete (CRUD) [Ban11]. Node.js, a

JavaScript based server-side software, is built to handle requests asynchronous, which was

considered beneficial for the later data requests of the VR application, potentially at times

even multiple in a future classroom scenario [HCW12]. Furthermore, the built-in HTTP

server library of Node.js provides independence of external services. Thus the collected data

can be offered to external services via a RESTful API25. Should the data visualization

engine being changed or potentially new ones being added at some point in the future,

these new engines could still consume their data via this web service, ensuring sustainable

and independent data collection, storage and preparation. Additionally the developer

community around Node.js is rather active as of the time of development, resulting in a
23https://nodejs.org
24https://www.mongodb.org
25Representational state transfer (REST) is a software architecture style for distributed systems.
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Figure 5.1: System architecture

great number of helpful packages and modules26 available.

Summarized, the complementary server and database should complete the following

tasks:

1. Query data items of a given European capital city from an open data source.

2. Persistently store the queried data items in a structured and uniformed way.

3. Provide access to the stored data items, prepared for visualization.

Figure 5.2 provides an overview about the implemented complementary server and

database. For the server and database development Node.js in version 0.10.35 as well as

MongoDB in version 3.0.3 were used. The source code was written using the Sublime

Text27 editor in build version 3083.

5.1.1 Query data from DBpedia

The DBpedia project provides a SPARQL endpoint28 to query its data, supporting a vari-

ety of different output formats, including XML, JSON or CSV. Each article in Wikipedia

retains a uniform resource identifier (URI), which gets mapped on a one-to-one basis to a

DBpedia resource, ultimately representing the corresponding article data [LIJ+15]. List-

ing A.1 provides an example of accessing the Wikipedia article of Växjö as well as the
26https://www.npmjs.com
27http://www.sublimetext.com
28SPARQL is a query language according to the Resource Description Framework (RDF) format. http:

//dbpedia.org/sparql
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Figure 5.2: Server and database overview

equivalent DBpedia resource using the URI Växjö.

Each DBpedia resource consists of different properties, representing the data in a uni-

form and structured manner [LIJ+15]. Currently there are two RDF namespaces for these

properties, namely dbprop29 and dbpedia-owl30 [LIJ+15, The15]. The dbprop namespace

is used when information is extracted from the Wikipedia infobox directly (no mapping

applied) [LIJ+15, The15]. The dbpedia-owl namespace contains mapped properties, which

are consistent among the DBpedia ontology [LIJ+15, The15]. Consequently, the dbpedia-

owl namespace is preferably used when systematically querying the same properties of

different resources.

In order to query data using this DBpedia’s SPARQL endpoint, the Node.js module

sparql-client31 was used. Each DBpedia resource contains a wide range of information.

Within the presented scenarios, not all information about each European capital city need

to be queried. Therefore a SPARQL query requesting only the required information was

created accordingly. Using the designated SPARQL endpoint and the defined query, infor-

mation about a European capital city, identified through its Wikipedia name URI, can be

queried systematically, resulting in a corresponding answer in JSON format. Listing A.3

illustrates the described workflow within Node.js.

5.1.2 Store queried data persistently

Once the city data from DBpedia is received, a uniformed JSON formatted variable is

prepared in order to match the received results to the single JSON keys, ultimately repre-

senting the internal data structure of the MongoDB database. Part of the received data
29http://dbpedia.org/property
30http://dbpedia.org/ontology/
31https://www.npmjs.com/package/sparql-client

49

http://dbpedia.org/property
http://dbpedia.org/ontology/
https://www.npmjs.com/package/sparql-client


5.1 Complementary server and database 5 Implementation of the prototype

about European capitals are also references to images about these capitals. The decision

was made to download and cache these images locally in order to distribute them through

the complementary server directly to the visualization application. While these images

could potentially also been downloaded directly at the time of visualization later on, there

was still the risk of the images being altered or even removed through the community edit-

ing nature of Wikipedia. Since the data about European capitals was cached and stored

on the complementary server at a given point in time, it was only logical to also cache the

referenced images necessary.

However, the image references in the DBpedia result set can not easily been taken

and downloaded, since the reference link resolves to an actual image URL once it is ac-

cessed in the web browser. Listing A.2 provides a corresponding example, illustrating the

original image reference as delivered through DBpedia as well as its resolved counterpart.

As it turns out, Node.js’s internal File System module fs32 is not able to handle this re-

solver automatically. Consequently, the nodemw33 MediaWiki API client for Node.js was

used. Using nodemw it is possible to request metadata using the image reference received

from DBpedia. The URL to access and thus download the original image file is among

these metadata items. With the image URL at hand, the download could be initiated

and the corresponding reference to access the local image is set accordingly in the pre-

pared database entry. Finally, the prepared database entry is inserted persistently to the

MongoDB database. Figure 5.3 illustrates the workflow of querying data from DBpe-

dia, preparing the database entry, downloading image references and finally inserting the

database entry as activity diagram. Listing A.4 illustrates the process of preparing the

database entry in JSON format, reading from the DBpedia results and setting the corre-

sponding values in the database entry. The process of accessing metadata of the received

image reference as well as downloading and writing the original image file locally is shown

in listing A.5. The insertion of the prepared database entry into the connected MongoDB

database is illustrated in listing A.6.

5.1.3 Access stored data, prepared for visualization

The implementation of a RESTful API provides access to the stored data about European

capitals within the MongoDB and can thus be easily used by any visualization engine

capable of performing HTTP requests. According to the visualization pipeline the raw

data needs to be prepared and brought to a format that the visualization engine is capable

of interpreting the data and consequently visualizing it for the given purpose, concretely

creating the visual structures [WGK10]. While the data tables can be transformed into
32https://nodejs.org/api/fs.html and https://www.npmjs.com/package/fs-extra
33https://www.npmjs.com/package/nodemw
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Figure 5.3: Workflow of querying data from DBpedia to finally saving all results locally

the needed visual structures either on the server- or the client-side, the decision was made

to apply the these transformations directly on the server-side in the case of the presented

system. The VR application, thus the visualization engine, had to request the data only

once upon the start of the application. Therefore it was considered appropriate to handle

all tasks regarding data handling (request, storage, preparation) on the server-side to follow

the separation of concerns (SoC) design principle.

Internally, once the visual structures are requested from the visualization engine, the

server creates an JSON object that will ultimately deliver the server’s response. This JSON

object holds valuable metadata about the delivered result set such as the data collection

name, the length of the result set as well as a list of all keys for each item of result set.

It also holds a list with all result set items that can be used by the visualization engine

to iterate through all entries. Each result set entry holds its designated values according

to the values read from the database. Additionally, the server already determines the

position of each result set entry within a three-dimensional cartesian coordinate system.

This enables the visualization engine to assign each result set entry its position within the

3D space. Listing A.7 illustrates the JSON format of the built visual structure for both,

the result set as well as a result set entry.
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5.2 VR application

With the complementary server and database up and running, the interactive 3D visualiza-

tion could be implemented according to the described interaction design (see Chapter 4).

The visualization engine and thus the complete software development of the VR appli-

cation is based on Unity34. Unity is a cross-platform game and application development

system that has gotten a lot of attention in the past years within the independent de-

velopment scene. The Integrated Development Environment (IDE) of Unity provides a

sophisticated tool set with everything a developer needs to craft powerful games and appli-

cations, while keeping the knowledge entry level low and providing an appropriate learning

curve [Smi13, Mur14]. The Unity community has grown very strong, providing a lot of help

and resources, either online in form of tutorials and guides or in traditional print media

such as books and magazines. Programming the VR application was conducted entirely

in C#, although the Unity engine additionally supports JavaScript and Boo. Since both

the Oculus Rift DK2 as well as the Leap Motion controller provide official Unity integra-

tion, the interplay of these technologies and the development of applications using them

is comparatively straight-forward. Therefore the combination of using these technologies,

programming APIs and development environments can be considered ideal in order to

implement the VR application according to the presented purposes (see Section 4.1).

The VR application was concretely developed using version 4.6.1f1 of Unity Pro. The

development was conducted according to common Unity coding guidelines. While Unity

game objects are directly edited in the provided graphical user interface of the Unity IDE,

the C# scripting was conducted using the in Unity integrated MonoDevelop editor. To

connect Unity to the Oculus Rift, the Oculus VR SDK in version 0.4.4 and its official Unity

package was used. The Leap Motion SDK 2.2.2 provided the corresponding VR assets

to bring make the Leap Motion controller available in Unity. Custom 3D models were

created using the open source 3D graphics and animation software Blender35 in version

2.73 and imported to Unity. Graphics creation and manipulation was conducted using

Adobe Photoshop CS6 Extended36.

Insights in the concrete software development of the VR application are given in the

following sections. Those sections will rather give an overview about the implementation

approaches than going into much source code considered detail.
34http://unity3d.com/unity
35https://www.blender.org
36http://www.adobe.com/products/photoshop.html
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5.2.1 Application overview

The VR application consists of one Unity scene, holding several GameObjects representing

the application’s content. GameObjects can be nested, meaning a GameObject can be the

parent or the child of another one. Child GameObjects inherit certain attributes of their

parents, such as for example the position within the 3D world space. Each GameObject can

hold multiple components, e.g. colliders, renderers or scripts holding the source code bound

to attached GameObject, further defining its functionalities, behavior and appearance.

The implemented VR application can be divided into seven main GameObjects. The

NetworkVisPlayerController GameObject handles all tasks related to the application’s

user, such as providing instances of the VR camera and the Leap Motion controller as

well as handling the user interaction and feedback. The NetworkCreator GameObject

is responsible for keeping track of the network’s current status and is able to dynami-

cally manipulate the nodes of the network according to the user’s input. Furthermore

it is able to receive information about the European capital cities from the complemen-

tary server and database and to instantiate a VR-NetworkNode GameObject for each city.

The NetworkVisualization GameObject is a wrapper for holding all VR-NetworkNode

GameObjects together, ultimately taking care of rendering and representing all nodes

within the network. The EuropeMapLayer GameObject presents an underlying outline of

all European countries to the user. Responsible for rendering the information about the

network nodes is the VR-NetworkNode-ContentView GameObject, displaying description,

numerical data as well as images about the city on the user’s interaction. Its interface de-

sign is based on the results of the prior research efforts towards this thesis as described in

Section 2.6. The interactive 3D GUI representing the different filter options is handled by

the VR-FilterExplorationView GameObject. Furthermore, the VR application features

a LoggingSystem GameObject, keeping track of every user interaction by writing detailed

information in a .csv file, which can later be analyzed. Figure 5.4 illustrates the setup of

the application’s scene as well as the interplay of these GameObjects. The following sec-

tions will describe each of these main GameObjects purpose and implementation in more

detail. Figure 5.5 illustrates multiple screenshots, given visual impressions of the created

VR application. Furthermore, a moving image impressions of the running VR prototype

is available online37 in the form of an user interaction study instruction video as described

in Section 3.2.2.
37https://vimeo.com/126973131
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Figure 5.4: Unity application - GameObject overview

5.2.2 Enabling user interaction: The NetworkVisPlayerController

Within the VR application the NetworkVisPlayerController is the interface between the

application and the human user. On the one hand it handles the input of the user, while

visually communicating the application’s content on the other. The attached NetworkVis-

PlayerController class is mainly responsible for the user movement as well as the setting of

the currently visited network node, European capital city respectively. Once an interaction

to move to another network node was detected, the class initiates the movement to the new

node by setting the user’s destination position as well as calling for the adjustment of the

VR-FilterExplorationView and the VR-NetworkNode-ContentView to that position. Fi-

nally it starts a coroutine, handling the actual movement of the player. In Unity coroutines

are used in order to implement any kind of transitional or ongoing effects [Smi13, Mur14].

Using such a coroutine it is possible to move the user step-by-step each frame until the

arrival at the designated destination, creating a recognisable movement effect. Without

the use of it, the user would appear immediately at the destination position, resulting in

an unnatural teleport-like effect.
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(a) node network (b) hands (c) moving notification

(d) content left (e) content center (f) content right

(g) flipping image (h) filter menu (i) button push

Figure 5.5: VR application - multiple screenshots
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Furthermore, the NetworkVisPlayerController holds an instance of the OVRPlayer-

Controller, establishing the bridge between Unity and the Oculus Rift HMD. While

traditional Unity applications feature usually just one main camera, the OVRPlayerCon-

troller features two, one for the left eye as well as one for the right, in order to create the

3D VR perspective.

Users interact with the VR application by performing gestures using their hands.

Therefore the NetworkVisPlayerController also holds an instance of the Leap Motion

HandController. The HandController is responsible for visualizing the recognised hands

of the user in the virtual 3D space according to their position in the physical space as

shown in Figure 5.5b. The HandController GameObject also holds the LeapInteraction

class, managing the recognition of gestures as well as the triggering of possible actions ac-

cordingly. Using the Leap namespace of the provided Leap Motion Unity package, gesture

types need to be setup appropriately in order for the HandController to recognise them.

The setup of swipe gestures requires the definition of related attributes, such as a certain

minimum velocity and length in order for the gesture to get recognised. These values were

set by the project programmer on a convenience-basis after experimenting with different

value distributions. Furthermore gestures will only get performed if the user holds the

hand wide open, which is indicated by the GrabStrength property. Another adjustment

for convenience and better interaction with the gesture interface was to setup a 0.5 second

delay to recognise the next gesture after one got successfully recognised. Ultimately, this

adjustment within the software counteracted towards the hardware inaccuracies, which

would recognise multiple gestures at once occasionally. Listing A.8 illustrates the pro-

cedure of setting up a listener for swipe gestures. Once a swipe gesture with an open

hand got successfully recognised, the HandController determines the direction of the swipe

in the 3D space and initiates actions according to the described interaction design (see

Section 4.1.3).

The NetworkVisPlayerController is also responsible for presenting visual feedback of

recognised gestures to the user as presented in Figure 5.5c. Therefore it is holding an

instance of the UIFeedback GameObject and class. The UIFeedback GameObject holds

a Mesh Renderer component for displaying one of seven different user interface (UI) feed-

back symbols according to the interaction design (see Section 4.1.1). Once a gesture got

recognised within the LeapInteraction class, the UIFeedback instance is called and the

texture is dynamically changed and displayed accordingly in front of the user’s viewpoint.

An overview about the different UI feedback textures is given in Figure 5.638.

In order to provide further visual guidance to the user, the NetworkVisPlayerController

features a Crosshair GameObject, providing feedback of the user’s current centered view-
38“Forbidden” feedback was added after conducting the technical validation (see Section 7.1).
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Figure 5.6: Unity - Texture overview of the seven UI feedback states

ing angle. Ultimately the crosshair is supposed to help with the aiming once users fix their

view to another network node and perform a push gesture (equivalent to a swipe gesture

in forward direction). The node selection is implemented using the Raycast and Collider

functionalities of Unity. Once a user performs the push gesture, a raycast is fired forward

from the user’s current viewing angle. If a network node with an active collider mesh got

hit, a RaycastHit instance delivers a reference to even that hit network node, confirming

the user’s selection.

5.2.3 Interactive 3D GUI: The VR-FilterExplorationView

The 3D GUI featuring visible buttons to trigger different filter actions in the VR application

is implemented in the VR-FilterExplorationView GameObject and class. It represents the

visual UI and is thus the counterpart to the invisible, respectively hidden, gesture UI. Once

triggered by the user, the 3D GUI features interactive button elements on the left and the

right of the user’s current viewing angle. The buttons are adapted from the provided

Leap Motion VR assets. The buttons feature an on and off state, providing user feedback

towards currently applied filters and options. Both the displayed buttons as well as the

Leap Motion HandController have colliders attached, which ensure the interplay between

them and thus make the buttons interactable. Once a button was activated or deactivated,

a corresponding call is forwarded to the NetworkCreator class in order to manipulate the

network accordingly. Figures 5.5h and 5.5i provide impressions of the interactive 3D GUI

in action.
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5.2.4 Dynamically manipulating the city network: The NetworkCreator

The purpose of the NetworkCreator GameObject and class is to keep track of the current

state of the network. It keeps track of the currently visited network node of the user as

well as the currently referenced filter network node, meaning the node a filter is applied to.

Furthermore it holds different collections with references to all nodes in the network as well

as for different subsets of nodes. Once the user applied a filter, only the movement to a

subset of nodes in the network is legit. The NetworkCreator keeps track of these dynamic

subsets and provides methods to determine if the movement to a selected network node

is legit or not upon user selection. The color of nodes within the current filter subset is

changed by the NetworkCreator as well, indicating that blue nodes are within the filter

subset, while white ones are not, given a filter is applied. Furthermore the NetworkCreator

is responsible for visually drawing connections between the current referenced filter network

node to all other nodes that are in the filter subset. Each VR-NetworkNode GameObject

holds a LineRenderer GameObject as well as a DrawConnection script managing the

visualization of a connection between two nodes. Connections are drawn over time, moving

from the filter reference node towards each destination node within the filter subset using

Unity’s coroutines in order to provide a transitional and for the user noticeable drawing

effect. The same principle is applied for changing the scaling and thus the size of each

network node, should the user choose to activate the option that each node’s size represents

a metadata value, such as area or population, relatively to all other nodes within the

network. A visualized network with an applied filter option is illustrated in Figure 5.5a.

The NetworkCreator GameObject holds a child GameObject called ServerConnector,

which is responsible for connecting to the complementary server as well as requesting and

receiving the city information that are then visualized within the VR application. Another

core feature of the NetworkCreator class is to instantiate VR-NetworkNode GameObjects,

set their properties and place them accordingly in the 3D space. Once the city data is

received within the ServerConnector, each city entry is handed to the NetworkCreator,

which sets up each VR-NetworkNode accordingly as well as referencing all city data within

CityData property of the VR-NetworkNode.

5.2.5 Displaying the city network: The NetworkVisualization

The NetworkVisualization GameObject is basically a wrapper GameObject in order to

provide a parent GameObject to all created VR-NetworkNode instances, each representing

an individual city within the network. This provides a better structure of the overall

GameObject hierarchy within the Unity scene.

Each VR-NetworkNode GameObject has a property of type CityData, representing
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all information about the city. This data is read by the VR-NetworkNode-ContentView

GameObject in order to visually present city information to the user. VR-NetworkNodes

are represented by a 3D model consisting of a torus with a sphere, which was created using

Blender. The VR-NetworkNode GameObject holds also a LineRenderer GameObject in

order to draw and display a visual connection between itself and one other node. A label

displaying the name above the VR-NetworkNode model distinguishes each node from one

another. Since the labels are technically 2D objects within the 3D space, there is the risk

of the user being positioned next to them, which would prevent from clearly reading a label

itself. Therefore, the labels are programmed to dynamically adjust their rotation in the 3D

world space to the user’s viewing angle, thus staying always clearly readable. The rendered

labels are implemented using the Typogenic39 3D font rendering system, since Unity’s font

rendering system was rated to be insufficient (visible blurring decreased the readability of

any text in the distant 3D space) towards its readability for the purposes presented within

this project. A view of the network visualization is illustrated in Figure 5.5a as well as 5.5c.

5.2.6 Presenting city information: The VR-NetworkNode-ContentView

The VR-NetworkNode-ContentView GameObject is the main interface for presenting more

detailed information about a network node to the user. It consists of a 2D plane object

in front of the user (see Figure 5.5e), as well as two back-to-back 2D planes on the left

(see Figure 5.5d) and the right (see Figure 5.5f). Once the user triggers the display of

the VR-NetworkNode-ContentView, the city data based on the user’s current position is

read from the network node and the content of the GameObject is set accordingly. The

back-to-back planes on the left and the right are flippable, ultimately providing space for

more information. Furthermore upon activation and deactivation of the VR-NetworkNode-

ContentView, the GameObject rotates in from and out to beneath the user, providing a

recognisable transition effect. The presented text is rendered using the Typogenic 3D

font rendering system, while images are loaded as texture material into the shader of the

2D plane dynamically. While textual information is already loaded and directly available

within the nodes CityData instance, the images of each city are requested on demand

from the complementary server once the VR-NetworkNode-ContentView is activated. The

design of the VR-NetworkNode-ContentView was based on the results of the prior described

efforts regarding the exploration of interface design approaches in immersive VREs as

desribed in Sections 2.6 and 4.1.1 as well as Appendix A.1.
39http://thomashourdel.com/typogenic/doc/
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5.2.7 Providing spatial guidance: The EuropeMapLayer

In order to provide some spatial guidance to the user, a 2D plane with a texture representing

the border outlines of all European countries including ocean and sea information is located

beneath the user and the network nodes (see Figure 5.5c). Additionally, a quadratic grid

is displayed on the map with the purpose to enhance the user’s perception while moving

transitions are applied. The map texture was created using Adobe Photoshop and is loaded

as a .psd file into the shader of the 2D plane’s texture material upon the start of the VR

application.

5.2.8 Keeping track of the player: The LoggingSystem

According to the conceptual interaction design and the derived functional requirements (see

Section 4.2), it was necessary to gain insights about the user’s behaviour and interaction

with the VR application. Therefore a logging system was implemented accordingly, pro-

viding a public interface to all GameObjects within the scene of the VR application. Each

entry within the log provides information about action, object and target of the logged

interaction or event as well as providing a timestamp in format of real time seconds since

the start of the application. These entries are written locally into a .csv file, which can

be analysed separately once the user finishes the session with the VR application. Unity

supports the process of writing data locally in various formats. In case of the logging

system, the TextWriter class was utilized.
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6 Results and Analysis

Based on the methodology and data collection methods as described in Chapter 3, the

developed prototype was presented to a variety of persons within the scope of a technical

validation, a comprehensive user interaction study and explorative discussions with experts.

This chapter will report and analyse the collected data, separated according to the three

conducted stages.

6.1 Technical validation

The technical validation was conducted with two participants40. Both participants were

able to successfully follow the protocol of instructed actions as they were asked by the

researcher (see Appendix A.2). However, two minor bugs within the implementation of the

in Unity developed prototype could be identified. First, the interactive 3D GUI containing

the filter options in front of the user’s vision was sometimes slightly out of place, resulting

in the user’s being hardly able to interact with the interface’s elements. Second, although

the user performed a correct gesture in order to move to another node, the movement

interaction would not be triggered in some cases. Bugfixes were implemented accordingly

within the prototype, resolving both issues before the user interaction study was conducted

later on. Furthermore, the observation of both participant’s through the researcher resulted

in the following impressions:

• Both participant’s needed some warm-up time41 to get used to the gesture interface,

particularly the gesture recognition.

• In some cases, the hands of the participants would not get recognised due to the fact

that they moved them out of the motion controllers detection range.

• Spreading the hand’s fingers slightly helps with the gesture recognition, compared to

having the fingers closely next to each other, as Figure 6.1 illustrates.

Within the semi-structured post-validation interview, both participants answered that they

needed some time to learn the movement and the gestures. Consequently they argued

that the mental demand in the beginning was higher compared to the remainder of the

session once they got more familiar with the gestures. One participant stated that he even

felt disappointed in the beginning, feeling that he could not make it (the gesture) work.

However, the participants communicated their impression that the learning curve is rather

fast and it is more relaxed to play around with the prototype once they knew the gestures

accordingly.
40Both male, 28 years old, recruited from the Department of Media Technology at LNU. However, no

particular demographics or background was required.
41The duration of the warm-up time was around 3 to 5 minutes.
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(a) Open (b) Closed

Figure 6.1: Hand recognition - Fingers slightly open (a) vs closed (b)

Both participants thought that it was rather tiring to operate the prototype in the

beginning regarding the felt physical demand. They argued themselves that this might

probably due to the fact that they had to learn the gestures and did not know how much

efforts they had to perform in order to make a gesture work in the beginning. One partic-

ipant expressed his enthusiasm towards the rather small, quickly executable gestures, so

he could put his hands down after performing one and further investigate the scene. The

other participant stated his concern regarding the implemented gestures, stating that they

do not feel entirely natural, but rather forced, to him.

Both participants felt neither particularly insecure, stressed nor annoyed when they

were asked to perform the presented actions. One participant stated that he felt a bit

of pressure in the beginning since he did not wanted to do anything wrong. The other

participant expressed the feeling of a certain dizziness after some time. He argued that the

applied color set within the prototype might be too bright and suggested to use warmer,

more eye-friendly colors.

Finally, the participants provided some additional thoughts and suggested to allocate a

short amount of preparation time as a warm-up phase to the participants of the future user

interaction study, so they could get familiar with the gesture interface. Furthermore, the

suggestion came up to let some ambient music, e.g. lounge music, play in the background,

since the prototype does not feature any audio cues.

6.2 User interaction study

The collected data and thus the data reporting and analysis of the conducted user inter-

action study can be separated into four distinct stages, concretely the data collected from

the pre-session questionnaire, the task completion and log files, the NASA TLX assess-

ment as well as the post-session questionnaire. Following, each stage will be examined in

more detail. Figure 6.2 presents some impressions of the participants interacting with the

developed VR prototype.
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Figure 6.2: Impressions - User interaction study participants interacting within the developed VRE
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6.2.1 Pre-session questionnaire: Demographics and prior experiences

In the beginning of the user interaction study the participants were asked for their age and

sex as well as their prior experiences with the usage of VR related devices and vision-based

motion controls. Eleven users, concretely six female and five male, aged between 16 and 32

years, participated in the user interaction study, resulting in an average age of 23.6 years.

The results of the pre-session questionnaire further indicate that the majority of par-

ticipants (six) have tried some VR applications within the scope of demonstrations at

exhibitions or similar events in the past, while five had no experiences with VR technolo-

gies before. One of the nine participants stated to have minor experiences developing

applications for VREs. Prior experience with vision-based motion control interfaces was

existing with seven participants, while four had none. Furthermore, one participant stated

to have certain experiences developing applications supporting vision-based motion control

interfaces, another specified to have tried these kinds of interfaces at a friends place a few

times. The participants’ prior experiences towards both technologies were mixed in regard

of the genre or application type, providing them with brief impressions of both game and

serious application related content. Appendix A.11 illustrates these results in more detail.

6.2.2 Task description

Based on the designed and implemented immersive VR application (see Sections 4 and 5)

and in order to investigate the matters as described in Section 3.2.2, the participants

of the user interaction study were asked to complete two tasks of explorative nature.

Concretely, using all the features of the prototype, such as the filter options, the movement

functionalities as well as receiving more detailed information about a visited city, the

participants were first asked to find a city with a population close to a certain number of

inhabitants. The participants were encouraged to use the features at hand to explore the

visualized city network and let the researcher know once they found a city with as close to

the asked number of inhabitants as possible. The second task featured the same procedure.

This time the participants had to find a city close to a certain area. The starting node for

each task was Växjö. The completion of these tasks delivered insights towards how the

participants operated the developed prototype and how they approached to solve the tasks

given, holding particularly explorative characteristics.

In order to identify a suitable set of answers for each task, population and area infor-

mation received from DBpedia had been compared beforehand. For each task, a cluster of

cities close to the same population, area respectively, were identified. These cities served

as result set for the tasks, preferably stated as answer through the participant. This would

indicate that the participant was able to find a city close to the asked parameter.
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City name Inhabitants in million
Vienna 1.724
Budapest 1.722
Warsaw 1.717
Belgrade 1.339
Prague 1.249

Table 6.1: Task 1 - Result set of cities identifying successful task accomplishment

City name Area in km2

Berlin 892
Kiev 839
Zagreb 641
Madrid 605.8

Table 6.2: Task 2 - Result set of cities identifying successful task accomplishment

In task 1, the participants were asked to find a European capital city close to 1.5 million

inhabitants. Table 6.1 illustrates the result set of identified cities close to this parameter.

A European capital city featuring an area of close to 750 km2 had to be found in task 2.

The result set of cities for task 2 is summarized in Table 6.2.

6.2.3 Task completion and log file

As described in the methodology section (see Chapter 3), the participants were asked to

complete two explorative tasks, concretely finding a city with close to 1.5 million inhabi-

tants (task 1) and an area of 750 km2 (task 2). While two participants were off with naming

a solution within the reach of the ideal city result set as defined in Section 3.2.2 within

the scope of task 1, all eleven participants were able to identify a city close to the asked

parameter within task 2 as presented in Table 6.3. Additionally it can be observed that the

majority of participants were able to name a solution rather close to the asked parameter

within both tasks as Figures 6.3 and 6.4 illustrate, concretely Warsaw or Belgrade for task

1 and Zagreb or Kiev for task 2. Copenhagen and Sofia were named as wrong answers

within task 1. The naming of Sofia is only one city off the cities considered within the ideal

result set, since it is the next closest city after Prague towards the asked parameter of 1.5

million inhabitants. Copenhagen (approx. 570.000 inhabitants) however is not considered

close to a city within the ideal result set. An overview about the participants individual

answers can be found in Appendix A.12.

Utilizing the implemented log file system as described in Section 3.3.1, a detailed anal-

ysis of the participants’ interactions was undertaken. While Figure 6.5 summarizes the

analyses of all participants presenting both average and standard deviation for tasks 1 and

2, Appendix A.13 features all individual analyses for each participant. Comparing the

analyses of task 1 and 2, it is interesting to spot that the averages of the time spent in
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Task 1 named solutions Count Task 2 named solutions Count
Vienna 1 Berlin 2
Budapest 1 Kiev 3
Warsaw 1 Zagreb 6
Belgrade 5 Madrid 0
Prague 1

Wrong answer 2 Wrong answer 0
Correct answer 9 / 11 Correct answer 11 / 11

Table 6.3: Results - Participants’ named solutions for task 1 and 2 (cities especially close to the
asked parameter are marked bold)

Figure 6.3: Results - Participants’ named solutions for task 1

a traveled cities as well as the amount of visited and uniquely visited cities do not show

significant differences between both, while it is noticeable that the overall amount of inter-

actions increased and the overall amount of time needed for the task completion decreased

within task 2. Having a closer look into the interaction related analyses, it appears that the

participants interacted more heavily with the filter related features of the VR prototype

application during task 2.

Further utilizing the information gathered through the log files, pathway visualizations

for each participant for each task were created, presenting the order of visited cities during

a task completion. These visualizations ultimately help to understand the participant’s

explorative behaviour in order to find a city suitable to fit the asked parameter for each
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Figure 6.4: Results - Participants’ named solutions for task 2

task. All individual pathway visualizations can be found in Appendix A.14.

Additionally, Appendix A.15 illustrates that the most often visited cities were actually

cities from within the prior identified ideal result sets.

6.2.4 NASA Task Load Index

Once a participant completed the two presented tasks, they were immediately asked to es-

timate their felt workload according to NASA TLX approach as described in Section 3.2.2.

Figure 6.6 illustrates the estimated workloads of each participant. It is noticeable that

nine of the eleven participants estimated their workload without larger differences between

29.3 and 62.3 percent. Particularly interesting is the fact that the workload was estimated

comparatively low by one participant with 11 percent, while another one was estimated

comparatively high with 74.67 percent. The workload of all participants averages at 47.5

percent with a standard deviation of 17.559. Excluding the two outliers42 the workload

average does not differ significantly with 48.54 percent and results in a lower standard

deviation of 11.2.

Besides the calculated workload of each participant it is furthermore interesting to

have a closer look at the participant’s determined weights and ratings of the TLX factors,
42The participants with a TLX of 11 and 74.67 percent were considered outliers, since they estimated

their workload noteworthy lower, higher respectively, compared to all other participants.
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Figure 6.5: Results - Summary of log file analyses incl. average and standard deviation for both
tasks 1 and 2

Figure 6.6: Results - NASA TLX - Estimated workloads of participants (red bars = outliers)
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Figure 6.7: Results - NASA TLX - Weight averages

concretely mental, physical and temporal demand as well as performance, effort and frus-

tration. As shown in Figure 6.7, mental and physical demand as well as performance and

effort are rather important to the participants’ experienced of workload, while the factors

temporal demand and frustration are of less importance during the completion of the given

tasks. The participants’ determined ratings, based on the prior determined weights, were

averaged and compared to each other as well. Figure 6.8 illustrates that the participants

experienced comparatively higher mental and physical demands as well as the need to make

efforts in order to complete the given tasks within the VRE. Figure 6.8 also shows that

the participants felt a comparatively low level of both temporal demand and frustration.

Furthermore, the low performance value corresponds to a good level of performance, indi-

cating that the participants felt rather successful and satisfied with their accomplishment

by completing the tasks. It is particularly noteworthy that the participants were not given

any indication about the success or failure of the task completion and their given answer.

6.2.5 Post-session questionnaire (PTQ)

Following, the results of the constructed post-session questionnaire (see Appendix A.5)

will be presented according to the five defined evaluation categories, concretely perception

of the content generated with data from the web, spatial perception of my location within

the 3D network, interaction using the vision-based motion control interface, human factors

and ergonomics and finally closing comments. Each section will first present the results of
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Figure 6.8: Results - NASA TLX - Rating averages

the five point Likert-scale statements (Strongly disagree: 1 - Strongly Agree: 5), followed

by the presentation of both the answers of the open questions as well as the researcher’s

observations of the participants during their task completion.

Perception of the content generated with data from the web

Figure 6.9 shows that the participants felt throughout rather positively about the percep-

tion of the presented content, which was ultimately generated with data received from the

web. The participants agreed that the presentation of the content within the 3D space

and in an VRE felt novel (4.2), but intuitive (4.1) at the same time. Furthermore they

think that the presentation of the content and consequently the interface design provided a

satisfactory overview about all information at all times (4.2). The pleasantness was rated

particularly positive (4.5).

Through the answers of the open questions as well as the researcher’s observations it

can be reported that the participants value the amount of presented information about the

cities within the VRE. The presented textual description of a city was rated not too long

nor too short. Together with providing important facts such as area, population or country

in bullet point format, the designed interface enabled the participants to get a quick and

pleasant rated overview about a city. Additionally the participants liked that not just

textual data was presented, but also images about the cities, asking even to provide more

images in the future. Overall, the layout and the animation of the city data, and thus
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Figure 6.9: Results - PTQ - Perception of the content generated with data from the web

speaking concretely about the VR-NetworkNode-ContentView from an implementation

perspective as described in Section 5.2.6, was perceived positively. Additionally some

participants expressed their appreciation of the VR prototype’s effort and intention of

trying something new and learning from it at the same time. Particularly interesting were

the statements of some participants who felt “closer to the information (and its value)”.

A participant mentioned that it was dislikable to actually need to look down to see

where one is located. Once a user is exploring the network, there was no label or interface

element presenting the name of the current city within the user’s field of view when looking

at other cities placed in the 3D space (therefore the user had to look down to see the label

of the current city). Some participants also mentioned negatively the comparatively low

resolution and sometimes experienced blurriness of the presented content.

Spatial perception of my location within the 3D network

Figure 6.10 illustrates that the participants agreed to have a solid understanding about

their own location within the network at all time (4.0). This stays arguably in line with the

fact that the underlying map, respectively outline of Europe, supported the participants in

recognising their location within the network and thus rendered essential assistance (4.5).

The decision to provide a node-to-node based movement in order to explore the network

was rated positive as well, indicated through the overall felt pleasantness of the movement

transitions (4.5). However, the participants felt rather neutral towards the easiness of

deciding, identifying respectively, where to move next during their efforts to explore the

network and complete the given tasks (3.4).

The observations and answers of the open questions further indicate that the partici-

pants are in line with the prior mentioned design decision to offer node-to-node movement
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Figure 6.10: Results - PTQ - Spatial perception of my location within the 3D network

and no free movement within the 3D space from an interaction point of view. Further-

more they expressed once more the supportive value of the underlying map, indicating the

importance of such an essential cornerstone towards the visual guidance in the presented

VR prototype. Some participants also mentioned positively that the visual node to node

connections helped identifying potential targets to travel to as a result of applying a filter.

Most negatively mentioned within this category was the ability to change the nodes’

size according to their area or population value and in relation to all other nodes within the

network. Through the change of perspective and thus putting the user’s perspective inside

the visualization, the participants expressed their inability to properly compare the nodes’

sizes, e.g. actually larger nodes in the further distance would effectively appear smaller

compared to nodes closer to the user’s location due to the perspective. Besides the nodes’

sizes filter option, some minor dislikes were expressed towards the applied color scheme

(mostly white nodes on a white background as well as blue node selections and connec-

tions while having blue background elements, concretely the water areas on the underlying

map). Interestingly, one participant expressed the need to somehow visually communicate

the locations that a user already visited.

Interaction using the vision-based motion control interface

Within the post-session questionnaire, the participants were asked specifically about their

impressions towards the overall interaction using gestures and the 3D GUI elements in order

to gain insights about the applied NUI design approach. As presented in Figure 6.11, the

participants had the opinion that it was enjoyable to operate the VR prototype by using

gestures made through hand movements (4.2). This stands in line with the fact that they

did not find it confusing to use gestures instead of more traditional input approaches (4.4).
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Figure 6.11: Results - PTQ - Interaction using the vision-based motion control interface

Furthermore, the intuitiveness43 of interacting with the visual 3D GUI elements, concretely

represented within the VR-FilterExplorationView as described in Section 5.2.3, received

the most positive response within this evaluation category (4.5). Interestingly, although

the participants did enjoy the interaction using their hands as the prior described results

indicate, they described rather neutral feelings towards their ability to precisely interact

with the developed VR prototype (3.3).

The participants’ neutral feeling towards a precise interaction can be traced back to

the inaccuracy of the gesture recognition, concretely looking at the answers of the open

questions and the researcher’s observations. Some participants had to try multiple times

to perform a successful gesture. The observations further indicate that the Leap Motion

controller’s gesture detection area was undersized in some cases, concretely if the body

of the participant featured a comparatively large arm length. Furthermore it needs to be

mentioned that the Leap Motion controller was initially not designed to recognise hand

movements from the applied 90 degree change of perspective as illustrated in Figure 6.12.

Although the provided software solutions and drivers by the Leap Motion development

team work fairly okay, their limitations in terms of precise interaction while being applied

in a HMD setup emerge rather quickly. Besides the experienced inaccuracy in the gesture

recognition, which can be categorized as hardware- or technology-related, some participants

had also a problem with one aspect of the applied interaction design, particularly the

gesture in order to trigger the movement from one node to another. The designed and

implemented gesture as described in Sections 4.1.3 and 5.2.2, asks the user to first center

the view at the destination node using the HMD and then perform a push gesture using the

hand. However, sometimes the performance of the push gesture resulted in a movement
43No training was needed.
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(a) Usual setup (b) 90 degree changed HMD setup

Figure 6.12: Leap Motion controller - Usual setup (a) vs. 90 degree changed HMD setup (b)
including controller’s detection area (illustrated by blue overlay)

of the user’s head, putting their aim off the node they wanted to go and consequently

resulting in a failed movement gesture.

Although some participants had reportingly a few troubles with the inaccuracy of the

gesture recognition, the overall interaction using gestures, and thus the user’s body, was

received as fun, even fast and fluent, experience. The participants also appreciated the

fact that no other additional input devices were needed within the presented VR proto-

type. The ability to easily learn and remember the available gestures received positive

feedback as well. The participants appreciated the short warm-up phase at the beginning

of their interaction with the prototype, stating that they felt comfortable with the avail-

able gesture feature set. As the results of the Likert-scale statements already indicated,

the interaction with the 3D GUI was particularly enjoyable and explicitly mentioned in

a positive manner by some participants. Additionally, the implemented visual feedback,

indicating the successful performance and recognition of a gesture interaction, was consid-

ered valuable, ultimately representing a crucial response from the VR prototype to the user.

Human factors and ergonomics

In order to interact with the developed VR prototype, more efforts in terms of body

movement, concretely increased head as well as hand/arm movement, were demanded from

the user compared to traditional HCI approaches using e.g. keyboard and mouse. While

the participants felt rather neutral towards the exhaustion of arm and hands through the

gesture interaction (3.5), they did not feel exhausted through the active head movement

in order to look around within the 3D VR space (4.3). Figure 6.13 illustrates that it was a

good idea to provide users of the VR prototype with a swivel chair, since the participants

strongly agreed that it supported them in the 360 degree exploration of the network (4.7).

From an interface design perspective, some participants stated their opinion that the

presented city information, concretely the VR-NetworkNode-ContentView as described in

Section 5.2.6, felt too close to their point of view. Therefore they would have appreciated
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Figure 6.13: Results - PTQ - Human factors and ergonomics

slightly more distance between them and the presented content. Furthermore, some partic-

ipants expressed concern that operating the VR prototype might get physically too tiring

or stressful after longer usage. This is would need to be investigated in future studies.

Participants also complained about the low comfortability of wearing the HMD and stated

that dealing with the attached wires within the 360 degree explorative setup limited their

user experience. These are hardware-related issues that are likely to be overcome in the

future. Besides the limitations through dealing with the to the HMD attached cables, the

researcher’s observations also confirm that the swivel chair was supporting the users in their

exploration. Some participants explicitly mentioned that they did lose track of their actual

orientation within the physical space. The actual visualization of the user’s hands within

the 3D space and thus the visual translation of their physical hands to the virtual space

was mentioned positively. Since the users are not able to see their physical hands anymore

while wearing the HMD, translating these accordingly into the virtual space seemed to be

an essential bridge between physical and virtual world.

Closing comments

As part of the pre-session questionnaire the participants were first asked about their cur-

rent impression and opinion about VR technologies, while the post-session questionnaire

featured a follow-up, particularly asking if their opinion has changed after being subject

of the user interaction study. The results of the pre-session questionnaire indicate the

participants’ awareness about the technology and its current hype throughout the media.

The participants are keen to try out VR technologies as they acknowledge the novelty

and excitement towards it, although they expect certain limitations with the hardware.

However, the participants seem to be aware of the potential and the impact that VR tech-
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Figure 6.14: Results - PTQ - Imagination: Other enjoyable technologies within an VRE besides
vision-based motion controls

nologies might have in the future. The answers of the follow-up question indicate that the

participants’ view has not changed significantly compared to before. Some of them are

even more interested and are looking forward to the developments in the future, while the

view of other participants could be broadened, demonstrating that VR technologies do not

only find application in game related scenarios.

As part of the post-session questionnaire the participants were further asked if they

can imagine to consume interactive content using VR technologies and vision-based motion

control interfaces in the future, briefly describing their opinion. While only two expressed

a negative feeling about it, stating that they feel unsure about using technologies like this

at home, nine of the eleven participants clearly stated that they can imagine using this

kind of setup in the future. The level of innovation, intuitiveness and novelty in order to

create entertaining scenarios using these technologies were the participants most common

reasonings.

Furthermore the participants were asked if they can imagine other enjoyable tech-

nologies to interact within an immersive VRE besides vision-based motion controls. Fig-

ure 6.14 illustrates the participants answers, expressing their interest towards interaction

using voice-input or a gamepad, reasoning that these approaches might work in a VR setup

using HMD. Further technologies mentioned were eye-tracking, 3D audio, sensory gloves

and a treadmill. Asking this question provided indications of the participants’ technology

awareness and potential desires of applying familiar technologies in the future.
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6.3 Explorative expert discussion

The explorative expert discussion, as described in Section 3.2.3, was conducted in two ses-

sions with a total amount of five experts. While three experts within the field of overall HCI

took part in the first session, two experts in (interactive) InfoVis provided their insights

within the second. In both sessions, the researcher presented the overall project including a

live walkthrough of the developed VR prototype, demonstrating the application’s features,

as well as providing preliminary insights in the results of the conducted user interaction

study. The prepared material shown to the experts can be found in Appendix A.6. Both

sessions were audio-recorded. After the conduction, both audio-recordings were analysed

and the experts’ feedback systematically gathered and summarized. The extracted feed-

back in table format is listed in Appendix A.16. The remainder of this section summarizes

the essence of the feedback.

One circumstance was clear after conducting the background research on interactive

InfoVis (see Section 2.4): The InfoVis community rather prefers 2D visualization, having

a rather sceptical opinion about 3D visualization approaches due to different issues inher-

ited through the additional dimension. However, it depends on the scenario if 3D InfoVis

can work or not. In case of the implemented VR prototype and considering its intention

and purpose, the experts agreed that this presented scenario is one of the few where 3D

interactive InfoVis works fine. Due to its focus on the exploration of data, the interac-

tive visualization in the 3D space provides a unique perspective and thus fresh approach

towards data exploration and browsing. The experts also stated that the developed VR

prototype and its scenario is probably quite valuable as a learning tool, arguing that chil-

dren learn from their 3D environment. Therefore being surrounded by the content instead

of looking at it from aboth is potentially beneficial in this context. Although the imple-

mented filter options work fine within the presented scenario, encouraging the user to play

around, explore and move around as much as possible, the experts state that for “real”

data exploration these are not enough and need to be assisted by the ability of putting

numbers into the filters, e.g. using range sliders.

The experts had some comments on the overall feature set of the presented prototype.

Although the in-depth perspective of putting the user inside the network rather looking at

it from the outside is a fresh and novel approach, the experts expressed concerns that the

user might get lost in larger networks. Therefore they suggested to have features to support

additional guidance or navigation. A suggestion that was mentioned multiple times is the

implementation of an isometric or aerial perspective, providing the user temporally with

a more traditional overview about the network, furthermore indicating the user’s location

and surroundings. The experts even got more experimental, suggesting one could even

trigger the change of perspective through standing up and sitting down in the physical
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space. For future work the experts also suggested to support and implement features to

select, highlight (e.g. glowing effects) and compare multiple nodes within the network,

further benefiting the explorative purpose of such an application. Similar to the guidance

through the support of an isometric or aerial perspective, the implementation of concepts

such as a radar, a minimap or a quest marker, as known from various video games, could

provide additional guidance and navigation depending on the given task.

Another strong comment was received towards the overall usage of the 3D space. Al-

though the prototype made usage of the 3D space, the network node arrangement was still

applied in two dimensions. The experts argued that this could replicate real world issues

such as occlusion. Therefore they suggested to think stronger about the potential of the 3D

virtual environment and consequently come up with effects and solutions to overcome these

real world problems to a certain extent. An example they provided in the particular case

of overcoming occlusion within a 2D arrangement was to investigate the implementation of

a world bending effect, similar to the ones as known from the movie Inception or the Halo

video game series. Figure 6.15 provides concrete visual examples of such world bending

effects. Another suggestion was made towards the models of the network nodes. Within

the developed VR prototype each city was represented by the same 3D model, concretely

a sphere with a torus. In this particular scenario, one could consider to use 3D miniature

models of the city or a famous attraction to a) visually further differentiate between dif-

ferent cities and b) make use of the 3D environment. Concrete feedback was also received

regarding the image browsing within the city’s detailed content view. The rotation effect

and thus the flipping of the images works well, but the experts argued that the user might

not have an understanding of how many images are available to be browsed. Here they

suggested to consider some kind of booklet or book animation, letting the user flip through

the images as they would do in a real world book. The thickness of the book could then

indicate the amount of pictures available. Another possibility could be to represent the

images as interactive tiles or as an carousel, allowing the user to browse and flip through

them. In general the experts expressed their enthusiasm towards the presented VR proto-

type and valued it for being an important first step and a good example into the direction

of investigating immersive virtual data exploration, but they would like to see approaches

that harness the potential of the 3D environment more intensively in the future.

A concrete feedback was given towards the implemented application’s color palette.

Therefore the experts highly recommended to apply a color palette that supports higher

contrasts for easier separation and differentiation of the visualized objects within the 3D

space. Practically, the experts suggested to consult the free available online tool Col-

orBrewer44 in order to create color schemes following their advice. In that regard, the
44http://colorbrewer2.org
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(a) Inception

(b) Halo 2 - Remastered

Figure 6.15: Different world bending effects: Inception (a) and Halo (b)
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(a) Push gesture

(b) Pull gesture

Figure 6.16: Push (a) vs. pull (b) gesture

experts also suggested to investigate the application of common heat map colors in order

to visualize the results of applied filters within the VR prototype. This could particularly

help to identify suitable targets for further exploration, since the participants of the user

interaction study had troubles with the implemented node size filter options, making it

hard for them to compare the nodes’ sizes due to the changed perspective. Applying heat

map colors instead could solve the problem according to the experts.

Besides the prior stated feedback, the experts only had minor comments towards the

overall interaction design. They positively acknowledged the visual feedback as results of a

recognised gesture, reasoning it being crucial feedback to the user. As the user interaction

study participants, the experts also considered some concerns regarding the push gesture

in order to move from one node to another. An expert stated the opinion that the gesture

rather symbolizes pushing the node away, therefore moving towards it as a consequence

does not feel natural. As a result, the expert suggested to substitute the existing push

gesture through a pull gesture, as illustrated in Figure 6.16. Following the pull gesture

concept, rather than moving the user within the network, the experts thought it might

be interesting to investigate the visual approach of keeping the user in a fix location

and moving the network accordingly instead. The 3D interactive GUI was acknowledged

positively as well, arguing that it feels very easy to operate these interface elements. The

experts even suggested to provide more of these, e.g. directly attached to the network

node’s model in the current user location. Finally, the experts stated their desire and

interest in the evolvement of the presented VR prototype, featuring further technologies

such as 3D audio or haptic feedback using multimodal interaction approaches.
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7 Discussion

This chapter discusses the findings reported in Chapter 6. After discussing the results of

the three distinct stages, concretely the technical validation, the user interaction study

as well as the explorative expert discussion, the initially stated research questions (see

Section 1.3) are answered.

7.1 Technical validation

The technical validation session with two participants could be considered a success, since

it enabled the proceeding towards the conduction of the user interaction study. Since no

major issues within the developed prototype could be identified, but only two minor bugs,

which were fixed easily, the prototype was considered ready to be tested by participants

within the scope of the user interaction study. A look into the collected log file data

supported the meaningfulness of the applied action-object-target approach as described in

Section 3.3.1. Consequently, the log files would be an essential asset within the overall

data collection during the conducted study.

Besides the implemented bugfixes as stated in Section 6.1, one other change regarding

the visual user feedback was applied after the technical validation. At the time of the

validation, there were two kinds of visual feedback implemented concerning the city (or

network node) selection, the user movement respectively. One feedback would commu-

nicate the successful selection of a city, while another one would communicate the failed

selection, indicating that the city could not be selected, e.g. due to incorrect aiming (see

Section 6.1). However, due to the application of filter options within the prototype, at

times it would be necessary to communicate not just two, but three kinds of visual feed-

back: successful and failed as described before as well as forbidden, indicating that the user

is not allowed to move to a selected city according to the currently applied filter options.

Within the prototype version presented in the technical validation, the states of failed and

forbidden city selection were communicated with the same visual feedback. This however

lead to confusion with the participants. Consequently, the additional visual feedback state

indicating the forbidden city selection was implemented and thus included within the user

interaction study.

The participant’s expressed high mental demand in the beginning of operating the pro-

totype is clearly caused due to the fact that they were not provided with a warm-up phase.

Their comments and thoughts towards this condition supports the necessity of providing

the participants of the user interaction study with such preparation and adjustment time.

The future participants may have different states regarding the experience with the pre-

sented technologies. Therefore each of them would certainly need an individual amount of
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time to get used to the interaction interface. Consequently, in order to collect meaningful

and comparable data among multiple participants, a certain warm-up phase was considered

important.

The gathered feedback towards the stated opinions that the implemented gestures

might not be totally natural and that a warmer color set could release the eyes of some

strain was collected, but left without any further action at this point. Both cases needed

further examination within the user interaction study, since the opinion of one person was

statistically not considered significant enough.

The mentioned pressure that one participant felt in the beginning in order to do no

mistakes while following the researcher’s instruction could be ignored for the time being,

since purely explorative tasks prepared for the user interaction study would not feature

any characteristics of that kind.

Furthermore, the playback of some quiet and smooth background music during the

future user interaction study was considered a good idea and applied accordingly. The LP

Dive45 of the artist Tycho was identified suitable and consequently broadcasted quietly in

the background of each study.

7.2 User interaction study

The user interaction study with the eleven participants provided valuable insights towards

a user’s interaction and behaviour within an immersive VRE in order to explore the content

of the presented scenario, concretely the exploration of a network of European capital cities.

Although the participants had only minor experiences with VR technologies, if any, in the

past, it was particularly interesting to see their adaption to the presented setup and thus

the interaction with the developed VR prototype. The participants’ answers show that

they were successfully able to solve the given tasks by exploring the 3D virtual network

and consuming the displayed data. This furthermore confirms the proper functioning of

the VR prototype, both in terms of design and implementation.

Examining the log file data it appears that the participants learned and adapted quickly

to the overall interaction, which is interesting given the comparatively short amount of

time they spent with the prototype (approx. 20 minutes, including warm-up phase and

the completion of task 1 and 2). This can be derived by examining the averages of the

amount of interactions and the amount of time for completion regarding both given tasks.

The participants needed an average of approximately 7 minutes and 2 seconds with overall

42 recognised interactions in order to complete task 1. However, with the application of

48 recognised interactions and an average completion time of approximately 6 minutes and
45Detailed information about the LP Dive by Tycho can be found at http://ghostly.com/releases/

dive.
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32 seconds, they were considerably faster during task 2. Furthermore, while two wrong

answers were given within task 1, the participants were always right with the identification

of a suitable answer in regard to the asked parameters within task 2. This is illustrated in

Figure 6.5.

Generally speaking the decision to implement a log file system for this kind of applica-

tion turned out to be an essential asset for the later analyses as basically every recognised

interaction between user and VR prototype could be tracked. Particularly interesting

was the recap of the participant’s pathways, visualizing their route of exploration in or-

der to solve the given tasks. This provides some insights in their explorative behaviour

or even search strategy. Examining the collection of pathway visualizations as found in

Appendix A.14, two types of explorative behaviour can be identified. On the one hand

participants showed behaviour featuring an increased degree of revisiting already explored

network nodes (see Figure 7.1a), while going straight from one city to another until a suit-

able was found on the other (see Figure 7.1b). At this point, it is not possible to derive

concrete conclusions why sometimes the one, sometimes the other behaviour or, in the

widest sense, strategy was chosen. To further investigate this matter, more studies need

to be conducted in the future, particularly investigating the matter, e.g. by presenting the

visualized pathways to the participants after task completion and interviewing them about

it.

The NASA TLX analyses revealed, that the participants’ estimated workload averaged

at 47.5 percent. Given the participants’ prior experiences with VR technologies and the

novel approach of the presented VR prototype, a workload of around 50 percent can be

considered ideal, indicating that the participants were neither bored nor overburdened

with operating the prototype, especially considering that the majority of participants were

confronted with such a setup and scenario for the first time. Two participants were note-

worthy, estimating their workload comparatively very low (11 percent), very high (74.67

percent) respectively. Examining all their data from the log files and the questionnaires

and putting it in total picture compared to the other participants, no particular extraor-

dinaries were identifiable. This workload difference is also interesting if compared to these

two participants’ background, since their prior experiences does not vary much from one

another. At this point it is not possible to provide a concrete deduction towards this work-

load estimation anomaly. However, potential conclusions could be that a) the workload

estimation of both participants is correct and just the way they felt or b) a mistake within

the workload estimation was done, although both participants seemed to understand the

NASA TLX procedure as briefed through the researcher. In any case, further investigations

are necessary to shed light on this circumstance.

The overall low level of temporal demand and frustration is particularly positively
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(a) Revisiting

(b) Straight

Figure 7.1: Participants’ explorative behaviour - revisiting (a) vs. straight (b)
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noticeable when examining the individual NASA TLX factor ratings. The VR prototype’s

intend was to let the user explore content from the web within an immersive VRE. A

low level of frustration can be rated positively for any kind of application of that matter.

However, the overall low level of experienced temporal demand stays in line with the

focus of the presented scenario, which was exploration. It is to believe that the nature of

satisfactory exploration while experiencing a high level of temporal demand are in direct

contradiction to each other. Therefore the reported results in that matter are to be highly

positive. Furthermore, given the fact that the designed VR prototype intended to feature

natural interaction using the user’s body, concretely head movement to look around and

perceive content as well as hand/arm movement in order to interact and operate the VR

prototype, it is no surprise but rather predictable that NASA TLX factors such as mental

demand, physical demand and effort were allocated with higher ratings by the participants.

The results of the post-session questionnaire, asking the participants concretely about

their experience with the VR prototype, are overall satisfactory as well. The presentation

of the content, created by receiving data from the web, was accepted positively, pointing

out the overall intuitiveness, novelty and pleasantness of the designed interface. Textual

content within a 3D environment can arguably be tricky, but within a VRE with no high

resolution display devices, assumingly users will become faster exhausted by exclusively

visually perceiving content due to potential blurriness. Therefore the amount and way

of how to display textual content using today’s broadly available HMD devices can be

considered crucial to the overall user satisfaction. In the presented VR prototype, the

participants ranked the overall amount of displayed text satisfactory, stating that it was

neither too much nor too little, providing them with a good overview about the individual

cities. This fact can be positively pointed towards the VR prototype’s interface design.

In general the three element layout of the VR-NetworkNodeContentView, putting visual

content to the user’s left, right and front, in combination with a HMD setup found practical

acceptance.

The chosen movement transition, enabling users to move exclusively from one node

to another was perceived positively as well, especially in regard to the overall physical

stationary setup. While they move in the virtual space, they do not actively translate

their location in the physical space. Motion-sickness is a known and common problem

with VR applications. Therefore the design decision of not enabling the user to move freely

around in the virtual space while not physically moving at the same time, but exclusively

implementing movement using transitional effects, can be consequently considered well

chosen46. Furthermore, through the change of perspective and the presented approach of

putting the user into the visualization rather than looking at it from the outside, it is more
46“Swivel chair” experience [Car15]
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important than ever to provide the user with guidance and references in order to identify

their own location. While the underlying map was essential support to the participants’

exploration, the results also show that more expressive work needs to be done towards the

available filter options. These filter options should ultimately help the participants with

the decision making of where to go, explore respectively, next. Especially the option to

adjust the nodes’ size in comparison to all others in the network was impractical, as the

change of perspective would hardly enable the user to apply a meaningful comparison. A

promising alternative was suggested during the explorative expert discussions in form of

applying a heat map color scheme.

Although the participants had some issues with the hand gesture recognition due to

the inaccuracy of the hardware technology, they were excited about the ability to interact

with the developed VR prototype by using their hands. The users were able to quickly

adapt to the functionality of the VR prototype and make use of the prototype’s complete

feature set. While both the gesture and the 3D GUI interaction were perceived enjoyable

and intuitive, the results show that the participants were slightly more excited about the

interactive 3D GUI. However, after conducting the user interaction studies it is to conclude

that both interaction mechanisms have their value regarding the application within an

immersive VRE. Whether to use one or the other seems highly related to the functionality

or feature the interaction will embody. Although gesture interaction confronts users with

a visually invisible interface they need to learn or find out about it first, the results of

the user interaction study show that a simple and manageable set of gesture interactions

is suitable, even for application newcomers. A statement about how complex such a set

of gesture interactions should be was not part of the initial investigation and thus cannot

be elaborated at this point. However, the complexity of gesture interaction sets within a

VRE seems to be a promising research direction for the future.

When designing an interaction approach between human and computer, one has to be

aware of the advantages and limitations this approach can bring. In case of the presented

VR prototype the objective was to craft a design that enables the user to interact par-

ticularly natural with the application. While moving away from traditional input devices

such as keyboard, mouse or gamepad, which also inhabit a more stationary nature, en-

abling users to interact with an application using parts of their body, mainly through head

rotation and hand/arm movement, brings certainly excitement. Humans perceive their

environment by simply looking around. This statement from the very beginning clearly

stays in line with the results of the user interaction study, showing the excitement and

the easiness the participants’ experiences while visually exploring the presented content.

However, at the same time concerns were made towards the hand/arm exhaustion within

longer application sessions. While the participants did not particularly feel physically ex-
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hausted after their user study session, they supposed that they might have during longer

exploration sessions. Of course, this needs to be specifically investigated in further studies.

However, it can be concluded that it is fairly safe to say that the frequency of interactions

as well as the overall duration of operating such an application are of importance. Inter-

estingly from the observations, the participants showed different behaviour regarding the

interaction using their hands. While some participants used their hands very smoothly,

putting hands up and down as interaction was needed, even using not just the same hand

all the time but switching between both, others interacted with the gestures recognition in-

terface more convulsed. The results also showed a slight learning curve, indicating that the

participants got used to the interaction interface rather quickly. Such a learning phase can

be considered to be normal if users are confronted with new interfaces. The fact that the

results indicate a noticeable learning progress of the participants considering the amount

of time they were confronted with the VR prototype is certainly positive. Although the

users might forget about their physical environment when being immersed in a VRE, it is

still essential to provide support in order to operate within such an environment. This of

course also strongly related to the overall use-case and scenario the users are confronted

with within a VRE. In the presented scenario however it turned out that the provision

of a swivel chair, supporting the users with their 360 degree exploration in the virtual

space, was crucial to their overall experience. In conclusion, designing interfaces and in-

teraction for an immersive VRE requires the designer to not exclusively think about the

virtual space, but also about the physical environment the user might be located in when

interacting with these kinds of applications.

7.3 Explorative expert discussion

The dialog with the invited experts was valuable, providing feedback and revealing factors

that a user interaction study cannot do. Most positively it was exciting to hear the experts’

opinion that the developed VR prototype, setting a distinct focus on exploration, can

work as a 3D interactive InfoVis, although 3D InfoVis is rather seen sceptical in their

community, stating that 3D InfoVis works only in a few cases. Therefore receiving the

confirmation that the developed VR prototype and its presented scenario can be assigned

to the few cases successfully demonstrating 3D interactive InfoVis is a great achievement

and proof of concept. However, at the same time the experts also argued for the importance

of including more traditional features in such an explorative application, e.g. maps or

isometric perspectives, aerial respectively. Although the presented change of perspective

for in this scenario feels fresh and novel, one should not forget or ignore potential limitations

that it might come with it. Therefore features to support the guidance and navigation of the

user are more important than in other scenarios and should be considered when designing
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an application of that kind. After all, humans use even in the real world maps or other

applications to assist them in their pathfinding and exploration.

However, the experts pointed also out that negative implications of the real world

should not be brought into the virtual space if possible. A major advantage of the virtual

space in the first place is the opportunity of being able to put oneself into a VE and let go of

the real world boundaries and limitations, creating solution approaches to overcome these.

The challenge for the application designer is certainly to create solutions and interfaces

to overcome real world limitations, while at the same time ensuring as natural interaction

as possible. In the particular case of the occlusion problem, the experts pointed also to

movies or video games in order to receive inspiration to design interfaces that could go

beyond that problem. Particularly in the presented scenario the approach of implementing

some kind of world bending effect sounds indeed promising, thus becoming a candidate

for investigation in future studies. In general, the experts’ arguments and desires to make

even more use of the 3D VE sound reasonable.

The experts emphasized the value of an appropriate (warmer) color palette, thus being

in line with the prior received feedback from the technical validation and user interaction

study. Especially when wearing a HMD and being immersed in a VE, the visuals and

consequently the colors are playing a central role as they are the visual bridge between

human and machine, more than ever before. Their overall input to all color-related matters

was crucial and will certainly be considered with more detail in the future.

Overall, the interaction with the immersive VR prototype and the technological setup

was acknowledged positively. Nevertheless, the experts showed interest and curiosity in ap-

plying additional technologies, such as 3D audio and haptic interfaces. The usage of audio

features within the designed prototype was considered early on, but considered to be out of

scope for this investigation. The thought of featuring audio content, preferably 3D audio

content, is certainly interesting. Also the idea of using haptic interfaces for the interaction

within an immersive VRE, regardless of the scenario, is encouraging, as it promises to

create a different kind of NUI. In connection with the participants’ conceivability of using

their voice as an additional form of input, the application of different exciting technologies

can be further investigated in the future.

7.4 Research questions

The overall aim of the conducted work as stated in Section 3.2 was the investigation of

how to translate content from the web into an immersive VRE and craft an interaction and

interface design to let a user explore data visually in a preferably as natural way as pos-

sible. Based on the results and analysis of the collected data through both the conducted

user interaction study as well as the explorative expert discussion, the initially described
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research questions can be answered.

RQ1: Is immersive virtual reality suited for exploration of open data and content

received from the web?

In case of the designed and developed VR prototype and the gathered results it can be

concluded that immersive VR is indeed suited for the exploration of traditional data and

content from the web. Particularly in the presented scenario, textual and image data

about European capital cities was received from open accessible web sources and visualized

within the 3D space. Using a HMD device the users were able to perceive visually the

content within the 3D space, while immersively interacting with the VE using their hands.

The results show that the participants valued the enjoyment, intuitiveness and novelty

provided through the presented approach, while they learned quickly to make full use of the

prototype’s feature set, even solving given explorative tasks satisfyingly. Some participants

tried to solve the given tasks very systematically, while others seemed a bit more open in

their course of action. Both approaches of exploration ended in successful task completion

eventually. The fact that almost all participants were encouraged out of own will to find a

particularly good solution towards the given tasks speaks for the acceptance and enjoyment

of operating in the presented immersive VRE and its scenario. This stays also in line to

the results of the NASA TLX estimation, indicating that the participants were challenged

with the newly experienced environment and its technological components to a reasonable

extent. Consequently, the developed VR prototype presents a practical approach for the

overall successful design and implementation of a) translating traditional content from the

web to a 3D environment and b) crafting an interaction interface enabling users to explore

a 3D environment and its visualized content.

The presented prototype can be considered a first step and proof of concept into the

direction of creating immersive VREs that feature traditional web content. Although

the basic functionalities and visualization approaches throughout worked satisfactory, the

experts made some valid arguments for future considerations, such as more features sup-

porting the guidance of the user or making more use of the unique possibilities only a 3D

VE can offer in order to overcome real world limitations. In conclusion, it is noticeable that

which design approaches and decisions will work and which will not is highly dependent

on the applied scenario and use-case and should thus be considered individually. Through

its focus on exploration, the presented prototype demonstrates one of the few use cases,

where 3D interactive InfoVis can be useful.
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RQ2: Is the usage of head-mounted display technologies and vision-based motion

controls suited to work together and can they benefit from each other in order to

create a natural user experience?

Although both technologies presented some minor issues, such as experienced blurriness

or low comfortability of the HMD and complaints in the gesture detection, the presented

VR prototype showed that HMD and vision-based motion controls can successfully work

and, even more importantly, complement each other. While users are wearing a HMD,

they are visually isolated from their physical environment. Consequently, designing more

immersive input mechanisms such as gesture control interface, moving away from tradi-

tional HCI approaches, is a crucial part towards supporting the user with more natural

interaction possibilities. The illustrated results indicate that the users enjoyed the ability

of being able to look naturally around in the 3D virtual space and consequently explore

visually the displayed content. At the same time they valued the ability to just use their

hands and a manageable set of gesture interaction possibilities. The users used the com-

bination of both technologies to explore the 3D VE and successfully complete their given

tasks. Design approaches of the interaction through gestures and a visible 3D GUI were

explored. Both found acceptance, indicating that interaction possibilities following these

approaches can work in a meaningful way within a VRE. Interactive 3D GUI elements have

the benefit of being visible to the user at all times, thus indicating and reminding the user

on their functionalities. At the same time, interaction through gesture recognition seem

to enable the user to operate fast and fluent interactions. However, these gestures need

to be easy to learn and simple to remember. Overburdening the user with too complex

gestures on the one hand and a set featuring too many gestures on the other, should be

avoided. Furthermore, through the observations it is recognisable that the combination of

both technologies requires the user to apply a higher degree of physical movements than

compared to traditional HCI setups. Consequently, the intended duration of how long an

application should be experienced needs to be considered within the application’s design.

While the combination of HMD and vision-based motion controls worked well in case of

the presented prototype, the user interaction study and the dialog with the experts also

revealed their curiosity towards additional (input) technologies, such as voice recognition,

3D audio and haptic interfaces, which seem promising to investigate in the future.
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8 Conclusion

This chapter concludes the thesis. First it summarizes the completed work in Section 8.1.

Afterwards, limitations of the presented work are stated in Section 8.2. Section 8.3 de-

scribes and discusses lessons learned during the conduction of this thesis. Finally, Sec-

tion 8.4 provides possibilities and directions for future work.

8.1 Summary

Today’s technologies are evolving at a fast pace, offering possibilities for new and exciting

interaction mechanisms. Currently, one of the most hyped technologies is VR and the op-

portunities that it brings with it as it becomes more and more consumer friendly. However,

examining the advantages and disadvantages of how to apply such emerging technologies

in a meaningful way takes time and efforts. The aim of this thesis was to investigate how

an immersive VRE using a head-mounted display and vision-based motion controls could

be used to let the user naturally explore and interact with content and data received from

open online accessible resources.

In order to gain essential knowledge and start the investigation, a solid foundational

research was conducted. Common for media technology related research, different fields

of interest had to be examined more closely. First, the concept of Natural User Interfaces

was explained, including a brief look at older HCI approaches. Second, the fundamental

concepts and technologies behind the topic of VR were given. Next to shedding light on the

distinction between the two important VR concepts of immersion and presence, the roots

of VR and Sutherland’s first HMD were explained. A more detailed analysis was done

regarding today’s common VR technologies, particularly examining the HMD and CAVE

technology. Third, major foundational research was conducted in order to gain knowledge

about interactive InfoVis. Here, a more in-depth look was done towards the visualization

pipeline, visualization techniques and underlying concepts including examining several well

received examples of InfoVis, interactive elements in InfoVis as well as other crucial design

considerations that are nowadays necessary and established. Afterwards, the basic concept

about open data was explained. Finally, prior efforts performed in relation to this thesis

were described.

For the purpose of planning the work conducted in this thesis, a proper methodologi-

cal approach had to be designed. While having identified the overall area of interest and

using the knowledge gained through the foundational research, it was decided to design,

implement, test and evaluate a VR prototype, which would consume data about European

capital cities received from open online sources, visualize the received data in a 3D en-

vironment and make it available for exploration through natural interaction to the user.

91



8.1 Summary 8 Conclusion

Accordingly, a user interaction study was planned, including the prototype’s technical val-

idation, the design of tasks for the user interaction study participants to accomplish as

well as all the data collection methods. Next to self-constructed questionnaires, the im-

plementation of a sophisticated log file system directly within the VR prototype as well as

the participants’ workload estimation using the renowned NASA TLX procedure enabled

a sophisticated collection of important data. Furthermore, the benefits of establishing the

dialog with experts in the field within explorative discussions were explained.

While VR applications require custom software, at the same time InfoVis should always

follow a concrete and distinct purpose. Therefore, in order to develop a well functioning

prototype later on, a design draft was created. The design draft describing the overall

scenario, concretely the exploration of open data about European capital cities in an im-

mersive VR environment using HMD and vision-based motion controls, as well as its key

features were stated in detail. The creation of two user scenarios, ultimately describing

the same workflow using two different personas, once on an abstract level and once on a

more practical and concrete one, helped to summarize an overall interaction overview as

well as deducting the prototype’s functional requirements.

With the design draft at hand, the prototype was implemented in two stages. First,

a complementary server and database on the foundation of Node.js and MongoDB was

implemented in order to collect and store data about European capital cities from DBpedia.

The server also provided an API in order to request the stored data, already prepared for

the later visualization. Second, the major part of the prototype was presented with the

development of a Unity application, featuring the interactive 3D data visualization and

thus providing the user, through the usage of an Oculus Rift DK2 HMD and vision-based

motion controls on foundation of the Leap Motion controller, with an immersive interface

to the virtual world. For both parts of the prototype system, brief overviews as well as

details regarding the actual implementation were given.

With the implemented VR prototype up and running and the data collection methods

planned and prepared according to the prior described methodological considerations, a

technical validation of the prototype’s functionality was conducted with two participants.

After solving some minor issues and applying some more polishing, a user interaction study

with eleven participants was conducted. Once the preliminary analysis of its results was

applied, two explorative discussions with experts in the field of HCI and InfoVis were held,

further gathering feedback concerning the designed concept and developed prototype.

The results of the user interaction study were reported and analysed in detail, par-

ticularly towards the distinct evaluation categories of the participants’ perception of the

content generated with data from the web, the spatial perception of their location within

the 3D network, the interaction using the vision-based motion control interface as well as
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human factors and ergonomics in general. Additionally, using the collected data through

the implemented log file system a more detailed analysis about the users’ interaction with

the prototype was feasible. Consequently, an interaction analysis for each user was created

as well as illustrating their explorative behaviour while solving the given tasks in form of

pathway visualizations. The analysis of the participants’ estimated workload revealed that

they were positively challenged, but not overburdened with operating the VR prototype,

showing a high degree of enthusiasm towards their task completion. In general, the partic-

ipants appreciated the novelty and intuitiveness of the developed VR prototype, enjoying

the overall interaction and presentation of the content within the 3D environment. Minor

technology-related issues were identified towards the gesture recognition. Also the HMD

hardware contains room for improvement, but those are just a matter of time. The pro-

totype design and concept were also accepted through the experts, valuing its overall idea

and implementation, but providing a lot of constructive feedback for the future as well.

While the explorative nature of the prototype was positively received as a use case for three

dimensional InfoVis, the experts reminded at the same time to make even more usage of

the 3D virtual environment, desiring to overcome real world problems in interesting ways

in the virtual world.

The results and analysis of the conducted user interaction study as well as the ex-

plorative dialog with the experts were discussed in more detail towards the overall aim

of the investigation, ultimately answering the initially stated research questions. On the

one hand the conducted research and developed VR prototype could prove that immersive

VR is indeed suited for exploration of traditional data and content received from the web.

Furthermore, the interplay between HMD technologies and vision-based motion control

interfaces could be rated as suitable to not just work together, but to complement each

other quite nicely in order to create a NUI.

8.2 Limitations

Accounted by the comparatively small number of participants in the user interaction study

and considering the small audience of experts the developed prototype was demonstrated

to, it is not possible to address accurate conclusions. The participants of the user inter-

action study were aged between 16 and 32 years. Further studies with participants of

different demographics and background would contribute to the design and development

of the prototype.

8.3 Other lessons learned

In this the section the opportunity is taken to mention and reflect on a few noteworthy facts

and circumstances that came to attention during the work on this project. Generally, the
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presented project tackles a lot of different areas, concretely VR and immersive interaction,

NUI and vision-based motion controls as well as interactive InfoVis. A mashup application

embodying elements of all these areas is a common scenario in the area of media technology.

Therefore it is particularly important to extensive proper foundational research in order

to learn the essentials, and potentially a bit more, about all these areas of interest.

Furthermore, the decision to conduct an explorative discussion in order to establish the

dialog with experts related to the designed prototype’s areas of interest was very fruitful

and rich of ideas in a lot of ways. The discussion not only confirmed some of the results

derived from the user interaction studies, but also shed some light on additional things.

Therefore the conduction of such discussion sessions can be considered of significant value

and only be recommended to be applied whenever it is possible.

Further speaking about the conducted data collection: As observed during the user

interaction studies it is crucial to provide the participants with an appropriate warm-up

phase in order to get a first feeling of the developed prototype’s feature set and to get

comfortable with the different applied technologies. The observations showed that some

participants got used to operating the prototype rather quickly, while some needed a few

minutes more to get used to the environment. Certainly, every human has an individual

level of adaption to new things. Therefore, especially in order to get meaningful and

comparable quantitative data from the task completion, it is mandatory to let user study

participants warm up with such an application and not dive into the data collection right

away.

From an implementation point of view, the work with the Unity game development envi-

ronment was quite comfortable and convenient in the project developer’s opinion. Although

the project developer had experiences developing for different platforms using different pro-

gramming languages, developing using Unity was new and learned as the project moved

on. The available resources and guides online available are certainly a help. Although

Unity is intended to develop games, it certainly supports the creativity and workflow to

develop other interactive experiences, as shown with the presented prototype.

More significant issues within the prototype’s development cycle had actually nothing

to do with the immersive VR application developed in Unity, but with the structured

collecting of the data that would be visualized later on in the 3D space. Based on the

identified functional requirements (see Section 4.2), a variety of different data items about

European capital cities had to be collected from open data sources. Particularly, it was

necessary to query information about the city’s name, country, latitude and longitude as

well as the metropolitan area and population. Furthermore a small description about the

city as well as one or two images should complete the data set. The broadly known, free

and multilingual encyclopedia Wikipedia gathers collaboratively edited knowledge and is

94



8.4 Future work 8 Conclusion

open available on the web [KVV+07]. In the particular case of gathering information about

European capital cities, the assumption was made that Wikipedia can provide information

for each data item. Wikipedia is structured in linked articles, meaning each site in the

Wikipedia encyclopedia represents one article with the potential to link to other articles

(linked data) [KVV+07]. All data within these articles can be queried using the Medi-

aWikiAPI. However, since each Wikipedia article is the result of a collaborative effort of

multiple community editors, the underlying data structures are not formalized and dif-

fer from article to article [KVV+07]. Due to this missing semantic layer, it is currently

not possible to query data systematically among various articles, because the data is not

machine-processable [KVV+07]. Rather than using a completely different knowledge base,

the DBpedia project was introduced to this project. Due to the described limitations of

Wikipedia’s incapability of providing machine-processable data, the DBpedia project was

founded as an crowd-sourced community effort in order to extract structured information

from Wikipedia [LIJ+15]. DBpedia provides an semantic layer on top of Wikipedia articles

and thus enables sophisticated querying of data originated from Wikipedia [LIJ+15]. Con-

sequently, DBpedia was chosen to query and process the necessary data items according

to the presented scenario.

8.4 Future work

The results of the user interaction study as well as the explorative expert discussion revealed

several aspects and exciting directions for future work as already described in context

accordingly in Sections 7.2 and 7.3. To summarize, on the one hand changes on the existing

feature set of the implemented prototype can be applied. Concretely, the overall color

scheme should be reworked, also investigating the application of heat map filter options in

order to support the ability to better compare network nodes using the newly presented

perspective. On the other hand, promising features could be added to the developed

prototype or its overall approach in general. Concretely, additional features to support

the user’s navigation and pathfinding in form of a minimap or the implementation of a

temporary isometric or aerial perspective or even the implementation of world-bending

effects seem promising to create new added values. During the expert discussions the

idea of visualising a history of the previously visited nodes came up, which might further

support and guide the participants with their activity of exploring the network within the

3D space, providing indications of unexplored areas. Also the addition of other emerging

technologies such as voice-input, 3D audio or haptic interfaces needs to be in investigated

in the context of immersive VREs.

Furthermore, the VR prototype should be presented to a larger audience in additional

user studies in order to gain further insights. The presented results of the user interaction
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study (see Section 6.2) showed that participants rated the developed prototype as “enjoy-

able” and “intuitive”. Long term studies should be performed to prove the effectiveness of

VR or reveal if the participants’ opinions are just an instant reaction to a new experience.

Within this study, the duration of the participant interacting with the VR prototype lasted

approximately 20 minutes. Longer interaction sessions and their implications could thus be

investigated in the future as some participants expressed their worries particularly towards

the physical exhaustion in prolonged interaction sessions. Additional studies might also

reveal further types of explorative behaviour besides the revisiting and straight behaviour

as described in 7.2.
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METHODOLOGICAL CONSIDERATIONS 
Since the aim of this work is to explore interface design approaches to visualize content generated by and 
related to social networks within an immersive virtual reality environment, the developed interactive VR 
prototypes had to be tested with human participants in order to gain further insights and real experiences. Thus, 
an evaluation of the proposed design approaches as well as drawing further conclusion would be possible 
afterwards. In order to collect data to examine the perception of the participants regarding the content 
presentation in a VR environment, the interaction with the vision-based motion controls and the perceived 
ergonomics while using the prototypes, a user interaction study with 1 participant per session was carried out. 
These user study sessions were performed on 2 days with an approximate duration of 1 hour per session. The 
overall 8 participants, aged between 23 and 41 years, were first presented with overall background information 
regarding the presented work, including the hardware technologies Oculus Rift and the Leap Motion. Before 
testing the developed prototypes, the participants had to fill out a self-constructed pre-test questionnaire, stating 
information about their prior experiences regarding VR and vision-based motion controls as well as their overall 
impression of VR as of this moment. Afterwards, the participants were presented with the five developed 
interactive prototypes. The prototypes were presented in random order to avoid biased conclusions. The 
participants were asked to explore each prototype, particularly through looking around and active interaction 
through performing both vertical and horizontal swipe gestures with their hands. Furthermore the think aloud 
protocol was applied during the user study, encouraging the participants to comment on what they experience. 
Based on the participants’ comments, the user study moderator had the chance to ask questions to gain further 
insights, based on the unstructured interview method. Finally, all participants completed a self-constructed post-
test questionnaire, containing both Likert scale statements as well as open questions. Additionally, the 
conversation between user study moderator and participant has been audio recorded. For all questions within this 
post-test questionnaire, the participants were asked to not consider items such as the colors of the presented 
prototypes or the comfort of wearing a head-mounted display device, but rather the layout and your overall 
perception of the illustrated media content, especially in terms of the virtual reality and vision-based motion 
control aspects. To gain more focused feedback, the post-test questionnaire contained the following categories: 
Perception of content generated by or related to social networks within VR, Perception of the vision-based 
motion controls, Evaluation of the content transition effects and Human factors and ergonomics. 

It is not possible to address accurate conclusions from a quantitative evaluation point of view, due to the 
limited number of participants. However, supported by the analyses of the open answered questions and the 
evaluation of the audio recordings, a qualitative evaluation was carried out. 
 

 

Figure 2. Implemented prototypes in action. 
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RESULTS AND ANALYSIS 

User interaction study 

This section presents the results of the user interaction study regarding the examined categories as described 
within “Methodological considerations”. It will have a look into each evaluation category separately and 
evaluate the collected data regarding both their aspects quantitatively as well as qualitatively. For the 
quantitative evaluation of all questionnaires the average answer value for each statement was calculated within a 
category. An answer is the selection of an item from the Likert scale statements. Furthermore the standard 
deviation gives some indication about the overall agreement on each question. 
 
Prior experiences using VR and vision-based motion control applications 
Most of the participants, concretely 7 out of 10, have used a VR application using a HMD before, the majority of 
them even within the last three months. However, the overall comments indicate that most of them had only 
experiences with this technology once or twice for a short amount of time, such as 10 – 15 minute demo 
sessions. While 1 participant had background in developing VR application, another 1 had never used a VR 
application before. 

Generally, it seems that the participants were more familiar with vision-based motion control technologies, 
such as the Microsoft Kinect or the Leap Motion. Most of the participants have used applications that support 
vision-based motion controls recently, while 4 participants even have experiences developing applications that 
support these technologies. 3 participants own vision-based motion control technologies of any kind privately. 1 
participant had never used an application that supports vision-based motion controls. 

The participants were also asked to state their current impressions about VR. In general, it seems that they 
are aware about the fast development in this area within the last couple of years and that VR is getting a lot of 
attention recently. Assumingly, this is caused through the huge success and media coverage of the Oculus Rift, 
making the technology available to more developers, consequently developing applications of different kinds, 
such as tech demos, games or experimental applications and prototypes, for this platform. However, while the 
participants are aware that VR is finally here to stay, since the technology is affordable and the acceptance by the 
users is increasing, some are also expressing their concerns towards it’s value besides being relevant for games. 
 
Perception of content generated by or related to social networks within VR 
In general, the participants agreed that the presentation of the content shown within the prototypes felt natural, 
was intuitive as well as pleasant to consume, as the results between Neutral and Agree illustrated in figure 3 
indicate. In the user study, all participants were able to successfully examine the presented elements of the 
prototype, particularly placed around them, being able to describe what they were seeing, inferring that they did 
not have any concrete issues with examining the scenes. This is further supported by the fact that the participants 
did not feel that examining the presented content was complex (see figure 3). Most likely, this can also be traced 
back to the fact that moving head and eyes to look around is one of the most natural things humans do to gather 
information. The prior design decision of placing the user on a comparatively fixed position within the 
prototype, thus avoiding a free movement within the virtual space, was rated positive as well, since it supported 
the participants to focus on the actual presented content (see figure 3). Additionally, as the results in figure 3 
indicate, the presentation of the content was rated novel, although the content itself consisted of 2D elements 
such as text and images. The concept felt new to the participants, and although they were confronted with an 
early prototype, they could identify potential to explore data in this or a similar way in the future. 

However, the observations and the comments within the post-test questionnaire indicate that some 
participants had issues with the motion blur effect while moving the head, also experiencing some lag, ultimately 
decreasing their enjoyment to a certain extent. However, these are technical issues, which are most likely to 
overcome in the future. Overall, there were very little concerns regarding the overall presentation of the content. 
One user stated that the available space could have been utilized better, meaning even more information could 
have been displayed, e.g. in front of the user. Summarizing, the need for more feedback from the UI towards the 
possibilities of available interactions was expressed. Within the user study, the study moderator introduced the 
participants to the available interactions. In further design iterations of the prototype, addressing UI feedback 
seems to be of high importance, enabling the users to better understand the functionalities of the presented 
prototype by their own and without human guidance. 

On the other hand, the participants stated that they enjoyed the impression of space they had as well as the 
simple and clear structure of the presented media items. Furthermore, the overall attempt to naturally interact 
with digital content that is usually controlled using traditional input devices, such as a mouse, was mentioned as 
one of the most attractive things of the VR experience. Not just the usage of the 3D space in a, according to the 
participants, valuable and well organized way, but also the playful interaction with the prototypes was rated 
intuitive and “fun”. Interestingly, one participant mentioned that this experience helped him to shut out the real 
world for a while, clearly supporting the activity to focus on the current application, while not getting disturbed 

 3 

by elements in your close surroundings.  

 
Figure 3.  Results: Perception of content generated by or related to social networks within VR. 

Perception of the vision-based motion controls 
Both the observations and comments of the participants during the conduction of the user study as well as the 
feedback gathered from the questionnaire clearly indicate that the participants enjoyed using their hands in a 
very natural way to interact with the presented content in the prototypes (see figure 4). Within the observations it 
was noticeable that some participants got used to the gesture recognition more quickly than others. However, all 
participants got used to it at some point, which is impressive concerning an overall testing time with the 
prototype of 20 – 30 minutes. 

Overall, the participants stated that is was not confusing to use gestures, and thus their hands, to interact with 
the prototypes, although the most negative comment mentioned was the unreliability of the gesture recognition, 
concretely the recognition of “unintentional” gestures: From time to time the users made hand movements by 
nature, but the prototype system interpreted those movements incorrectly as a gesture and performed an user 
interaction accordingly. This phenomenon is well known and described by Murthy and Jadon in the “Taxonomy 
of Hand Gestures”. Therefore, hand movements in general can be classified on the very first level as either being 
gestures or unintentional movements. It is a system’s or application’s responsibility to distinguish between both. 
In future development iterations of building an application that supports vision-based motion controls, the hand 
gesture recognition needs to be implemented fairly well in order to support the user interaction with the 
application rather than to interfere. Furthermore some participants expressed overall concerns regarding the 
fatigue of their hands when they imagine using the application for a longer period of time. This is certainly an 
interesting factor to consider in the future development of applications supporting this kind of vision-based 
motion controls. Therefore the mixture between motion detection area of the controller to recognize the hand 
movements in front of the user as well as the degree of interactivity to operate the application seems to be crucial 
in order to operate VR applications supporting vision-based motion controls for a longer period of time. 
Additionally, the robotic representation of the participants’ owns human hands was considered negative by one 
participant. This is a cosmetic issue and the perception of these might vary from participant to participant. As 
previously stated, the vision-based motion controller was attached to the front of the HMD, thus enabling the 
users to take their hands within them into the direction that they are looking. However, through this connection, 
some users were able to exploit the gesture recognition by just holding their hands in front of the controller and 
moving their head in order to trigger the gesture recognition (usually, and by nature, humans do not particularly 
experience a direct connection between making gestures and their immediate head movement).  

Interestingly, although all participants rated the gesture interaction as feeling natural, one participant 
mentioned correctly, that in the real world grabbing presented elements and moving them around would be more 
natural than e.g. swiping to scroll the images. On the other hand the participant also mentioned that there might 
be a conflict with the missing haptic feedback, which the human user would expect from grabbing a physical 
object in the real world. This has certainly potential to be further investigated in future studies. 

In general the participants enjoyed having not a physical controller or other input device but their hands 
available to interact with the prototypes, making it simple and “fun”. Especially the importance of enjoyment for 
a system of such nature should not be underestimated, since users would simply stop using it and search for 
alternatives, if it is not enjoyable.  
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 4 

 
Figure 4. Results: Perception of vision-based motion controls. 

Evaluation of the content transition effects 
Another essential part of the conducted user study was the investigation of different transition types, in particular 
to switch between different content presentations, in order to get real experiences and feedback towards the 
user’s perception of these presented effects, ultimately differentiating between what is more and what is less 
enjoyable within an virtual environment. The prototypes featured 4 different content transition effects: Instant 
blending (no transition effect), cross-fading and flipping (rotating the elements) between content as well as an 
animated movement transition between the different content views (encouraging the feeling of a guided 
movement). 

The results presented in figure 5 illustrate that the cross-fade transition found the most acceptance among the 
participants. Within the study they argued that the transition itself was not too long, but also not too short, thus 
still being able to perceive the transition itself, indicating that something has happened. Ultimately, this also 
operated as feedback for the user that their user input, concretely the hand gestures, got recognized correctly. 
The participants commented that it was obvious that something happened, without any surprising effects. A 
similar enjoyment, and thus acceptance, could be identified for the rotation transition. The participants enjoyed 
the immediate feedback as well as the actual usage of the 3D space, since they perceived the rotation as if a real 
world object would have been flipped. Therefore a certain novelty has to be accounted to this transition effect as 
well. The participants reported mixed feelings regarding the moving transition, eventually resulting a Neutral 
assessment as figure 5 emphasizes. Although the transition itself evokes a certain “Wow” effect at first, 
participants stated that moving in the 3D space from object to object might be exhausting, while transitions of 
the content on the same location within the virtual space allows a more comfortable browsing. Some participants 
experienced an unnatural amount of blur with the fast moving animation, also supporting the statement that too 
many of these kinds of transitions in a too short amount of time can make the user feel exhausted. The instant 
blending received the least acceptance of all presented transition types. Providing not enough visual feedback, 
thus missing the fact that a transition and an interaction actually took place, could be identified as main reason 
for the low acceptance of the instant blending between content. Consequently, instant blending between content 
should be avoided within a VR environment, since it conflicts with the otherwise natural user perception and 
interaction. 

Generally, the participants expressed the need for more feedback through the UI, indicating possible 
interactions and further content to explore. Since all the displayed content was presented on 2D planes, some 
participants tended to compare them to “posters” or “cards”. An interesting suggestion was to put several planes 
slightly displaced behind each other like a stack of paper, indicating that there is more content to explore. 
Although the rotation transition found a lot of acceptance, some participants were surprised that rotating through 
the elements showed eventually three different contents presentations. In the real world, a sheet of paper is by 
definition two-sided, thus simulating more than two sides within the virtual world felt unnatural and surprising to 
them. Overall since a lot of movement is happening within the area of VR in combination with natural user input 
mechanics, more affordance seems to be necessary in order to indicate which virtual objects can be manipulated 
and how. 

 5 

 
Figure 5. Results: Evaluation of the content transition effects.  

Human factors and ergonomics 
The presented prototype application made two major interaction possibilities available to the user: Moving the 
head to look around in the 3D virtual space and moving arms and hands to interact with the application. Thus it 
was considered important to also have a more detailed look at human factors and ergonomics of the developed 
prototype to gain further insights regarding future application design decisions.  

The results presented in figure 6 indicate rather Neutral feelings towards exhaustion symptoms considering 
both head and arm/hand movements. Although the participants were asked to not consider items such as the 
comfort of wearing a HMD, it is not excludable that this influenced the participants’ feedback in this category. 
Furthermore, some participants reported fatigue symptoms regarding both their head/neck and arm/hand caused 
by the constant movements, most certainly responsible for the Neutral rated results. Furthermore, one participant 
mentioned that especially the recognition of unintentional gestures is exhausting, both physically as well as 
psychologically.  

The physical test environment featured also a swivel chair, which was not drawn to the participant’s 
particular attention. However, the observations during the study and the results of the post-test questionnaire 
clearly indicate that the participants were aware of the swivel chair’s, positively rated, impact regarding their 
interaction with the prototype, since it helped them to move and explore the scenes. Sitting on a swivel chair 
granted easier exploration of the displayed elements far to the left and right, content placed behind the user 
respectively. Therefore participants had the opinion that sitting on a non-rotatable chair would have increased the 
efforts necessary in order to consume the presented content. 

Part of the investigation was also the acceptance towards how much head rotation is enjoyable by placing 
different amounts of content planes around the user, concretely either three or five content elements. While the 
placement of three planes featured a less than 180° viewing angle in order to perceive all displayed content, the 
placement of five planes required an overall more than 180° head rotation. The results illustrated in figure 6 
show that the participants were more comfortable with being surrounded by three content planes and thus 
requiring overall less head rotation. Additionally participants suggested options to freely move content around as 
they want, thus centering items they are particularly interested virtually in front of them, while putting other 
elements aside for now. Also it seemed that sitting on a physical desk had an impact regarding the application 
usage, since the direction of the desk gave an indication of looking forward in the virtual space, thus providing 
some kind of haptic feedback.  
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 6 

 
Figure 6. Results: Human factors and ergonomics.  

Overall feedback 
The participants were asked to state their opinion about VR in general first in the pre-test questionnaire, and then 
if their opinion has changed after participating in the user study of the presented prototype. While the impression 
of VR stayed the same for some participants after using the prototype, some of them reported that they see more 
and more possibilities and use cases, besides using VR in games, thanks to these kinds of experiments and 
demonstrations. Although the Oculus Rift DK2 features a significant increase in terms of the screen’s resolution 
compared to the first version of the Oculus Rift, multiple participants expressed the need for an even higher 
resolution, since they perceived the content as pixelated. Most certainly, this need can be traced back to the 
overall high-resolution displays of today’s computers and mobile devices. However, at this point this is simply a 
technological constraint that will be overcome sometime in the future.  

Out of 8 participants, 7 can imagine consuming content using VR and vision-based motion controls on a 
regular basis in the future. Of course, there is the need for both technological improvements, such as the HMD 
display resolution, the accuracy and lag of the head tracking or the recognition of the vision-based motion 
controls, as well as for improvements regarding a user interface design, especially in terms of affordance 
considering the natural interaction with content in a 3D virtual space.  

Furthermore, all participants agreed that VR through HMDs and vision-based motion control technologies 
complement each other very well. In combination, both technologies create a natural feeling of being in the 
digital space. While HMD provide easy access to VR environments, an interaction through vision-based motion 
controls seems the most natural and logical way, since is does not add any additional physical devices. Also 
since the user is shut off the physical space while wearing a HMD, operating complex peripheral devices would 
rather be complicated, simply because the user would not be able to see it appropriately. 
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Exploration and navigation in a 3D network created with data from the 

web using a virtual reality environment and motion controls 
 

Technical validation of the developed prototype 

Pre-Validation Questionnaire 
This pre-validation questionnaire is part of my master thesis, conducted in the scope of the master 
program "Social Media and Web Technologies" within the Department of Media Technology, Linnaeus 
University, Växjö. Please complete the questions as honest and as detailed as possible. Your feedback is 
an essential part of my master thesis as well as my future efforts within this project and will strongly 
enhance its results. 
 
All your data will be processed anonymously. 
 
Project leader: Nico Reski <nico.reski@lnu.se> 
Supervisor: Aris Alissandrakis 
 
User consent 
[ ] I am aware that the participation in this validation session is voluntary and that I can  withdraw at 

any point in time. 
[ ] I agree that my identity remains anonymously and only cursory information (such as age, sex) are 

collected and processed. 
[ ] I agree that parts of this validation session will be photographed for documentation purposes. 
 
Demographics and prior experiences 
This sections features demographic data as well as questions regarding your prior experiences with virtual 
reality environments and vision-based motion control interfaces. 
 
Age: __________ 
Please state your age. 
 
Sex: __________ (Female, Male, Prefer not to say) 
Please select your sex. 
 
Prior experience using virtual reality (VR) applications 
How much experience have you had with using virtual reality (VR) applications? (Multiple answers 
possible.) 
 
[ ] I have experiences developing VR applications. 
[ ] I am using VR applications at least once per week. 
[ ] I have used a VR application within the last 3 months. 
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[ ] I have used a VR application using head-mounted display technologies (e.g. VR glasses such as 
the Oculus Rift). 

[ ] I have used a VR application using computer assisted virtual environment  (CAVE) technologies. 
[ ] I own VR technology (of any kind) privately. 
[ ] I have never used a VR application. 
[ ] Other: __________ 
 
Prior experience using applications supporting vision-based motion control 
How much experiences do you have with using applications that support vision-based motion controls, 
such as Microsoft Kinect or Leap Motion? (Multiple answers possible.) 
 
[ ] I have experiences developing applications supporting vision-based motion controls. 
[ ] I am using applications supporting vision-based motion controls at least once per week. 
[ ] I have used an application that supported vision-based motion control within the last 3 months. 
[ ] I have used an application using Microsoft's Kinect technology. 
[ ] I have used an application using Leap Motion technology. 
[ ] I own vision-based motion control technology (of any kind) privately. 
[ ] I have never used an application that supports vision-based gesture control. 
[ ] Other: __________ 

Protocol of actions 
(Validation Leader Note: Set log breakpoint via “4” on keyboard) 

1. Wearing the HMD: Look around. 

2. Hold both hands in front of you. 

3. Put both hands down. 

 

(Validation Leader Note: Set log breakpoint via “4” on keyboard) 
4. Trigger the content-view of your current position (swipe gesture: bottom to top). 

5. Read the text in front of you. 

6. Look at the image to the right. 

7. Rotate the image right to left (swipe gesture: right to left). 

8. Rotate the image left to right (swipe gesture: left to right). 

9. Look at the additional information to the left. 

10. Rotate the additional information right to left (swipe gesture: right to left). 

11. Rotate the additional information left to right (swipe gesture: left to right). 

12. Dismiss the content-view (swipe gesture: top to down). 

 

(Validation Leader Note: Set log breakpoint via “4” on keyboard) 
13. Move to Stockholm (center sight to Stockholm node + swipe gesture: forward). 

14. Trigger the content-view of your current position (swipe gesture: bottom to top). 

15. Dismiss the content-view (swipe gesture: top to down). 

 

(Validation Leader Note: Set log breakpoint via “4” on keyboard) 
16. Trigger exploration menu (swipe gesture: left to right). 

17. Dismiss exploration menu (swipe gesture: right to left). 

 

(Validation Leader Note: Set log breakpoint via “4” on keyboard) 
(Validation Leader Note: Default connection mode is active - Adjust mode) 

18. Trigger exploration menu (swipe gesture: left to right). 

19. Push button “Area - Higher”. 

20. Dismiss exploration menu (swipe gesture: right to left). 

21. Trigger exploration menu (swipe gesture: left to right). 

22. Push button “Reset”. 

23. Push button “Area - Lower”. 

24. Push button “Area - Higher”. 

25. Push button “Population - Higher”. 

26. Push button “Population - Lower”. 

27. Push button “Reset”. 

28. Push button “Population - Higher”. 

29. Dismiss exploration menu (swipe gesture: right to left). 

 

(Validation Leader Note: Set log breakpoint via “4” on keyboard) 
30. Move to Helsinki (center sight to Helsinki node + swipe gesture: forward). 

a. “Wrong” notification should be displayed (user cannot go to Helsinki since it is not 

connected with the current filter option). 

31. Move to Riga (swipe gesture: forward). 

a. “Wrong” notification should be displayed (user cannot go to Riga since it is not 

connected with the current filter option). 

32. Move to Berlin (center sight to Helsinki node + swipe gesture: forward). 

33. Trigger the content-view of your current position (swipe gesture: bottom to top). 

34. Dismiss the content-view (swipe gesture: top to down). 

 

(Validation Leader Note: Set log breakpoint via “4” on keyboard) 
(Validation Leader Note: Adjust connection mode to - Reset mode) 
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35. Trigger exploration menu (swipe gesture: left to right). 

36. Push button “Area - Lower”. 

37. Dismiss exploration menu (swipe gesture: right to left). 

38. Move to Warsaw (center sight to Helsinki node + swipe gesture: forward). 

39. Trigger the content-view of your current position (swipe gesture: bottom to top). 

40. Dismiss the content-view (swipe gesture: top to down). 

 

(Validation Leader Note: Set log breakpoint via “4” on keyboard) 
(Validation Leader Note: Adjust connection mode to - Stay mode) 

41. Trigger exploration menu (swipe gesture: left to right). 

42. Push button “Area - Lower”. 

43. Dismiss exploration menu (swipe gesture: right to left). 

44. Move to Budapest (center sight to Helsinki node + swipe gesture: forward). 

a. “Wrong” notification should be displayed (user cannot go to Budapest since it is not 

connected with the current filter option). 

45. Move to Bratislava. 

46. Look at Warsaw. 

47. Trigger exploration menu (swipe gesture: left to right). 

48. Push button “Area - Higher”. 

49. Push button “Population - Lower”. 

50. Push button “Population - Higher”. 

51. Push button “Reset”. 

52. Push button “Population - Lower” 

53. Push button “Reset”. 

 

(Validation Leader Note: Set log breakpoint via “4” on keyboard) 
54. Push button “Size - Area”. 

55. Push button “Size - Area”. 

56. Push button “Size - Population”. 

57. Push button “Size - Area”. 

58. Push button “Size - Population”. 

59. Push button “Size-Population”. 

 

(Validation Leader Note: Set log breakpoint via “4” on keyboard) 
Finished. 

 

Post validation: Semi-Structured Interview 
Question 1: How mentally demanding was it to perform the presented actions? 

Question 2: How physically demanding was it to perform the presented actions? 

Question 3: How insecure, stressed and annoyed were you when performing the presented actions? 
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A.3 NASA TLX: Physical handout A Appendix

A.3 NASA TLX: Physical handout

NASA TLX Rating Scale Definitions

© 2015 - Nico Reski
Linnaeus University

Title Endpoints Descriptions

Mental Demand Low / High

How much mental and perceptual activity was required 
(e.g. thinking, deciding, calculating, remembering, looking, 
searching, etc.)? Was the task easy or demanding, simple 
or complex, exacting or forgiving?

Physical Demand Low / High

How much physical activity was required (e.g. pushing, 
pulling, turning, controlling, activating, etc.)? Was the task 
easy or demanding, slow or brisk, slack or strenuous, 
restful or laborious?

Temporal Demand Low / High
How much time pressure did you feel due to the rate or 
pace at which the tasks or task elements occurred? Was 
the pace slow and leisurely or rapid and frantic?

Performance Good / Poor

How successful do you think you were in accomplishing 
the goals of the task set by the experimenter (or yourself)? 
How satisfied were you with your performance in 
accomplishing these goals?

Effort Low / High
How hard did you have to work (mentally and physically) 
to accomplish your level of performance?

Frustration Level Low / High
How insecure, discouraged, irritated, stressed and 
annoyed versus secure, gratified, content, relaxed and 
complacent did you feel during the task?
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Pre-Session Questionnaire
"Exploration and navigation in a 3D network created with data from the web using a virtual reality 
environment and motion controls."

*Required

This pre-test questionnaire is part of my master thesis, conducted in the scope of the master 
program "Social Media and Web Technologies" within the Department of Media Technology, 
Linnaeus University, Växjö. Please complete the questions as honest and as detailed as possible. 
Your feedback is an essential part of my master thesis as well as my future efforts within this 
project and will strongly enhance its results.

All your data will be processed anonymously and published only within the boundaries of this 
thesis and potential thesis-related work in the future.

Project leader: Nico Reski <nico.reski@lnu.se>
Supervisor: Aris Alissandrakis

1. User consent *
Tick all that apply.

 I am aware that the participation in this study is voluntary and that I can withdraw at any
point in time.

 I agree that (parts of) the user study are going to be audio-recorded. Only the project
leaders and supervisors will have access to these recordings.

 I agree that (parts of) the user study will be visually recorded in form of photos.

 I agree that my identity remains anonymously and only cursory information (such as age,
sex) are collected and processed.
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Demographics

2. Age *
Please state your age.

3. Sex *
Please select your sex.
Mark only one oval.

 Female

 Male

 Prefer not to say

Prior experiences
This section features questions regarding your prior experiences with virtual reality environments 
and vision-based motion control interfaces.

4. Prior experience using virtual reality (VR) environments *
How much experience have you had with using VR environments? (Multiple answers
possible.)
Tick all that apply.

 I have tried some VR applications, e.g. within the scope of demonstrations at exhibitions
or similar events.

 I use VR environments on a regular basis.

 I have experience developing applications for VR environments.

 I have no experiences with VR environments and technologies.

 Other: 

5. Prior experience using VR environments by genre
If you have had experiences with VR environments before, please mark all the genres related
to those experiences. If you have no prior experiences using VR environments, please
continue with the next question.
Tick all that apply.

 Movie related experience

 Game related experience

 Serious application related (non-game related) experience

 Other: 

Powered by

6. Prior experience using vision-based motion control interfaces *
How much experiences have you had with vision-based motion control interfaces, e.g.
Microsoft Kinect or Leap Motion? (Multiple answers possible.)
Tick all that apply.

 I use vision-based motion control interfaces on a regular basis, e.g. at home playing with
my Microsoft Kinect.

 I have experience developing applications using vision-based motion control interfaces.

 I have no experiences with vision-based motion control interfaces.

 I have tried vision-based motion control interfaces, e.g. within the scope of
demonstrations at exhibitions or similar events.

 Other: 

7. Prior experience using vision-based motion control interfaces by genre
If you have had experiences using vision-based motion control interfaces, please mark all the
genres related to those experiences. If you have no prior experiences using vision-based
motion control interfaces, please continue with the next question.
Tick all that apply.

 Serious application-related (non-game related) experience

 Game-related experience

 Other: 

Impression about Virtual Reality

8. Your impression about virtual reality
Please state briefly your impression about virtual reality in general as of this moment.
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Post-Session Questionnaire
"Exploration and navigation in a 3D network created with data from the web using a virtual reality 
environment and motion controls."

*Required

This post-test questionnaire is part of my master thesis, conducted in the scope of the master 
program "Social Media and Web Technologies" within the Department of Media Technology, 
Linnaeus University, Växjö. Please complete the questions as honest and as detailed as possible. 
Your feedback is an essential part of my master thesis as well as my future efforts within this 
project and will strongly enhance its results.

All your data will be processed anonymously and published only within the boundaries of this 
thesis and potential thesis-related work in the future.

Project leader: Nico Reski <nico.reski@lnu.se>
Supervisor: Aris Alissandrakis

General note

For all questions within this post-test questionnaire do not consider items such as the comfort of 
wearing a head-mounted display device (concretely the Oculus Rift DK 2), but rather the layout or 
your perception of the illustrated content as well as the interaction with the presented prototype, 
especially in terms of the virtual reality and vision-based motion control aspects.

This questionnaire is divided into the following categories:
- Perception of the content generated with data from the web
- Spatial perception of my location within the 3D network
- Interaction using the vision-based motion control interface
- Human factors and ergonomics
- Closing comments
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Perception of the content generated with data from the web

This section features questions regarding your overall perception of the presented content, which 
was generated with publicly available data from the web.

1. The presentation of the content felt intuitive. *
Mark only one oval.

1 2 3 4 5

Strongly disagree Strongly agree

2. The presentation of the content was not pleasant. *
Mark only one oval.

1 2 3 4 5

Strongly disagree Strongly agree

3. The presentation of the content provided an overview about all information at the same
time. *
Mark only one oval.

1 2 3 4 5

Strongly disagree Strongly agree

4. The presentation of the content within the 3D space in the VR environment did feel
novel. *
Mark only one oval.

1 2 3 4 5

Strongly disagree Strongly agree

5. What did you like most about the presented content generated with data from the web?
 

 

 

 

 

6. What did you like least about the presented content generated with data from the web?
 

 

 

 

 

Spatial perception of my location within the 3D network
This section features questions regarding your overall spatial perception of your location within the 
3D network.

7. I had an understanding of my own location within the network at all time. *
Mark only one oval.

1 2 3 4 5

Strongly disagree Strongly agree

8. The underlying map/outline helped me recognising my own location in the 3D network.
*
Mark only one oval.

1 2 3 4 5

Strongly disagree Strongly agree

9. Deciding, identifying respectively, where to move next was not always easy. *
Mark only one oval.

1 2 3 4 5

Strongly disagree Strongly agree

10. The movement transition from one location to another was not pleasant. *
Mark only one oval.

1 2 3 4 5

Strongly disagree Strongly agree

11. What did you like least about the 3D presentation of the network?
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12. What did you like most about the 3D presentation of the network?
 

 

 

 

 

Interaction using the vision-based motion control interface
This section features questions regarding the interaction with the prototype.

13. It was not enjoyable to use gestures with my hands to interact with the prototype. *
Mark only one oval.

1 2 3 4 5

Strongly disagree Strongly agree

14. It was confusing to use gestures with my hands to interact with the prototype. *
Mark only one oval.

1 2 3 4 5

Strongly disagree Strongly agree

15. It was intuitive to interact with the 3D graphical user interface elements (e.g. the 3D
filter buttons). *
Mark only one oval.

1 2 3 4 5

Strongly disagree Strongly agree

16. A precise interaction with the prototype was possible at all times. *
Mark only one oval.

1 2 3 4 5

Strongly disagree Strongly agree

17. What did you like most about the interaction using vision-based motion controls?
 

 

 

 

 

18. What did you like least about the interaction using vision-based motion controls?
 

 

 

 

 

Human factors and ergonomics
This section features questions regarding your overall perception concerning ergonomics while 
interacting with the presented prototype.

19. Exploring the network by looking around was exhausting. *
Mark only one oval.

1 2 3 4 5

Strongly disagree Strongly agree

20. Sitting on a swivel chair / rotating chair supported my exploration of the network. *
Mark only one oval.

1 2 3 4 5

Strongly disagree Strongly agree

21. Using gestures with my hands to interact with the prototype was not exhausting. *
Mark only one oval.

1 2 3 4 5

Strongly disagree Strongly agree

22. What are your general thoughts regarding ergonomics, either positively or negatively
(or both).
 

 

 

 

 

Closing comments
This section concludes the post-test questionnaire and leaves some space for overall feedback 
and comments.
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Powered by

23. Impression about VR
Based on your experience now after testing the presented prototype, do you think your
impression about virtual reality in general has changed?
 

 

 

 

 

24. Can you imagine consuming interactive content using VR technologies and vision-
based motion control interfaces in the future? Either way, please describe briefly your
opinion.
(Not just necessarily using the presented prototype, but rather in general in the one way or the
other.)
 

 

 

 

 

25. Can you think about other technologies that you would enjoy besides vision-based
motion controls in order to interact in an VR environment?
 

 

 

 

 

26. Do you have any additional suggestions for improvements or other thoughts?
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Exploration in a 3D network created 
with data from the web using a virtual 

reality environment and motion controls

5ME10E - Master Thesis © 2015 - Nico Reski
Linnaeus University

Explorative Expert Discussion

A.6 Explorative Expert Discussion: Presentation A Appendix

A.6 Explorative Expert Discussion: Presentation
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Table of contents Explorative Expert Discussion

What is this all about? (1/2)
1. Project introduction

1. Concept, idea and motivation 
2. Problem domain, scenario and research question
3. System architecture
4. Previous efforts

2. Prototype walkthrough
1. Design and functionalities

© 2015 - Nico Reski
Linnaeus University5ME10E - Master Thesis

Table of contents Explorative Expert Discussion

What is this all about? (2/2)
3. User studies

1. Tasks
2. Data collection

4. Discussion

Optional. Hands-on

© 2015 - Nico Reski
Linnaeus University5ME10E - Master Thesis

A.6 Explorative Expert Discussion: Presentation A Appendix
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Concept, idea and motivation Explorative Expert Discussion

© 2015 - Nico Reski
Linnaeus University5ME10E - Master Thesis

Problem domain and scenario

© 2015 - Nico Reski
Linnaeus University5ME10E - Master Thesis

Problem domain:
• Virtual Reality using head-mounted displays
• Immersive interaction / Natural User Interface
• Non-games related context

Scenario:
• Explorative network of European Capitals based on 

data received from various APIs within an immersive 
virtual reality environment with motion-controls

Explorative Expert Discussion

A.6 Explorative Expert Discussion: Presentation A Appendix
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Research question

© 2015 - Nico Reski
Linnaeus University5ME10E - Master Thesis

Purpose:
Issue:
Object:

Viewpoint:

Investigate
how to naturally explore and interact with
content received from different sources on the web
in an immersive virtual reality environment
using head-mounted displays and motion controls.

Explorative Expert Discussion

Focus

© 2015 - Nico Reski
Linnaeus University5ME10E - Master Thesis

EXPLORATION !

Explorative Expert Discussion

A.6 Explorative Expert Discussion: Presentation A Appendix
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System Architecture
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Linnaeus University5ME10E - Master Thesis

Explorative Expert Discussion

Previous efforts
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Explorative Expert Discussion

A.6 Explorative Expert Discussion: Presentation A Appendix
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Previous efforts
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Explorative Expert Discussion

Prototype walkthrough
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Linnaeus University5ME10E - Master Thesis

Explorative Expert Discussion
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User studies User Study

© 2015 - Nico Reski
Linnaeus University5ME10E - Master Thesis

Tasks:
• “Search a city with a population of close to x million 

inhabitants.”
• “Search a city with an area of around x km2.”

Try to get as close as you can get!

User studies User Study

© 2015 - Nico Reski
Linnaeus University5ME10E - Master Thesis

Data collection:
• Self-constructed questionnaires (pre-/post-test)
• Log files of the prototype

• enables the analysis of the sequence of 
interactions and movements

• Workload estimation: NASA TLX (Task Load Index) 

A.6 Explorative Expert Discussion: Presentation A Appendix
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User studies User Study
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User studies User Study
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Discussion User Study
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interaction

concept

interface design

meta-level thoughts
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A.7 Log file system: All entries A Appendix

A.7 Log file system: All entries

Figure A.7.1: Log file system - All entries
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A.8 City data to request and display within the VR prototype A Appendix

A.8 City data to request and display within the VR prototype

Figure A.8.1: City data to request
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 1 

Personas: Amy and Matthew 

User group: Students, aged between 18 and 28 years, technology enthusiastic 

Background: Amy and Matthew, both 23 years old, are students in the area of media technology. In 

the past they obtained knowledge about several programming languages. Furthermore they are aware 

of the fundamental concepts behind interaction design. Both are enthusiastic about new technologies 

and curious about the developments of both consumer as well as developer technologies. Besides a 

modern notebook and a multi-touch enabled smartphone, Amy and Matthew own privately a 

Nintendo Wii as well as a Microsoft Xbox with Kinect and are thus familiar with different kinds of 

motion-control input devices. Furthermore they tried several augmented reality applications for the 

smartphone and the Nintendo 3DS. Despite their curiosity for modern, cutting edge technologies, 

Amy and Matthew have not yet tried immersive virtual reality applications using neither head-

mounted display (HMD) nor CAVE technologies. However, the two students are eager to try them 

out. 

 

Scenario 1: Abstract, Matthew Scenario 2: Detailed, Amy 

Matthew is presented with an interactive virtual 

reality application to visualize networks. By 

wearing VR glasses he is able to visually 

perceive the network. At the same time, vision-

based motion controls detect his hands 

movements, enabling him to interact naturally 

with the application. Since the motion controls 

are vision-based, he does not need to wear any 

sensors on his hands. 

As part of an exhibition at her university Amy is 

presented with an immersive, interactive virtual 

reality network visualization application. The 

application uses the HMD technology, in 

particular an Oculus Rift, which Amy has heard 

about before. Furthermore, the presented 

application features interaction possibilities 

through vision-based motion controls using a 

Leap Motion controller, which is attached to the 

front of the HMD. Before putting the VR glasses 

on, she receives a very brief introduction to the 

application, particularly explaining the features 

of the application and what kinds of swipe 

gestures she can use besides the visible 

interaction elements in the graphical user 

interface (GUI).  

Matthew puts on the wearable VR glasses. He 

looks around in the virtual scene in order to get 

an impression where he is and what he is 

Finally, Amy sits down into a swivel chair and 

puts on the Oculus Rift. Her eyes need a short, 

but nevertheless noticeable, amount of time to 
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 2 

confronted with. adjust to the new situation, but a certain wow 

effect kicks in immediately. She looks around in 

the virtual scene by naturally moving her head in 

order to get a first impression of what elements 

she is surrounded with.  

Matthew is visually isolated from the real world, 

but by nature he is moving his hands. These get 

recognised by the system. Thus he is also able to 

see them in the virtual world. 

Through her natural behaviour as a human 

being, she moves her hands, which get 

recognized by the Leap Motion controller. The 

controller visualizes and translates her hand 

movements accordingly into the virtual space. 

This is unlike anything she has experienced so 

far. 

Matthew looks around and realizes that he is 

located in a network of connected nodes. The 

individual nodes vary in sizes. A thin line 

represents a connection between two nodes. 

In order to start exploring the network within the 

3D virtual space, Amy has now a more detailed 

look into the virtual scene and its displayed 

content. In the field of view in front of her, 

various torus-shaped nodes of different sizes 

appear, some closer to her, some farther away. 

The nodes are connected through thin, but easily 

recognisable, lines. Amy assumes that these 

lines represent some kind of relationship 

between the individual nodes. Three of the 

connections seem to lead right towards her.  

Matthew looks to the bottom and recognises that 

he is located on one particular node within the 

network. 

As Amy looks around, she drops her gaze and 

recognises that she is virtually located in the 

middle of a node. She realizes that this must be 

her current position in the network. 

Additionally, in this particular case, she realizes 

that all the nodes represent cities within Europe: 

Above each node there is label attached stating 

the name of the city. As Amy is rotating her 

head and thus changing the field of view to look 

around in the 3D virtual space, each label rotates 

accordingly in its position to provide a clear 

 3 

view to its front at all time, making them easily 

readable regardless of her viewing angle. 

Matthew performs a vertical swipe gesture with 

his hand. Additional information about the node 

he is currently located on is presented to him. 

According to the visualization, Amy is currently 

located in Stockholm. In order to gain more 

insights about Stockholm, she performs a swipe 

gesture from the bottom up as she was taught in 

the very beginning of the session. Three 

windows appear in her field of view by sliding 

in from the bottom up (the same direction she 

performed the gesture): One each slightly to the 

left and right and one directly in front of her. 

The window to the left of her states the current 

city name as well as the country the city is 

located in, in this case Stockholm and Sweden. 

In front of her, a short description about 

Stockholm is displayed. The window to her right 

features an image of Stockholm. Amy 

investigates all three windows to gain 

knowledge about the Stockholm node by 

looking into each direction. The HMD easily 

enables her to achieve this, since she just needs 

to turn her head around.  

Matthew performs a horizontal swipe gesture 

with his hand. The information view changes, 

presenting him with more information about the 

node he is currently located on. The repeated 

performance of horizontal swipe gestures lets 

him switch back and forth between the displayed 

information. 

 

 

After she investigated all windows and thus 

gathering insights about Stockholm, Amy 

performs a swipe gesture from the right to the 

left to browse through more information that is 

available about current the city. The windows to 

her right and left rotate noticeable around 180 

degrees, indicating that they have flipped. Thus 

Amy has the impression the windows have a 

front- and a backside. On the backside, several 

additional facts about the city are displayed, 

such as e.g. the city’s geolocation in latitude and 

longitude. Amy investigates these values. 
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 4 

Additionally she marvels at a new impressive 

image about Stockholm to her right. Once she is 

finished examining, she performs another swipe 

gesture from the right to the left to flip the 

windows back to their frontside and thus display 

the initial facts about Stockholm. (Developer 

note: A swipe gesture from the left to the right 

would have achieved the same effect.)  

Matthew performs a vertical swipe gesture, 

dismissing the information about the current 

node and making his view clear to see the 

network visualization. 

At this point, Amy has the feeling that she has 

received all information about Stockholm and 

wants to leave the detailed content view in order 

to further explore the network itself. In order to 

dismiss the windows and thus leave the content 

view with these detailed information, Amy 

performs a swipe gesture from the top down. 

The windows disappear by sliding outside her 

field of view from the top down. 

In order to receive more information about 

another node in the network, Matthew interacts 

with the application by performing a gesture, 

which enables him to automatically move to 

another node. 

Now, being back in the exploration mode Amy 

looks around. She realizes that the swivel chair 

she is sitting in supports her exploration efforts, 

since she can support her head rotation by 

rotating her whole body. Amy is asked by an 

observing person, who is standing next to her at 

the exhibition area, to receive more insights 

about Berlin. Consequently, Amy looks around 

in the 3D virtual space and finds eventually the 

node with the label Berlin. Berlin is directly 

connected to Stockholm. She looks to the 

direction of Berlin and performs a push gesture 

(“forward swipe”) towards the node since she 

wants to move there. The UI displays feedback 

that Amy is allowed to move there and an 

automatic transition to move her from 

Stockholm to Berlin takes place. The transition 

 5 

can be described as a quick gliding from one 

node to the other, while she is still able to look 

around as she glides from node to node. 

Matthew interacts with the application by 

performing according swipe gestures to receive 

detailed information about the node he just 

moved to. 

Amy investigates the Berlin node similar to how 

she investigated the Stockholm one (as 

previously described). As she receives more 

detailed information about the Stockholm node 

in the network, she describes these information 

to the by standing person that asked her about 

Berlin in the first place. 

Back, having a clear view on the network, 

Matthew performs another swipe gesture to 

display the filter menu of the network 

visualization. 

After Amy fully investigated Berlin, she 

dismisses the content view and is back in the 

exploration mode. She wants to further explore 

the network and the roles of the single nodes 

within the network in comparison to each other. 

She makes a swipe gesture from the left to the 

right in order to bring the filter menu with area 

and population filter options, based on the city’s 

attributes, to the front. (Developer note: 

Horizontal swipe gestures have different 

functionalities depending on the mode, either 

exploration or content view, the user is currently 

in.) In the same direction, from the left to the 

right, an interactive overlay menu fades in. 

Matthew selects some of the options in the 

interactive filter menu by using his hands. 

Properties within the network visualization 

change as he makes his selections.  

In the displayed menu, Amy can select if the 

size of the torus-shaped nodes should either be 

related to the city’s area or population value. At 

this stage, the area value was selected as active. 

Amy wants to learn more about the population 

aspects of the network’s nodes and thus selects 

the population option from the menu. In 

consequence, all nodes in the network change 

dynamically their sizes, letting Amy follow the 

transition. This provides Amy a notion of the 
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 6 

cities’ population compared to each other and 

lets her explore the network in a new way. In 

order to get a clear view and start exploring the 

network again, Amy wants to get right of the 

interactive overlay menu. She performs a swipe 

gesture from the right to the left to dismiss it. 

(Developer note: The overlay menu is triggered 

by performing a swipe gestures from the left to 

the right, while it is dismissed by performing a 

swipe gesture in the opposite direction, 

concretely from the right to the left.) 

Through the change of settings, the network 

visualization looks different and provides 

Matthew with a new perspective for further 

exploration. 

Through the changed node sizes, Amy gets a 

different view on the scenery and the visualized 

network then before. She explores the network 

by moving through several nodes. Afterwards, 

she triggers the overlay menu again and uses its 

filter options to change the relation of the nodes’ 

size back to represent the area value of each city. 

Again, now that she knows that the nodes’ size 

is connected to the cities’ area value rather than 

to the population value, she perceives the 

network elements, namely the cities, quite 

differently. 

Once Matthew is finished with the active 

exploration of the visualized network in the 

virtual 3D space, he puts down the wearable VR 

glasses. 

After some more exploration, Amy has the 

impression that she is finished exploring the 

network in the 3D virtual space and puts down 

the VR glasses. At this point she also realizes 

that they were comparatively heavy. As Amy 

knows the difference between developer and 

consumer technologies, she is aware that these 

HMD technologies will certainly get more 

comfortable in the future. 
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A.10 Implementation: Parts of the source code A Appendix

A.10 Implementation: Parts of the source code

1 https://en.wikipedia.org/wiki/Vaxjo
2 http:// dbpedia.org/resource/Vaxjo

Listing A.1: Accessing information - Wikipedia article vs. DBpedia resource

1 http:// commons.wikimedia.org/wiki/
2 Special:FilePath/aaxjo_vapen.svg
3
4 https:// upload.wikimedia.org/wikipedia/
5 commons /4/4c/axjo_vapen.svg

Listing A.2: Accessing information - DBpedia image reference original and resolved

1 // DBpedia / SPARQL related
2 var sparqlClient = require(’sparql -client ’);
3 var endpoint = ’http:// dbpedia.org/sparql ’; //

specify API endpoint: DBpedia
4 var dbpediaClient = new sparqlClient(endpoint); //

create client for querying data via SPAQRL according to the
DBpedia API endpoint

5
6 // specify SPARQL query (shortened version)
7 var query_city = "SELECT * FROM <http :// dbpedia.org > WHERE {

?city rdfs:label ?label FILTER (LANG(? label)=’en ’) . ?city
dbpedia -owl:country ?country ... } LIMIT 20";

8
9 // request city data according to parameter
10 router.get(’/city/:cityname ’, function(req , res){
11 // perform query with binding the city name according

to the request parameters
12 dbpediaClient.query(query_city)
13 .bind(’city ’, ’<http:// dbpedia.org/resource/’ +

req.params.cityname + ’>’)
14 .execute(function(error , results) {
15
16 // at this point: results object contains

DBpedia results in JSON format and can be
further processed

17 });
18 });

Listing A.3: Node.js - Querying DBpedia data using sparql-client
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A.10 Implementation: Parts of the source code A Appendix

1 // at this point: results object contains DBpedia results in
JSON format

2
3 // get actual results (bindings)
4 var JSONdata = results.results.bindings [0];
5
6 // check for empty results and abort if necessary
7 if (typeof JSONdata == ’undefined ’){ // handle error }
8
9 // prepare MongoDB entry for the city with mandatory attributes
10 var dbEntry = {
11 "City_Name" : "",
12 "Country" : "",
13 "Comment" : "",
14 "localImagePath" : "",
15 "localImagePath2" : "",
16 "Latitude" : "",
17 "Longitude" : "",
18 "Population" : "",
19 "Area" : "",
20 "Area_Code" : ""
21 };
22
23 // set DB entry values
24 if(JSONdata.label.value) dbEntry.City_Name =

JSONdata.label.value;
25 if(JSONdata.comment.value) dbEntry.Comment =

JSONdata.comment.value;
26
27 ...

Listing A.4: Node.js - Read received DBpedia data and prepare database entry
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1 // at this point: infoboxImageName object contains DBpedia
image reference

2
3 // request image info for infobox image and save it to

filesystem accordingly
4 if(typeof infoboxImageName != ’undefined ’ && infoboxImageName

!= null){
5 wikiclient.getImageInfo(infoboxImageName , function(err ,

imageInfo){
6 if (err) { // handle error }
7 else {
8 // read image url
9 var imageURL = imageInfo.url;
10
11 // download and write file
12 var request = http.get(imageURL , function(res){
13
14 // determine file name and file path
15 var imageFileNameArray = imageURL.split(’/’);
16 var imageFileName =

imageFileNameArray[imageFileNameArray.length -1];
17 var filePath = "dbpedia_images/" + imageFileName;
18
19 // prepare image data for saving
20 var imageData = ’’;
21 res.setEncoding(’binary ’);
22
23 // still receiving image data chunks
24 res.on(’data ’, function(chunk){
25 imageData += chunk;
26 });
27
28 // image data transfer completed
29 res.on(’end ’, function (){
30 // write image to file to local system
31 fs.writeFile(filePath , imageData , ’binary ’,

function(err){
32 if(err){ // handle error }
33 else{ // handle success }
34 });
35 });
36 });
37 }
38 });
39 }

Listing A.5: Node.js - Receive image metadata and write image file locally
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1 // at this point: dbEntry object contains prepared data base
entry in JSON format

2
3 // write information to MongoDB
4 // set initial DB variable
5 var db = req.db;
6
7 // set collection
8 var collection = db.get(’citydata -dbpedia ’);
9
10 // submit to the db
11 collection.insert(dbEntry , function(err , doc){
12 if(err){ // failed to write to db - handle error }
13 else { // handle success }
14 });

Listing A.6: Node.js - Insert JSON formatted variable into MongoDB database
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1 // visual structure: result set
2 var JSONresults = {
3 "data_collection_name" : "manual -citydata -wlocation",
4 "length" : docs.length ,
5 "item_attributes" : [
6 "City_Name",
7 "Country",
8 "Comment",
9 "localImagePath",
10 "Latitude",
11 "Longitude",
12 "Population",
13 "Area",
14 "Area_Code",
15 "xScope_x",
16 "xScope_y",
17 "x_normalized",
18 "y_normalized"
19 ],
20 "items" : results
21 };
22
23 // visual structure: a result set entry
24 var resultEntry = {
25 "uid" : "",
26 "name" : "",
27 "position" : {
28 "x" : "",
29 "y" : "",
30 "z" : ""
31 },
32 "attributes" : {
33 "City_Name" : {
34 "value" : "",
35 "type" : "string"
36 },
37 "Country" : {
38 "value" : "",
39 "type" : "string"
40 },
41 "Comment" : {
42 "value" : "",
43 "type" : "string"
44 },
45 ...
46 }

Listing A.7: Node.js - Visual structure of the result set and a result set entry
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1 // initialize and configure leap motion controller
2 //
3 Controller leapController = new Controller ();
4
5 // enable and configure swipe gesture recognition
6 if(leapController != null)
7 {
8 // configure swipe gesture detection
9 leapController.EnableGesture(Gesture.GestureType.TYPE_SWIPE);
10 leapController.Config.SetFloat("Gesture.Swipe.MinLength",

250.0f);
11 leapController.Config.SetFloat("Gesture.Swipe.MinVelocity",

700.0f);
12
13 // save config
14 leapController.Config.Save();
15 }

Listing A.8: Unity - Setting up swipe gestures for the Leap Motion HandController
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A.11 Results: Prior experiences with VRE and vision-based motion controls

Prior experience using VREs
∑

I have tried some VR applications, e.g. within the scope of demonstrations at exhibitions
or similar events.

6

I have no experiences with VREs and technologies. 5
I have experience developing applications for VREs. 1
I use VREs on a regular basis. 0
Other 0

Table A.11.1: Results - Prior experience using VREs

Prior experience using vision-based motion control interfaces
∑

I have tried vision-based motion control interfaces, e.g. within the scope of demonstrations
at exhibitions or similar events.

7

I have no experiences with vision-based motion control interfaces. 4
I have experience developing applications using vision-based motion control interfaces. 1
Other: Played at a friends place a few times 1
I use vision-based motion control interfaces on a regular basis, e.g. at home playing with
my Microsoft Kinect.

0

Table A.11.2: Results - Prior experience using vision-based motion control interfaces

Prior experience using VREs by genre
∑

Game related experience 4
Movie related experience 2
Serious application related (non-game related) experience
3 Other: “Just-for-fun” (meditation scenario, roller coaster); existing VR experience is ex-
clusively related to this project

2

Table A.11.3: Results - Prior experience using VREs by genre

Prior experience using vision-based motion control interfaces by genre
∑

Game related experience 4
Serious application related (non-game related) experience 3
Other 0

Table A.11.4: Results - Prior experience using vision-based motion control interfaces by genre
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A.12 Results: Individual participants’ answers for task 1 and 2

Figure A.12.1: Results: Individual participants’ answers for task 1 and 2
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A.13 Results: Log file analyses per individual participant

Figure A.13.2: Results: Log file analysis - Participant 1
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Figure A.13.3: Results: Log file analysis - Participant 2
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Figure A.13.4: Results: Log file analysis - Participant 3
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Figure A.13.5: Results: Log file analysis - Participant 4
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Figure A.13.6: Results: Log file analysis - Participant 5
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Figure A.13.7: Results: Log file analysis - Participant 6
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Figure A.13.8: Results: Log file analysis - Participant 7
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Figure A.13.9: Results: Log file analysis - Participant 8
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Figure A.13.10: Results: Log file analysis - Participant 9
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Figure A.13.11: Results: Log file analysis - Participant 10
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Figure A.13.12: Results: Log file analysis - Participant 11
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A.14 Results: Pathway visualizations per individual participant
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Figure A.14.13: Results: Pathway visualization - Participant 1 - Task 1
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Figure A.14.14: Results: Pathway visualization - Participant 1 - Task 2
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Figure A.14.15: Results: Pathway visualization - Participant 2 - Task 1
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Figure A.14.16: Results: Pathway visualization - Participant 2 - Task 2
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Figure A.14.17: Results: Pathway visualization - Participant 3 - Task 1
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Figure A.14.18: Results: Pathway visualization - Participant 3 - Task 2
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Figure A.14.19: Results: Pathway visualization - Participant 4 - Task 1
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Figure A.14.20: Results: Pathway visualization - Participant 4 - Task 2
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Figure A.14.21: Results: Pathway visualization - Participant 5 - Task 1
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Figure A.14.22: Results: Pathway visualization - Participant 5 - Task 2
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Figure A.14.23: Results: Pathway visualization - Participant 6 - Task 1
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Figure A.14.24: Results: Pathway visualization - Participant 6 - Task 2
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Figure A.14.25: Results: Pathway visualization - Participant 7 - Task 1
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Figure A.14.26: Results: Pathway visualization - Participant 7 - Task 2
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Figure A.14.27: Results: Pathway visualization - Participant 8 - Task 1
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Figure A.14.28: Results: Pathway visualization - Participant 8 - Task 2
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Figure A.14.29: Results: Pathway visualization - Participant 9 - Task 1
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Figure A.14.30: Results: Pathway visualization - Participant 9 - Task 2
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Figure A.14.31: Results: Pathway visualization - Participant 10 - Task 1
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Figure A.14.32: Results: Pathway visualization - Participant 10 - Task 2
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Figure A.14.33: Results: Pathway visualization - Participant 11 - Task 1
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Figure A.14.34: Results: Pathway visualization - Participant 11 - Task 2
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A.15 Results: Cities sorted after amount of visits

Figure A.15.35: Results: Cities sorted after amount of visits
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A.16 Results: Explorative Expert Discussion - Extracted feedback

Figure A.16.36: Results: Explorative Expert Discussion - Extracted feedback
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