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Abstract
In recent years head mounted displays (HMD) and their abilities to create virtual realities com-
parable with the real world moved more into the focus of press coverage and consumers. The
reason for this lies in constant improvements in available computing power, miniaturisation of
components as well as the constantly shrinking power consumption. These trends originate in
the general technical progress driven by advancements made in smartphone sector. This gives
more people than ever access to the required components to create these virtual realities. How-
ever at the same time there is only limited research which uses the current generation of HMDs
especially when comparing the virtual and real world against each other. The approach of this
thesis is to look into the process of navigating both real and virtual spaces while using modern
hardware and software. One of the key areas are the spatial and peripheral perception without
which it would be difficult to navigate a given space. The influence of prior real and virtual
experiences on these will be another key aspect. The final area of focus is the influence on the
emotional state and how it compares to the real world. To research these influences a experi-
ment using the Oculus Rift DK2 HMD will be held in which subjects will be guided through
a real space as well as a virtual model of it. Data will be gather in a quantitative manner by
using surveys. Finally, the findings will be discussed based on a statistical evaluation. During
these tests the different perception of distances and room size will the compared and how they
change based on the current reality. Furthermore, the influence of prior spatial activities both in
the real and the virtual world will looked into. Lastly, it will be checked how real these virtual
worlds are and if they are sufficiently sophisticated to trigger the same emotional responses as
the real world.

In den letzten Jahren rückten Head Mounted Displays (HMD) und ihrer Fähigkeit täuschend
echte virtuelle Realitäten zu erstellen immer stärker in den Fokus von Medien und Verbraucher.
Hintergründe hierfür sind eine konstanten Steigerungen der Rechenleistung bei gleichzeit-
iger Verringerung des Strombedarfs und die Miniaturisierung von Bildschirmen. Diese Trends
haben ihren Ursprung im allgemeinen technischen Fortschritt und werden besonders von Smart-
phone Herstellern vorangetrieben. Dadurch sind immer mehr Menschen in der Lage die nötige
Hardware zur Erzeugung von virtuellen Realitäten zu beschaffen. Gleichzeitig gibt es nur
eine geringe Anzahl an wissenschaftlichen Artikeln, die die Möglichkeiten der aktuellen HMD
Generation in Betracht ziehen, insbesondere wenn es sich um Untersuchungen über die Un-
terschieden und Gemeinsamkeiten von echter und virtueller Realität handelt. Ansatz dieser
Arbeit ist es mithilfe von aktueller Hardware und Software die Abläufe bei der Navigation
von Räumen zu untersuchen, sowohl im virtuellen als auch realem. Hauptaugenmerk liegt
hierbei zum einem auf der räumlichen und peripheren Wahrnehmung, da es ohne ein Gefühl
für die Größe eines Raumes nur schwer ist sich in diesem zurechtzufinden. Auch wird der
Einfluss von vorherigen realen und virtuellen Aktivitäten darauf untersucht. Weiterhin wird
der Einfluss auf die Gefühlslage untersucht, um zu vergleichen inwiefern sie der realen Real-
ität entsprechen. Zur Untersuchung dieser Einflüsse wird eine Beobachtung mit der Oculus
Rift DK2 durchgeführt. Hierfür werden Versuchspersonen entweder durch ein reales Gebäude
oder sein virtuelles Abbild geführt. Daten werden auf eine quantitative Weise mittels Frage-
bögen erhoben. Abschließend werden die gefundene Zusammenhänge auf Basis statistischer
Auswertungen diskutiert. Bei diesen Experimenten wird die unterschiedliche Wahrnehmung
von Distanzen und Räumen untersucht und welche Veränderungen sich in einer virtuellen Re-
alität ergeben. Weiterhin wird geprüft, inwiefern vorherige reale räumliche Aktivitäten die
Wahrnehmung in der virtuellen Realität beeinflussen und ob sich eine Einfluss von vorheriger
virtueller Erfahrung feststellen lässt. Auch wird geprüft, ob die heutigen virtuellen Realitäten
bereits echt genug sind, um die gleichen Gefühlseindrücke wie die reale Realität zu erzeugen.
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Chapter 1

Introduction

This chapter will give an introduction to the thesis. First the motivation and reasoning behind
the chosen research field will be highlight, followed by an overview of the historic develop-
ments and prior research in each of the fields. Lastly, the research design will be detailed
which includes methods used as well as questions to be investigated.

1.1 Motivation

In recent years the topic of virtual reality (VR) gained a new approach of presenting virtual
worlds with a wealth of new technology released. They combine a head mounted display
(HMD) with head movement tracking and gestural input both in a seated and standing en-
vironment with the latter relying on room scale positional tracking. This triggered a surge of
media coverage as there is a wide range of possible applications. Of note is that this hardware
is aimed at the consumer market with upcoming future availability in retail stores as well.
One of these are video games where a number of games from a variety of genres are under
development or partially released. They range from small independent developer working in
their spare time to large companies showing ideas for their long running franchises. They of-
fer a new way of interaction between the player and the world especially for first person (FP)
games. Examples with a focus on action are Valve’s FP puzzle "Aperture VR" Demo based
on their successful Portal franchise 1, Unreal Games FP shooter "Bullet Train VR" Demo 2 and
Owlchemy Labs FP simulator "Job simulator" 3. Examples for games with a more calm focus
are Three One Zero’s FP Space Adventure "Adrift" 4 and Google’s paint tool "Tilt brush" 5.
However gaming isn’t the only application for this technology. Another field with a noticeable
number of innovations is films. This technology enables the presentation of material filmed
with multiple cameras to form a 360 degree viewing field that allows viewers to turn around
while watching and experiencing the film in a new way. These range from short promotional
trailer to music videos to narrative focused pieces. Examples for this include a recent star wars
trailer 6, a music video from J-Pop artist Kumi Koda shown in October 2014 7 and Oculus
Studio’s "Henry" short film 8. Furthermore, this year the renown Sundance independent film
festival as well as the Tribeca Film Festival had a number of VR experiences shown based on

1www.youtube.com/watch?v=BWjP77TztTQ, last access 15.04.16
2www.youtube.com/watch?v=DmaxmnPzMWE, last access 15.04.16
3www.jobsimulatorgame.com, last access 15.04.16
4www.youtube.com/watch?v=b98j9w7Pet4,last access 15.04.16
5www.youtube.com/watch?v=uFWw6hGIKmc, last access 15.04.16
6www.facebook.com/StarWars/videos/1030579940326940/, last access 15.04.16
7www.aramajapan.com/news/music/musicvideo/new-koda-kumi-video-to-utilize-360-degree-oculus-rift-technology/

9123/, last access 15.04.16
8www.storystudio.oculus.com/en-us/henry/, last access 15.04.16

1

www.youtube.com/watch?v=BWjP77TztTQ
www.youtube.com/watch?v=DmaxmnPzMWE
www.jobsimulatorgame.com
www.youtube.com/watch?v=b98j9w7Pet4
www.youtube.com/watch?v=uFWw6hGIKmc
www.facebook.com/StarWars/videos/1030579940326940/
www.aramajapan.com/news/music/musicvideo/new-koda-kumi-video-to-utilize-360-degree-oculus-rift-technology/9123/
www.aramajapan.com/news/music/musicvideo/new-koda-kumi-video-to-utilize-360-degree-oculus-rift-technology/9123/
www.storystudio.oculus.com/en-us/henry/
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new VR focused categories as a sign of the growth in this type of media 9 10.
Application extend beyond pure entertainment as well. Already some educational material
is created to give a better insight in areas previously limited to only one locations. Examples
for this include visiting an archaeological excavation site in Ellwangen 11 as well as a NASA
backed Mars exploration demo 12. Moreover, commercial companies traditionally unconnected
to technology sector started to develop ways of using this technology to enrich their products.
Examples for this include a virtual showroom for Audi cars 13 and IKEA kitchens 14 as well as
a virtual roller coaster synchronised with a real one found in the largest German theme park
the Europa-Park in Rust 15.

The origin of this can be traced back to the initial Oculus Rift Kickstarter campaign in Au-
gust 2012, were Palmer Luckey and his newly founded Oculus VR Inc. gather funding for
their prototype headset. It was basic, but already included the a majority of the technologies
needed. The campaign was a success with enough funds being pledged within 24 hours and
receiving almost $2.5 million which is about ten times the initial funding goal 16. This was fol-
lowed by the release of the first Development Kit in March 2013, which improved on the initial
design and was available to wider group of developers. After a period of further software im-
provements the social media company Facebook Inc. bought Oculus VR for around $2 Billion
in March 2014. Around the same time the Development Kit 2 was announced, which further
improves the hardware and reduces issues with motion sickness. It sports a Full HD display
with a refresh rate of 75 hz. It was also aimed at a broader audience than the previous one
despite it’s "Development Kit" label. Under the new ownership Oculus started to engage in a
range of collaborations including the technology conglomerate company Samsung. The first
consumer version of the Rift was announced in May 2015 and started shipping in late March
2016. It improved overall build quality, increased the display resolution to 2160*1200 pixel and
it’s refresh rate to 90 hz to further reduce problems related to motion sickness and improve the
overall experience while using it. Reviews were very positive citing the good design and great
experiences while using the headset. Main critic point was the rather high prices at around 600
$ and the current lack of content, both of which are not uncommon for new technology.
17 18.
Apart from Oculus and Samsung other large technology companies started to build their own
virtual reality headset as well. A direct competitor is HTC’s Vive headset created in collabo-
ration with video game developer Valve. It was announced in March 2015 during the Mobile
World Congress with limited availability of a development headset starting in September 2015
and the first consumer version shipping in April 2016 19. While the headset itself contains sim-
ilar hardware as the Rift, it contrasts by being designed for use while standing and features
positional tracking in a 5*4m meter room. This results in a higher price, but also in a better ex-

9www.sundance.org/blogs/news/new-frontier-projects-and-films-announced-for-2016-festival,
last access 15.04.16

10www.fortune.com/2016/04/16/virtual-reality-movies-tribeca, last access 19.04.16
11www.youtube.com/watch?v=LYbOf60eiMI, last access 15.04.16
12www.unrealengine.com/showcase/nasa-is-using-unreal-engine-4-to-make-mars-a-virtual-reality,

last access 15.04.16
13www.youtube.com/watch?v=fvQS8ImnSsw, last access 15.04.16
14www.ikea.com/us/en/about_ikea/newsitem/040516_Virtual-Reality, last access

15.04.16
15www.europapark.de/en/park/attractions-shows/alpenexpress-coastiality, last

access 15.04.16
16www.kickstarter.com/projects/1523379957/oculus-rift-step-into-the-game,

last access 15.04.16
17www.techradar.com/reviews/gaming/gaming-accessories/oculus-rift-1123963/

review, last access 15.04.16
18www.theverge.com/2016/3/28/11284590/oculus-rift-vr-review, last access 15.04.16
19http://blog.htcvive.com/us/category/vive-news-events/, last access 15.04.16

www.sundance.org/blogs/news/new-frontier-projects-and-films-announced-for-2016-festival
www.fortune.com/2016/04/16/virtual-reality-movies-tribeca
www.youtube.com/watch?v=LYbOf60eiMI
www.unrealengine.com/showcase/nasa-is-using-unreal-engine-4-to-make-mars-a-virtual-reality
www.youtube.com/watch?v=fvQS8ImnSsw
www.ikea.com/us/en/about_ikea/newsitem/040516_Virtual-Reality
www.europapark.de/en/park/attractions-shows/alpenexpress-coastiality
www.kickstarter.com/projects/1523379957/oculus-rift-step-into-the-game
www.techradar.com/reviews/gaming/gaming-accessories/oculus-rift-1123963/review
www.techradar.com/reviews/gaming/gaming-accessories/oculus-rift-1123963/review
www.theverge.com/2016/3/28/11284590/oculus-rift-vr-review
http://blog.htcvive.com/us/category/vive-news-events/
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perience according to recent reviews 20 21. Another major competitor was announced in March
2014 with Sony’s Playstation VR and has an estimate shipping date of October 2016 22 23. In
contrast to the previous two headsets it doesn’t run software on a computer, but rather on
Sony’s Playstation 4. While the Display resolution is lower with 1920*1080, the refresh rate is
technically higher at 120 hz, although the console renders only at 60 frames per second.
Besides these stationary HMDs there are also a number of mobile ones that can be used inde-
pendent of the location or availability of computing power. The two most notable ones in this
area are Samsung’s Gear VR, which was created in cooperation with Oculus VR, and Google’s
Cardboard. Both of these are self contained as they use smartphones for rendering the software
and tracking the head movement of the player. The Gear VR is more sophisticated and works
only with a selected number of Samsung high end smartphones. These often have an higher
resolution display than the stationary headset, but don’t reach the high refresh rates and are
limited by their mobile CPUs and GPUs as well as battery capacity. The cardboard is an in-
teresting approach as it is actually made out of cardboard and offered at very low price. It is
also compatible with a wide range of Android and iOS based smartphones, although not all of
them can deliver a good experience.
Figure 1.1 shows pictures of the discussed headsets. Besides the headset (C) also shows the
gestural input methods as well as the base stations needed for positional tracking used by the
HTC Vive. While there was not an unified input method during the DK 2 (A) times, Rift Con-
sumer Version (B) ship with a Microsoft Xbox One gamepad.
Albeit different in shape they all work based on two slightly different perspectives and a set of
special lenses that shift the focal point further into the distance to create the illusion that the
display is further away. This makes it necessary to have the same basic components in all head-
set. Over the past years display technology made constant progress towards more compact and
higher resolution displays. These display tend to be compact in size with high resolutions and
options for high refresh rates. Being able solely rely on using a smartphone also shows that
there is already enough basic computing power available.

(a) Oculus Rift Dev Kit 2 c©
wikipedia.com

(b) Oculus Rift Consumer Version c©
oculusVR.com

(c) HTC Vive Consumer Version c©
htcvive.com

20http://arstechnica.co.uk/gaming/2016/04/htc-vive-vr-headset-review, last ac-
cess 15.04.16

21www.theverge.com/2016/4/5/11358618/htc-vive-vr-review, last access 15.04.16
22http://blog.us.playstation.com/2014/03/18/introducing-project-morpheus/,

last access 15.04.16
23http://blog.us.playstation.com/2016/03/15/playstation-vr-launching-october-for-399/,

last access 15.04.16

http://arstechnica.co.uk/gaming/2016/04/htc-vive-vr-headset-review
www.theverge.com/2016/4/5/11358618/htc-vive-vr-review
http://blog.us.playstation.com/2014/03/18/introducing-project-morpheus/
http://blog.us.playstation.com/2016/03/15/playstation-vr-launching-october-for-399/
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(d) Sony Playstation VR c©
blog.playstion.com

(e) Samsung Gear VR c© sam-
sung.com

(f) Google Cardboard c© google.com

Figure 1.1: A selection of notable headsets

History of virtual reality HMDs This high interest in virtual reality is not exclusive to the
21. century. Even before the term was coined in 1987 by Researcher Jaron Lanier there were a
number of attempt to create a virtual reality, with analogue as well as digital images 24.
The first HMD display was proposed by Ivan Sutherland in 1965 [1] and subsequently build
in 1968 [2] named "Sword of Damocles". He aimed to create a three dimensional display to
give the wearer additional information. He approach this project by using two miniature CRT
displays combined with mechanical and ultrasonic head position tracking. It was so heavy
that it needed to be suspended from the ceiling (hence the name). Albeit primitive it worked
well with the computing power limitations of this period time by relying on basic wireframe
shapes. However, this technology was largely constraint to research, both civilian as well as
military, without the general media covering it much.
After decades of being limited to research projects public interest started to increase in the
early 80s. Around this time the first home computer and gaming consoles were released and
the general available computing power and display technology have improved. First films
where made with computer generated special effects such as "Tron" from 1982. Also a number
of fiction writer started covering this topic as inspired by the new possibilities to create vir-
tual worlds connected over the internet. A notable example for this is William Gibson’s novel
"Neuromancer" from 1984. Over the next decade a number of films, TV series and novels ex-
plored these combination of topic which where covered in the general media as well. Also a
number of arcades were built to give people first impressions of virtual reality. This interest cu-
mulated in the development of the SEGA VR Headset for it’s Genesis console in 1993 and the
release of Nintendo’s "Virtual Boy" in 1995 as shown together with the "Sword of Damocles"
in figure 1.2. Both of them were aimed at a broader audience to be used with readily available
computers. While the former was intended to be portable, the latter required a tripod. How-
ever, their graphical fidelity was much behind what people anticipated with the virtual boy
only rendering images in red and black and lacking proper software support. At this point the
general public became aware of the virtual reality hype and how it was limited by the current
computing power and low spec displays. 25 26

24www.vrs.org.uk/virtual-reality/who-coined-the-term.html, last access 15.04.16
25www.vrs.org.uk/virtual-reality/history.html, last access 15.04.16
26www.theverge.com/a/virtual-reality, last access 15.04.16

www.vrs.org.uk/virtual-reality/who-coined-the-term.html
www.vrs.org.uk/virtual-reality/history.html
www.theverge.com/a/virtual-reality
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(a) First HMD by I.Sutherland (b) Nintendo Virtual Boy c©
wikipedia.com

(c) Sega VR Headset Concept c© vrs.org.uk

Figure 1.2: A selection of notable old headsets from 1968 till 1995

Focus of this thesis Based on the wide range of applications there are also plenty of possibil-
ities for research. As all of the headsets and software are aimed at the broader audience doing
a study with humans and how they perceive virtual realities created by these has the promise
of uncovering useful insights. Furthermore, it would be wasted potential to not use current
technologies to research in conditions similar to the ones currently available on the market.
However, searching for all influences at the same time might prove too time consuming and
highly complex. Looking again at the headsets it becomes apparent that all of them rely heav-
ily on displays and lenses to change the visual perception of the user and create virtual worlds
more alike to the real one. Examining how well this works would be therefore an interesting
focus.
Choosing a specific areas proves again challenging as all of them promise to be worthwhile.
One of them is navigation of virtual space, which is a common and necessary task in the vir-
tual world, both in gaming and non-gaming. Because of it’s ubiquity this a very interesting
field. A requirement for navigation is the perception of the space around oneself. This includes
its structures and their dimensions as well as the objects and how they are related. Perception
of these is also governed by the expectations and experiences someone had in the past. Naviga-
tion is often a task were past knowledge and assumptions play an important role. Seeing how
these are affected and their potential to contribute in the virtual world is another worthwhile
task. Finally, the HMD enclose the whole field of view with no connection back to the real real-
ity. As mentioned in a previous example this makes it possible to visit or experience otherwise
rare events or places. These circumstance certainly have an influence on the emotional state of
the wearer as the illusion is his/her only reference and visual perception plays a major role for
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this in the real world.

1.2 Prior research

Apart from the historic research the general understanding of what constitutes VR hasn’t changed
much since the late 80s. Even the definition of Lanier in a panel session for SIGGRAPH 1989
holds up today [3]. In it he describes VR as an virtual simulation of reality surrounding a per-
son that is perceived in a similar way to the real world. His mentions of the equipment also
have common features to the modern headsets as he draws attention to the display showing
stereo pictures to create a three dimensional impression as well as head tracking which is cor-
rectly translated into the virtual space. Further notable researchers since then include Myron
Krueger [4], Scott Fisher [5] and Mark Bolas [6].
Preliminary literature analysis showed a lack of specific research into virtual reality under the
selected scopes. To get a better picture this search was done again while including a broader
understanding of virtual worlds not limited to HMDs.
Spatial Perception in virtuality has been explored in the past in a few contexts. For example
Bülthoff et. al. [7] looked into the perception and recognition of the spatial layout by using a VR
simulation and testing the impact on the perception of object movement. In contrast Interrate
et. al. [8] looked into the influence different sized virtual environments have on the spatial per-
ception. Moreover, Roca-Gonzalez and Martinguez [9] looked into how the spatial perception
can be improved by using a virtual environment. A more broad approach was taken by Henry
[10] who looked into spatial perception and how it can be used in an architectural application.
Another interesting experiment was done by Richardson et. al. [11] who looked into how the
acquisition of spatial knowledge was influenced by using a virtual world.
Peripheral perception has been looked into only in a very limited manner. The only notable
example is Fortenbaugh et. al. [12] who researched the effect of peripheral perception on navi-
gational abilities by experimenting in a virtual forest.
The influence of virtual places on emotions is a highly researched topic in recent years with a
variety of applications in therapy of anxiety disorders. Two review of research on this topic
from Diemer et.al. [13] as well as Opris et. al. [14] give an overview. They both find a number
of research which were enabled by VRs ability to generate complex situations in a controlled
manner. While the former aims to summarize the current research, the latter aims at compar-
ing the virtual therapy approach with classical real one. Examples for applications are Hodges
et.al. [15] who used it to explore possible treatments for fear of heights, Alsina-Jurnet et. al.
[16] who looked into the effect of different virtual environments on examination anxiety and
Ling et.al. [17] where they looked into the influence on public speaking anxiety.
Finding literature about the change in spatial perception based on prior experiences proved to
be very difficult. As there was already only limited prior work found for the baseline spatial
perception there weren’t any articles found on this specific topic. Most of the times the focus
lies more on the influence on the narrative of a virtual world.

1.3 Research Design

Defining a set of core follows largely follows the observations stated in the previous sections
with the core idea being how a HMD based virtual reality influences humans. Based on the
fields selected as worth researching these are as following:

1. How is the spatial perception influenced?

2. How is the peripheral perception influenced?

3. What influence has prior experience?
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4. How does the emotional response change?

To gather data towards these questions it is necessary to first choose a research method. While
literature can be found on most of the topics, it often lacks in regard of the use of modern
hardware. Most of them used older models or different approaches , which were almost excur-
sively used in research either because of extensive cost or space requirements. The reason for
this mostly likely lies in the rapid pace of innovation in this area, as it’s only three years ago that
the first modern headset was released. Furthermore, because one of the goals is to look into the
influence on humans, a qualitative approach promises more insight. As data is scarce it needs
to be gather before any research can be conducted. Among the available methods an survey
based experiment is most suited for to generate and gather this data. As this is a test between
HMD based virtual and real world the test needs to be held at least twice. However, because a
virtual model is never completely accurate there is the need for a third test series to make sure
that the differences are based on different perception and not on different representation. The
environment used should be somewhat similar to the HMD one. Because HMD are at their core
high resolution displays a high resolution TV seems to be a suitable choice. It shares input op-
tions with a headset, while also have been used by most people before. To get a good overview
the sample size shouldn’t be too low. Equally it can’t be too high as experiments in general tend
to be time consuming to conduct and prepare. To strike a balance between those two the goal
is to have at least 20 subjects in every test section. To make sure that the data is comparable the
experiment needs to be held at a location which is available in all three environments. Finding
this location is limited by the selection of available virtual models. Coincidently the research
group developed a detailed model of the local fortress Ehrenbreitstein several years ago. This
is a very good location as the wide area offers a large number of possibilities to gather data.

Now the research questions (RQ) can be broken down into hypothesises which in turn will
serve as guidelines for the survey. For the first RQ this means finding some key activities of
spatial perception. As mentioned one of them is the perception of dimensions of objects and
how they relate to oneself. This is often done in the real world and involves estimation as the
true values are rarely known. Besides the estimation of dimensions of objects another common
task is to estimate distance from the current location to a different one. Both of these play a
valuable role in orienting in a larger space. Moreover, an equally important navigation task is
to relate certain landmarks of specific dimensions to the current location. Besides the distance
between those two points it’s orientation is also equally important. This leads to four different
hypothesises which are as follows:

1. RQ 1a The error in estimating is significantly different when judging distances

2. RQ 1b The error in estimating is significantly different when judging the size of a room/area

3. RQ 1c The error in estimating is significantly different when judging the walked distance

4. RQ 1d The error in estimating is significantly different when judging the angular position
of points

While the second RQ focusing on peripheral perception involves a less complex task, it’s nev-
ertheless important for navigating a space, be it real or virtual. This type of perception is often
unintended as it’s based on the peripheral vision. As this is also influenced by the size of the
object and when it was encountered it would be interesting to separate this questions in two.
One for smaller objects recently encountered and another one for larger objects encountered
longer ago, while still staying inside the time constraints of the experiment.

1. RQ 2a Peripheral perception is significantly different when asked about smaller objects
recently encountered

2. RQ 2b Peripheral perception is significantly different when asked to locate larger objects
encountered longer ago
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The third RQ is based on the previous two in regards to the perception, but it differs from them
by including prior experiences. As the experiments are conducted in the real and virtual world
these hypothesises needed to differentiate between those two. This make the formulation quite
straight forward. However, finding a set of survey questions reflecting these experiences will
be more difficult as there is a wide range of experience to ask for.

1. RQ 3a Prior real experiences significantly influences 2D distance judging

2. RQ 3b Prior real experiences significantly influences 3D Space judging

3. RQ 3c Prior real experiences significantly influences peripheral perception

4. RQ 3d Prior gaming experiences significantly influences 2D distance judging

5. RQ 3e Prior gaming experiences significantly influences 3D Space judging

6. RQ 3f Prior gaming experiences significantly influences peripheral perception

The topic of the final RQ in regards to emotional perception can be covered extensively. Also as
this involves the highly complex human mind which is researched in the fields of psychology
there is not a definite answer. It rather is collection of different believes and assumption, which
changed over the last decades. Nevertheless, this needs to be simplified to fit inside the scope of
this research. This leads to the assumption that there is an undetermined number of emotions
positively or negatively affecting humans which can be influenced by the visual perception.

1. RQ 4a The perception of positive emotions is significantly different in different realities

2. RQ 4b The perception of negative emotions is significantly different in different realities



Chapter 2

Technical Implementation

This chapter describes the implementation effort done to convert the old fortress model to a
modern HMD capable one. After a description of the initial basic model and it’s shortcomings,
a comparison between a selection of modern game engines is made to determine the most
suitable one. Finally, the process and challenges of converting the initial model to an improved
HMD capable one is detailed.

2.1 Description of initial model

The model was originally created during the "Eduventure II" project 1 as a collaboration of
the local departments for "computational visualistics" and "knowledge media" supported by
the State Museum Koblenz and the "Landesamt für Vermessung und Geobasisinformationen
Rheinland-Pfalz". The project started in March 2006 and was unexpectedly shutdown in June
2007, due to lack of funding. The goal of the project was to create a serious videogame to teach
about the history of the fortress and the Prussians who held it during the 19. Century. Because
of this, the model was aimed to represent the status of the fortress around 1848. The model itself
was created with Autodesk’s 3d Studio Max 5.1 (2002) while the game was based on Bethesda’s
"Oblivion" (2006) which uses Gamebase USA’s Gamebryo engine. The model saw it next use
around 2011 when it was ported over to Blender Foundation’s Blender 2.57 and subsequently
used with Unity Technologies Unity engine, presumably Version 3, to tour the fortress grounds
by members of the department. Some years later around Summer 2015 it was again upgraded
to a more modern version this time Unity 4 to enhance the tour with some basic HMD and
head tracking support. A selection of screenshots from this model can be found in figure 2.1.

After an examination of the model regarding visual fidelity there were several shortcom-
ings found. The first problem was the low visual fidelity as seen in the screenshots, which is
caused by used engine and can’t be fixed sufficiently by tuning available settings. While this
might be acceptable when only examining the spatial perception, Diemer et. al. [13] found a
positive link between an increased presence and the a better convening of emotional responses.
To improve presence Averbukh [18] suggests to increase the visual fidelity. To achieve this a
newer engine with a selection of modern render techniques is needed.
The next problem was the requirements of the hardware. While the TV had a high amount of
pixels (around 8 Million at 60 frames per second(fps)), the HMD had a rather high perquisites
regarding the frame rate (2 Million Pixels at 75 fps), which should be met at all times to prevent
negative side effects such as motion sickness. This requires an efficient engine to handle the
rendering. As the Unity 4 Engine was initially release in Nov 2012 an upgrade to a newer game
engine would certainly help tackling this.
Finally, the Unity 4 engine doesn’t have native support for HMDs and head tracking. The pre-
vious project had to use a set of plug-ins to enable basic support for these features. However,

1www.eduventure.de/viskom_index.php, last access 13.04.16
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performances of this method is lower as seen in the following video 2. This again calls for a
more modern engine with native support to further increase the efficiency of the render task.

(a) Old version of courtyard (b) Old version of Rheinbastion (c) Old version of area over tunnel

(d) Old version of tunnel (e) Old version of Osthof

Figure 2.1: Screenshots of the old model based on unity 4

2.2 Comparison of game engines

Finding game engines which met the specified criteria was not complex as there are a number of
available candidates with some of them begin free of charge and others requiring a paid licence.
As there are were no funds available only the former type was taken into further consideration.
As for hardware to work with the lab coincidently procured new computes with powerful
components. After some research two promising possibilities were found: the updated Unity
Version 5.1 and Epic Games Unreal Engine Version 4.8. Of note is that there were some major
changes introduced with Unity 5 which commonly leads to problems with the import of old
assets. Both of these engines offer a wide variety of modern rendering approaches and native
HMD Support with Unreal focusing more on photorealism on powerful hardware and Unity
more on user friendlinesses, accessibility and high efficiency over a range of hardware. After
some preliminary familiarisation the blender model was loaded into both of them. While it
holds true, that the unreal engine had a higher fidelity than Unity 5, the latter was still well
above the Unity 4 version. Nonetheless, as mentioned before the handling of Unity 5 was
easier especially for an user new to game development. This became apparent when problems
during the import procedure from blender to Unreal started to occur. While eventually these
problems could be fixed, it was very time consuming. Nevertheless, as photorealism wasn’t
the goal and time constraints didn’t allowed for lengthy or complex workflows Unity 5 was
picked as the future game engine of this project.

2.3 Upgrading the model

Figure 2.2 shows the state of the model shortly after the import in the new environment. Dur-
ing the import a substantial number of assets weren’t assigned correctly which forced them to

2www.youtube.com/watch?v=Nk9QRFds8nE,last access 13.04.16

www.youtube.com/watch?v=Nk9QRFds8nE
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use the default white texture. However, the import of the level geometry was successful and
so the model was technically complete. This is due to the previously mentioned major changes
between version 4 and 5. Implementation of the model happened under Windows 7 with Unity
Version 5.1.2f.

Figure 2.2: The initial state of the model, newly imported into Unity 5

The first steps were made to match the old version and the real fortress so that subsequent
steps could focus on improvements needed for this experiment. Over the course of this a num-
ber of trips were made to the real fortress where large areas had been remodelled for the "Bun-
desgartenschau" 2011 to better resemble the historic fortress. During these trips details of this
"new" fortress where recorded to serve as a baseline for the new model. While the assignment
of textures to geometry has failed, the old assets (textures, normalmaps, heightmaps) were still
available hidden inside the folder structure of the old model. Reassigning them was still pos-
sible, albeit time consuming as they needed to be compared to the old model first. After this
they were improved to match the real fortress more, which included swapping out a number
of them such as the one for the courtyard ground. Moreover, some areas had problems with
collision detection. These were searched out and also fixed. Besides this a number of features
were added. This included multiple types of trees as well as grass and new meshes and objects
to fill gaps in the old level geometry. The main improvement was related to lighting as the lack
of proper global illumination was a major shortcoming in the old model. This is most notice-
able when looking at shadow casting, which was absent in the old model. This was fixed with
the help of some extensive and time consuming rendering which took multiple attempts to set
up a realistic lighting in all places. The tunnel was a particular problem area as it was mainly
lit by indirect lighting in the real world. This required to redo the lighting multiple times and
going into the details of unity’s lighting backend. Furthermore, there was proper support for
HDR and tonemapping Shader added.
Besides the graphical improvements scripts for player interaction were added as well. Unity
5 has native support for two programming languages: C# and Unityscript, which is based on
Javascript. Because of prior experiences with the similar language Java and the general pref-
erence of the unity developer community to write scripts in C# the former was chosen as the
base for any script. While there were some scripts like a basic first person controller already
available, they needed to be adapted to work in this model. Other scripts such as the pause
menu needed to be created from scratch. This proofed to be somewhat difficult as Unity 5 was
just released a few months prior in March 2015 with some documentation not being updated
yet. The major changes from Version 4 to version 5 also led to common approaches of solving
certain problems like this not being feasible any more.
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2.4 Improvements for the experiment

The first step here was to add everything necessary for the TV tests first and then derive a
version for the HMD. This led to the addition of more custom scripts especially to gather the
necessary data. One such script is used to measure the angular deviation to the well from the
current orientation of the player called "Angle Measure". It was based on an script from the
previous version, with improvements to the way values are calculated and how the data is
written into the results text file.
Another major addition was a guide character, which was needed to match the virtual tests as
close as possible to the real one. Just as in these the test participants needed a guide to show
them the desired path to the locations of the stops. After considering a variety of options such
adding a multiplayer mode for the conductor to join the subject, it was determined that an
AI controlled character was the best solution. He acts based on a custom script which uses
keyboard presses to change his destination, while his appearance and animations are based on
the standard "Ethan" Character model preloaded in unity. Some challenges with implementing
him were getting the same path to the locations every time as well as animating him to reflect
his current state of motion.
There were two options for controlling the player character: Keyboard and Mouse or a gamepad
similar to the ones used by gaming consoles. It’s important to note that the chosen input de-
vice would be used in both virtual tests. While this wasn’t a problem for the TV test, it was
important to make the correct decision for the HMD tests where the participants won’t be able
to see objects in the real world. Another criteria for the HMD test was good support for a
standing experience. Because of this the gamepad was found to be more suitable for the exper-
iment as it would allow easier controlling of the player character, due to it’s reduced number of
buttons. Also it was usable while standing especially because a wireless one was available. Ad-
ditionally, this allowed to have the participant use a different input device than the conductor
which in turn made it easier to control certain elements of the experiment such as the AI guide.
Implementation of this wasn’t as straightforward as hoped as this was an example of an old
script which didn’t support the new unity version yet. After some research into unity’s input
manager the gamepad could be integrated for both basic player locomotion and triggering the
Angle Measure script.
Over the course of preparation work a major problem with the model was found. Pre tests
showed that participants had problems with the scale of the model which resulted in a wide
range of answers. While controlling the model and it’s objects, it was also found that there was
no unified scale to match the real counterparts. This resulted in a given distance value corre-
sponding to a different size depending on which location the player was currently in. As fixing
this problem on a geometry basis in blender, which in turn would lead again to conflicts with
the assignment of assets on reimport into unity, would’ve be very time consuming an alternate
solution was needed. A more efficient solution was to create reference structures with a de-
fined length/width of 1 meter. These were placed near the stops to serve as a visual scale cue.
The locations themself were marked with white platforms which also had a standard size of
3*3 meters with the exception of the tunnel. The reason for having multiple locations to test at
will be discussed in section 3.1. Now the virtual objects could be measured and a set of virtual
size values was created. After these problems were solved the TV Version for the experiment
could be built.

HMD challenges Deriving a HMD Version from TV Version posed a bigger challenge than
initially anticipated. To support development a number of scripts were downloaded from Ocu-
lus Website which were intended for Unity 5. This Oculus SDK had the Version number 0.6 and
was extended by the Unity integration package version 0.1. Interesting to note is that it was
not possible to develop with this versions under the most recent Windows 10 as it had prob-
lems with false sensor input. Upgrading to more recent versions only led to problems with
the windows version used during development. While the number of scripts and functions
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was sufficient, it’s structure and how they’re connected was not immediately apparent and the
documentation for the used version was only superficial. This led to further delay while im-
plementing the model.
Most of the scripts were still usable in the HMD version. Problems occurred with the pause
menu as it’s approach of drawing buttons on the GUI was not supported by the Oculus Player
Controller. Instead a similar script was created with a more basic set of functions. Furthermore,
the basic unity cross hair wasn’t feasible in this version. While it’s sufficient for the TV Version
to have a flat one floating a fixed distance in front of the player, this created discomfort in the
HMD Version. The problem here was less of a technical nature, but more of a visual nature
and based on how the human eyes which always try to adjust focus. With a static cross hair
the eyes involuntarily try to focus on it as well as the underlying object, which appeared to be
further away. Once the underlying issue was determined a solution was quite straight forward
as it simply required the cross hair to take the players orientation and distance to the object
he’s pointing at into account and adapting it’s size accordingly. Another example for this sort
of visual problem occurred in combination with the cobblestone ground. When looking down
on the texture it appeared to be closer than expected. Initially this was thought to be a problem
with the view frustum and that it could be solved by changing the field of view. However, it
turn out that this impression was created because the stones displayed on the texture appeared
too big for what one would usually expect from a real world cobblestone path. This confused
pre testers into thinking the ground was closer than it should be. The solution for this was
again rather simple and only required to swap the texture out in favour of one with smaller
cobblestones segments. These kind of challenges are unique to the HMD environment as they
require to keep the expectations of people based on their real world experiences in mind.
After these problems were fixed and the changes were transferred back to the TV Version telling
unity to build a HMD targeted version was rather easy and only required toggling a checkbox
in the player settings. The results can be view in figure 2.3, which show the same views in
figure 2.1.

(a) New version of Courtyard (b) New version of Rheinbastion (c) New version of Area over Tunnel

(d) New version of Tunnel (e) New version of Osthof with AI Guide and reference
structure
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(f) Overview of new version

Figure 2.3: Screenshots of the new model based on Unity 5

Possible improvements Due to lack of time and experience in game development for HMDs
some features couldn’t be implemented. One of them is an additional improvements to light-
ing as the shadows in the tunnel and from bigger objects are still not quite right. Moreover,
it would certainly be an improvement if the player character had visible and fully animated
legs especially in the HMD Version. This would enhance the illusion and might lead to better
results in areas that rely on a constant feeling of presence such as the emotional questions. Also
interesting to explore is the possibility to replace the gamepad in favour of tracking the posi-
tion of participants in the room and translating his real world movements appropriately into
the virtual one. However, this would require additional hardware as it’s found in the HTC Vive
mentioned in section 1.1. Finally, the AI guide could be improved as well. Guiding him along
the correct path during every test was difficult and sometimes random. Also his animations
and collision detection showed to be sub par. While the idea of using a computer controlled
guide is certainly better than alternatives like being controlled by a human, setting everything
up correctly proofed to be time consuming.

Comparison with the real fortress Comparing the model with the real fortress reveals cer-
tain problematic areas even after extensively fixing the mentioned problems. For example is
scale still a problem most notably with the well on the courtyard (a in fig. 2.3), which appears
too big, and the tunnel and Rheinbastion ((b) in fig. 2.3) area, which appear too small. Recti-
fying the issues would require to replace these areas in blender with correctly scaled one. The
main problem for this is getting the correct data from the corresponding administration office.
Texture quality itself was good, but could be improved further to reflect the changes made in
2011. Also while the level geometry for the test area was very good, there are some other spots
which had problems with collision detection. Nevertheless, all of these are of no concern for
the experiment as the participants will only take part in one test and the model itself is consis-
tent enough to avoid much confusion in regards to scale. In general can be said that the model
aged well and was a good basis for implementation.
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Experiment

This chapter focuses on the conduction of the experiment in both realities. First the structure
of the experiments will be shown, which serves as the basis for the survey. The next section
will detail the separated experiment runs and raise some notable details about them. The last
section will present the statistical data analysis where the findings are described.

3.1 Structure of Experiments

Settling on a structure of the experiment was a three step process. First, a structure for the sur-
vey was defined. Then a route through the fortress had to be found that allowed to test all the
intended features in both realities. Finally, the structure was filled with questions as described
in the next section.
To maintain comparability between the different versions of the experiment surveys needed
to be as identical as possible, even tough this would mean to included questions not needed
for a certain experiment. Also to increase the potential number of participants the survey was
designed to work in German and English.
Looking at the hypothesises, there is a difference between those related to research question
(RQ) 3 and RQ 1 2. While the former are area independent focused on gathering past knowl-
edge, the latter are area dependent and gather data based on the current situation. RQ 4 is
somewhere between those because data can be gather at any location on the fortress, but needs
to be generated first by participants seeing the fortress. Because RQ 3 can be addressed at any
point it was put in front as the first section, split into one for prior Real and one for prior Vir-
tual. After this RQ 1 respective 2 based hypothesises can be looked into by focusing on the
surrounding area of the experiment. Nevertheless, some of these hypothesis are better suited
to be tested at the end of the experiment as they focus on the whole areal. This particularly
affects RQ 1c and 2b, which made it necessary to add a section to summaries the test at the
end. This was also a convenient place to ask about the demographic data of participants. As
mentioned RQ 4 needs to be somewhere in the middle of the tests so that participants already
have an opinion of the test. This led to related questions being put in the middle of RQ 1 and 2
testing.
The section for spatial and peripheral perception couldn’t all the tested at the same area in
the fortress as accuracy tends to increase if a person gets familiar with the surroundings [19].
Furthermore, the emotional perception questions also benefit from going around which gives
the participants an overview of the fortress area. This made it necessary to determine a route
with several stops which had a different set of features to pose questions about, while also
keeping the walking distance low. As the area of the fortress is rather large this proofed to be
a challenge due to the high number of possibilities. Also spatial proximity of location was an
additional factor that needed to be accounted for. Another one was the idea of barriers based
on Newcombe et. al [20] and Kosslyn et. al. [21]. They both showed that having an opaque
barrier that blocks directly line of sight, like a brick wall, distorts the spatial relations in adults.
Nevertheless, they only tested this in the real world and not the virtual one. Testing this would

15
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mean little overhead and could provide some further insight into the differences and similar-
ities between the two realities. It also suits the hypothesis RQ 1d very well as it is focused on
the pointing towards a fixed object which is bound to be obscured by walls over the course of
the experiment.
The courtyard was chosen as starting area based on it being near an entrance and having a large
set of features to focus on. From there the "Rheinbastion" was the only option as a second stop.
Form there four possibilities were available of which two led to a dead end, which would’ve
ended the test to early. The other two were going trough the tunnel or above it. To keep the
experiment short a stop inside the tunnel was chosen next. This was also a good change from
the more open areas before and provided a good barrier point as this area was surrounded by
walls in most directions. After this the area along the main road called "Osthof" was chosen as
it had more features than the area past the side tunnel and was generally better maintained. Be-
cause of the number of walls it also served as a somewhat closed area especially when putting
the stop in front of one. However, this path proved to be too short to ask a sufficient num-
ber of questions. Because of this the stop above the tunnel was added before going inside the
tunnel. This stop also proved to be a good time to ask the participants about their emotional
perception. The describe route is displayed in Figure 3.1 which also points out key areas.

Figure 3.1: Path the experiment goes along c© dwbrlp.de

3.2 Survey Questions

Formulating questions based on the five part structure, the route and the hypothesises men-
tioned over the previous sections was a time consuming task as striking a balance between
difficulty and number per hypothesis meant revising the survey multiple times and made mul-
tiple pre tests on the real fortress necessary.
Gathering data for the prior real experiences needed in Hypothesises RQ 3a through RQ 3c
was the target of the first set of questions. The first question was based on the idea that spa-
tial navigation was influenced by the size of the city a person grows up in. As small cities
with a few number of inhabitants and buildings are fairly easy to navigate on foot, a person
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raised in a capital city would’ve be confronted with a complex network of streets and differ-
ent possibilities to travel. As participants likely don’t know the exact surface area a different
indicator for city size was found in the number of inhabitants. While they most likely won’t
know the exact number and answers needed to be grouped during evaluation anyway, groups
were predefined. The city classification by the Federal Statistical Office server as a basis for this
and was adjusted to better differentiate between the city types. The next two questions focus
more on specific activities which might help the spatial perception. An example for this is basic
military training, which was mandatory in Germany up until July 2011. Over the course of
this training, approaches to estimation of distance are taught and used throughout it. A similar
selection of activities are also done during boy scouts where children are taught as well how
to navigate terrain and estimate heights, albeit in an more age friendly manner. Having com-
pleted some kind of either this trainings might improve everyday estimations. The next pair of
questions are based on Neidhardt and Popp [19] where evidence was found that there is a link
between the spatial abilities of children and how active they are alone outside. This is further
broken down by going to the school alone and just "roaming around" and influences angular
pointing accuracy especially. To further build onto this and to test it in a different virtual en-
vironment these questions were added. One of them focuses on the age when they started to
regularly visit places like school or nursery school alone, while the other focuses on the "roam-
ing around" by asking for the irregular places like friends. The last pair of questions are based
on the same link between the need to navigate along a path by oneself. As mentioned in the
first questions large cities tend to have a variety of means to reach a given goal. One common
example is driving the car or taking a public bus to the destination. Both of these are motorised
transportation methods. However, while the bus is driven by a driver a car requires the own
spatial skills related to finding the way to the destination. This idea was extended to include a
range of transportation possibilities distinguished by how much the participants is involved in
the process of finding the correct route. It was split based on the possession of a drivers license
as there are only a limited number of ways to travel longer distances based on an own route
without it.

The next section focused on questions related to the prior virtual experiences based on hy-
pothesises RQ 3d till RQ 3f. These were broken down into several questions as opposing to a
single "do you play a lot of videogames?" one to get a more accurate objective picture and a
better data to look for links eg. based on time spent with videogames or genre preference.
The first three questions focused on gathering data about the personal favourite game and
video game genre, with the former being split into "most enjoyed" and "most time spent on"
which is, based on own experience, rarely the same. The latter was based on a predefined se-
lection of major genres with participants asked to state any number of genres they enjoy. This
questions was in part based on Procci et.al. [22] who found a relationship between gaming
preference and the effectiveness of serious games, which this experiment falls under as well.
The next set of questions are inspired by Subrahmanyam and Greenfield [23] who grouped
participants by the number of days spent playing and duration of each session to look into the
influence on spatial skills. As this experiment was focused on children the initial two questions
were expanded to differentiate between childhood and current time, which makes a difference
regarding the amount of spare time available. Besides these time focused question, a basic
questions about the number of "proper" video games was added as well to further gauge the
activity in the recent time period. The term "proper" was added to prevent inflation of results
due to basic games found on social media which tend to have a smaller scope than a game
developed over the course of years by a team of experienced developers. The final question
for this section was focused on prior experience with HMDs and was added after the real ex-
periments were conducted. The goal of this questions is to find out if prior usage of similar
headsets improve the accuracy in the following sections.

The second section of the survey focuses on questions for hypothesises relating to spatial per-
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ception (RQ 1) and peripheral perception (RQ 2). While most of these were asked during the
main section, some of them required reflection (RQ 1c and RQ 2b) and were put towards the
end of the survey together with the demographic questions. As spatial questions (RQ 1a, 1b,
1d) always focused on the current location, their peripheral counterparts (RQ 2a) focused on
the last visited location and were asked before the spatial ones. Because peripheral perception
tends to be short term, this order was chosen to reduce the number of information the partici-
pant could forget. Additionally hints about the size of non-tested structures were given before
each set of questions. This helped reduce the range of answers and proved to be very helpful
for the virtual tests. Questions related to the angular deviation (RQ 1d) were positioned be-
tween the peripheral and spatial as they also focus on a previous stop. Gathering data differed
between the real and virtual parts, with the real portion using a custom build angular deviation
device and the virtual part using custom scripts. Further details are explained in section 3.3.1
and 3.3.2.
At the first stop in the courtyard one estimation question about the height and one about the
width of a structure was asked. Both of these relate to RQ 1b. As there was no prior stop no
peripheral questions were available. Because participants could see the well the angular devia-
tion question served more as a way of getting used to the device and to determine any baseline
inaccuracies.
At the second stop in the "Rheinbastion" one peripheral question about the types of trees on the
courtyard was asked followed by the angular deviation determination. Then three estimation
questions relating to RQ 1b were asked with two of them focusing on height and one of them
focusing on width.
At the third stop in the area over the tunnel two peripheral questions relating to features
present in both previous stops were asked with one focusing on details in a wall of "Rhein-
bastion" and one going for a colour of tree buckets found throughout the fortress. After the
angular deviation question two estimations relating to RQ 1b were made which focused on
height and width.
At the next stop inside the tunnel two peripheral questions about the area over the tunnel were
asked, with one of the focusing on a colour and one of them on a detail in the tested wall. This
stop also served as the first of two barrier points. Following the angular deviation question
three spatial estimation questions related to RQ 1a were held. These differ from the RQ 1b
questions as the subject is asked to determine the distance between two points as well as the
ceiling height and width of the tunnel they’re in. RQ 1b questions in contrast focus more on
the size of more distant objects.
At the final stop "Osthof" one peripheral question about a prepared sign in the tunnel was
asked and the final angular position estimation was made. This was followed by two spatial
estimation questions with one of each relating to RQ 1a and 1b.
After concluding the main section of the experiment data was gather for the remaining hypoth-
esises RQ 1c and RQ 2b. To increase accuracy and avoid lengthy and difficult to evaluate de-
scriptions both of these are based on the participants drawing onto a paper map of the fortress.
The first one was tested by drawing the experiment path on a map without labels. The second
one was tested by marking the location of certain structures. This also included the well which
served as the target for the angular deviation question. Parallel to that notes were taken on the
approach a subject took to working with the map which served as a basis for a map reading
rating. It was also asked if they would get lost without a guide or a they think a child around
the age 6 to 8 would get lost. These three questions are aimed to supplement the map drawing
hypothesises.

The emotional questions were defined last, which contrasts their position in the survey.
Measuring emotions is an extensive field with a variety of approaches discussed by psychol-
ogy scholars. However, as this is only a part of the focus for this research the methods used are
intentionally basic. One particular challenge is the approach on how the emotional state is as-
sessed as this can influence the result. Directly asking the subject has the problem on measuring
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or comparing answers. Also humans often have problems verbalising their current emotional
state. An interesting way to circumvent this was proposed by Bradley and Land [24] who used
a series of pictures to visualise different emotional states. However, using this method with
more than three emotions proved to be time consuming in preparation and evaluation. A more
efficient way was found by using the same indirect approach with carefully formulated text
based questions, often based on what a subject would say to a different person. Determining
the number of emotions was also not straight forward as there are a number of different ap-
proaches to classifying them with no one single being generally better than others. In the end
the work of Plutchik [25] was chosen as it proposes an easy way of visualising the relations be-
tween emotions inspired by the colour wheel. As pictured in figure 3.2 he proposes four pairs
of opposing positive and negative primary emotions based on the evolutionary process. They
can also vary in their intensity. He further proposes eight intermediate emotions that are based
on adjacent primary emotions. This way he defines 32 different emotions, while still maintain-
ing a clear picture of the relations between them.
Initially it was intended to have questions for all eight primary emotions. However, two of
them weren’t applicable to this experiment. These are trust (positive) and sadness(negative).
The remaining six served as the basis for seven survey questions with four of them aimed at
positive emotions (joy, 2*interest, surprise) and three of them aimed at the remaining negative
emotions (fear, annoyance and boredom). While six of those were held together at the area
over the tunnel, the one about fear had to be asked later inside the tunnel as it was focus on the
influence of the tunnel on the subject. To achieve better comparability and again avoid lengthy
descriptions a five point Likert scale was used. The end representing disagreement was named
"No, not at all" while the other end was named "Yes, definitely".

Figure 3.2: Plutchik’s Wheel of Emotion as a guideline for the emotional questions

In the final section of the survey demographic questions were asked. The first one was to
gather data about the number of visits in the last four years to the real fortress and aimed to
find a correlation between this number and the accuracy of guesses. The time period was cho-
sen, because wide areas of the fortress were changed for the "Bundgegartenschau" in 2011. The
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next one was about the overall body height of the participant, which could impact the subjects
perception in the virtual test. The next one was gender, which was found to have an influence
on the spatial abilities related to the real and virtual world [26] [23]. To get a better overview of
the dataset the age of the participant was also asked. An additional question was added during
the virtual portion of the experiment gathering data about the course of study to uncover pos-
sible links between students studying computer science and having a higher amount of virtual
experiences.

After the survey was completely flesh out it needed to be implemented in an environment
where participants could easily access it. The most easy way of accessing it from everywhere is
putting it online, which also avoids time consuming transcribing of paper based survey. After
a comparison of major services, Google’s Forms where chosen as they had a seemingly integra-
tion into Google Drive which in turn help further with the analysis of the data. As the survey
was now web accessible, participants could enter there data directly via their smartphones. The
final survey can be found in the appendix. Additionally along with the design process a series
of pictures was created which matches real and virtual structures to their respective questions
which can be viewed in the appendix.

3.3 Performing the experiment

3.3.1 Real part

Performing the experiments on the real fortress was more complex compared to the virtual
model especially as there was no funding available.
Firstly, there needed to be a way to get to it for free within a reasonable time. Most of the par-
ticipants were allowed the use of the public transport from the city to the base of the mountain.
From there an also free inclined lift was taken to an entrance. Getting gratis access to the area
itself was another challenge. As this series of experiments was unprecedented there was no
contact person available at the beginning. After a short search the appropriate department in-
side the "Generaldirektion Kulturelles Erbe Rheinland-Pfalz" could be found and an agreement
with the "Direktion Burgen Schlösser Altertümer" could be made to exempt participants from
the entry fee.
Another external problem was the amount of daylight and weather. As the tests were held
during autumn / winter 2015 there were few opportunities to perform test especially because
they can take up to two hours in total. This was resolved by starting in the early afternoon with
the goal of finishing before sunset and keeping participants informed about the weather situ-
ation and it’s influence on the tests times. Another limitation was that all participants needed
to enter at the same time. This raised problems as it was intended to only have one participant
at a time taking the test. However, this would’ve potentially introduced a large delay for the
last members of group as a single tests took around 45 minutes to one hour. This was solved
by increasing the number of subjects per experiment run to two, which worked well the on-
line survey which allowed participants to enter their answers directly. This made it possible
to increase the total groupsize to four as the tests would now the over in half the time. For
those without a smartphone a printed out version was provided on demand. To prevent one
participants answer biassing the other ones they were instructed to not talk to each other about
there estimates.
To conduct the actual test some tools were needed. Besides standard writing equipment (pens,
clipboards, printed out maps etc.) this also included some printed out surveys. The reason
for this was the poor mobile network coverage and empty smartphone batteries that created
a constant demand for these. The main tool used for the experiment was the angular devia-
tion device built by and loaned from the department of psychology as show in figure 3.3. This
simple yet useful device allowed participants to point out the position of the well, while being
able to directly read a value. This is accomplished by aligning the disk towards north based
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on the integrated compass (red part). The resulting value was then compared against the ac-
tual bearing between the GPS coordinates of the stops and the well to calculate the angular
position. These GPS points were determined in a prior step which also included calculating
the correct dimensions of the structures. While the former could be done with a smartphone,
the latter again required some help form the maintainers of the fortress as the plans were not
publicly available. After an additional search the appropriate department "Stabsstelle Bau und
Technik" was found. During a meeting with employees the heights were combined through a
combination of official plans and on site measurements.

Figure 3.3: The purpose build Angular Deviation Device

Next the approximated locations for the single questions as well as the location of the stops
themself needed to be translated into actual positions. This happened during the pre test phase.
In three cases the stops were identified via GPS, while two locations allowed an orientation
based on present landmarks.
The test procedure for the real portion was based on the general structure of the survey. After
going to the start point (court yard) a small summary about the purpose and the goal of the
experiment was given. After this participants fill out the first section concerning prior real and
virtual experience. This was followed by the main portion. At first any peripheral questions
about the previous stop were asked, then hints about the present scale of things were given
which was followed by estimating the sizes and lastly going to the next stop. After the last stop
the final portion began where participants drew the maps and answered some final questions.
When the test was completed, everyone received some sweets for taking part after which they
were free to explore the fortress.
The tests themself went well and participants had fun despite the rather high organisational
overhead. Participants were recruited by directly approaching them and via a notice in collab-
oration with the department of psychology which granted them a confirmation of taking part
in an empirical tests. Finding timeslots was done with the help of the appointment schedul-
ing service doodle 1. This turned out to be not the optimal way as participants had very only
limited time and most of them had formed groups with a friend already. Keeping the pairs
from talking about test results was manageable as most understood the idea behind this lim-
itation. Keeping the sign up inside the tunnel proved harder than expected. This was either

1http://doodle.com, last access 19.04.16

http://doodle.com
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due to employees removing it or because of the number of visitors. This sometimes led to a
break around the middle of the test to put the sign back up. Another unexpected obstacle came
up shortly before the tests started in late November. As Christmas was drawing closer a cel-
ebrations tent was erected in the courtyard which blocked the intended location for the first
stop. This was handled by shifting the stop to an available position and remeasuring it’s GPS
coordinates. Initially it was intended to record some first person perspective video footage of
participants taking the test with the help of an action cam. However, due to problems with the
availability of the necessary equipment in the end only one test could be recorded. Figure 3.4
shows a selection of pictures where the tests is currently being completed. (A) shows subjects
estimating the width of the kurtine with the angular deviation device between them marking
the location of the stop. Additionally the aforementioned tent is visible to the right. (B) shows
the estimation of the wells position with the help of the angular deviation device. (C) shows the
participants estimating the height of the wall in front of them. Note how one uses his thumb
as a reference. (D) shows the estimation of the tunnels width as well as the often overlooked
symbol in the side tunnel to the right. (E) shows the estimation of the width of the path. The
stop was so close to a wall to function as a barrier point. (F) shows an overview of the whole
fortress with parts some stops like the courtyard visible.

(a) Courtyard (b) Rheinbastion (c) Over Tunnel

(d) Tunnel (e) Osthof

(f) Overview c© Google

Figure 3.4: Participants completing the real tests and an Overview of the testing area
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3.3.2 Virtual part

Performing the virtual tests on the HMD and TV was more straight forward as it was held on
uni campus inside the lab.
These circumstances allowed for a more flexible approach to scheduling the test with a lower
amount of lead time required. Instead of using doodle, participants would respond to the
notices (both at uni as well as on social media) and were assigned to agreed timeslot over the
course of the day. While the lab itself was shared with other uni projects, it was always possible
to use the same equipment.
The equipment needed for these test was, beside basic pen and map, mostly of technical nature.
The program for both variants ran on a very powerful custom build computer with an Intel i7-
6700 quad core CPU with a baseclock of 3.4 GHz and a Nvidia GeForce GTX Titan X GPU with
12 GB Video Buffer. The 4K TV used was a 55 inch model by LG (55UB850V), the HMD an
Oculus Rift DK2, which both used a pair of generic stereo speakers for audio playback, and the
gamepad used was a Microsoft Xbox 360 Wireless one.
As intended the survey stayed mostly the same with some minor additions to better capture
the relevant prior virtual experiences. As with the real tests determining the answers was
not as straight forward. As mentioned in 2.4 the scale of the model was not consistent and
varied significantly from area to area. This required to measure the different objects in the
virtual model and applying a common scale factor which in turn led to different set of correct
values with the height of the well have a notable difference between real and virtual. Similar
to the real description in the previous section, a set of pictures was created to map the survey
questions to the virtual places and put in the appendix. HMD users encountered a problem
as they’re not able to fill in their answers into a real world survey. This was circumvented by
letting them say the answers out loud and then writing them down. The stops were marked
with white platforms matching the locations of the real experiment. The experiment steps
where largely the same as in the real parts including the possibility to explore the rest of the
virtual fortress afterwards. The only difference was that the HMD needed to be adjusted to
the participant. This was done with the help of a demo scene provided by the Oculus SDK.
The angular deviation was measure with a custom script which, in contrast to the real part,
immediately determined the angular deviation between the facing of the player and the well.
It was triggered by a button press on the participants gamepad. Due to the virtual environment
it was easier to record tests showing where participants look and which paths they take when
following the guide.
Tests themself went good and participants had fun especially the ones using the HMD. Some
TV users were initially disappointed that they couldn’t use the HMD. To balance this out all
of them were given the opportunity to freely explore the HMD version after their test was
completed. During some test in game footage was captured in hopes of additional insights
later on. As the tests were held in a shared space a minor number of tests had to pause to allow
others to use the equipment in urgent cases. Interestingly some participants used the virtual
cross hair to put the hints into a better perspective. As this happened in a similar way to real
participants using their thumbs this approach was not prohibited, but also not encouraged.
Figure 3.5 shows participants taking the virtual test using the aforementioned hardware. As
the TV hung in a rather low position TV users as in (A) completed the test seated, whereas their
HMD counterparts (B) stood. Pictures of the virtual stops themself can be found in figure 2.3
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(a) TV Test (b) HMD Test

Figure 3.5: Participants completing the virtual tests

3.4 Data Analysis

Preparation of the dataset was done with Microsoft Excel 2010 prior to the import into the
statistics software. The goal was to unify the answers as for example the survey was filled out
in two languages in two slightly different variants (Real and Virtual).
As the German survey was the most commonly used the first step was to translate all answers
into German and adapting them to the language conventions eg. which symbol is used as a
decimal point. During this any typographical errors have been also corrected. The next step
was to group similar string based answers together most notably in questions including colours
and video game preferences. As a next step some answers were recoded into numerical values
to allow an interpretation. A good example for this is the question about the symbol in the side
tunnel. Initially just a description of what participants thought they saw, it was converted into
a four point system, one for each significant feature of the symbol. If one answer states any
three features, it receives three out of four points, thus converting this nominal variable into an
ordinal one. In another step any missing values were declared, which accounted for missing
data points as well as the participant not knowing the answer and specifically replying that
there was nothing of interest. Besides the transcoding of nominal to ordinal variables most of
the height estimation variables needed some improvements as well. Based on the correct value
a deviation variable was created for each one. If a participant guessed the size of an object
correct then this value is 0, but if he over- or underestimated this values it became positive
or negative. This allows for a better representation of the answers, as the actual height of the
objects varied between the real world and it’s virtual counterpart. Another set of derived vari-
ables are the ones related to the angular position of the well for the real tests. Based on the GPS
coordinates of the stops and well the relative position of each stop to the well was calculated. It
then was subtracted from the answers with the resulting amount forming a new set of angular
deviation variables with values alike to those from the virtual tests. This step was not needed
for the virtual tests because the deviation value was measured directly during the test.
After importing the data into SPSS, only the level of measurement needed to be determined.
Additionally some slight changes to the variable names where made as the software doesn’t
support space characters for these. Over the course of the analysis additional changes to the
dataset were made in order to get a better result for some hypothesises.
IBM’s Statistics Software SPSS 23 was the main tool used for the statistical data evaluation.
Based on the prepared Excel File different methods were applied to get an overview of the an-
swers and find correlations in the different realities. For the majority of hypothesis this resulted
in diagrams with three characteristics representing the different test environments. Over the
course of the evaluation further changes to variables were made. Examples for this include
converting string based variables to numerical ones in order to have a wider selection of meth-
ods available.
During the analysis mainly three types of diagrams were used. For one the Boxplot diagram
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to get an overview of the characteristics of an answer. Not only do they show the median of
responses, but also the distribution of answers. Most of the time they’re based on a derived
variable, which contains the deviation from the correct value. A positive value indicates that
the answer was above the correct value, while a negative one shows the opposite. This allows
putting the point of origin in the centre of the x-axis to improve readability. In some other cases
they represent a five point Likert scale, which also has it midpoint in the centre of the x axis.
To get an overview of string based variables, pie charts were used as they give a good impres-
sion over the answers made as well as their proportions. This is especially useful as the sample
size was different across the different types of tests. When they are used on colour based ques-
tions, the pie segments also match the colour of the answer to get an even better outline of the
given answers.
The third and final type is a bivariate correlation matrix. It is used to find links between an-
swers and determine how strong and in what ratio they are. Two level of significances are
used: a normal one which uses the common 5% significance to indicate a non-random cor-
relation (marked in yellow) and a stricter one which uses a 1% significance level (marked in
orange). They’re both two tailed to find negative and positive correlations. The correlation
coefficient used was Kendall’s Tau B as this allows finding links across variable types and is
more robust against outliers than Spearman’s Rho.
As mentioned additional work with the variables was needed during the analysis. One case
was the recoding of a string to a numerical value both for yes/no answers as well as more
complex multiple choice ones. In one specific instance this required splitting one variable into
all it’s possible answers and assigning a Yes/No flag where it applied to the answer. Besides
this also some additional grouping of variables was needed to further improve the quality of
answers. Most of this additional work needed to be done for research Question 3.
As two hypothesis were based around drawing on a physical map, a different approach was
needed for evaluation. The best approach to visually compare all paths taken in a reality was
to create a heatmap from all answers. This was done by scanning in the paper maps and with
the help of the image manipulation software GIMP. First all maps had their drawn path virtu-
ally traced with a light colour. Then they were aligned over each other so that in a final step
all virtual paths were visible. When a given path occurred more than once it’s colour would
automatically turn a shade darker with the darkest path being the most common one. Finally
a red line was added which shows the correct path. A Screenshot of this process can be seen in
figure 3.6

Figure 3.6: Tracing the paths from scans using GIMP
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In total 60 tests were made with 16 of them on the real fortress, 20 with the TV and 24 with
the HMD. An overview of some key figures grouped by the test environment is displayed in
figure 3.7.
Age is somewhat representative for university students and ranges from early 20s until early
30s with two exceptions for real tests. However, this doesn’t affect the median too much as this
tests also contains younger participants and it’s the same for the TV test.
While Gender was almost evenly distributed across the whole data set, looking at the distri-
bution inside that tests shows a different picture. Real tests had unproportional more females
than males, whereas the opposite was true for TV. Only the HMD tests had a balanced distri-
bution.
The tests took place during two time windows between 2015 and 2016: the real tests were con-
ducted from mid-November till beginning of December on the real fortress. The HMD and TV
were held between end of January and end of February at university campus.
A goal was to keep the number of fortress visits in the last four years under five. While this
was accomplished by HMD and TV tests, the real tests included some answers up to ten.
The reason that the distributions are uneven and some goals couldn’t be met lies in the chal-
lenge of finding participants without research funding especially for the real tests as these in-
volved a significant time overhead related to transportation.

(a) Age (b) Gender

(c) Time Period (d) Number of fortress visits in last four years

Figure 3.7: Distribution of age, gender, time period and number of fortress visits

3.4.1 Results for research question 1

As mentioned in previous parts 1.3 and 3.2 the first research question "How is the spatial per-
ception influenced?" was tested with four different hypothesises. These were checked with a
different number of survey questions ranging from four to seven each. The answers to these
questions form the basis for a number of Boxplots. These are supplemented by correlation ma-
trices which point out any links between two answers.

Results for hypothesis RQ 1a The hypothesis "The error in estimating is significantly differ-
ent when judging distances" was tested with four survey questions which are shown in the
corresponding Boxplots and tables in figure 3.8 and 3.9.
The answers have a general tendency of underestimating the distances particularly in the HMD
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and TV Tests. The results in (A) are similar with real tests having a bit lower difference from the
median. Answers to (B) were a bit more different. While HMD and TV still tend to underesti-
mate, Real now tends to overestimate. HMD and Real have a similar amount of variation, but
the median of TV is actually closest to the correct value. (C) is much like (B) with the median
of the real tests being close to the correct value. Finally, (D) is similar to (A) with the medians
of the answers being closer to the correct value and the Real test having lowest deviation and
closest median.
In general it can be said that the Median of HMD is closer to the one of TV than to Real. Looking
at the difference in answers, HMD has in three out of four questions a similar or lower value
than TV matching the Real answers.
Considering the correlations tables shows a similar picture as TV has the most links, Real not
a single one and HMD situated in the middle with three out of five. Also HMD has the high-
est number of very significant matches with two out of three. Interesting to note is that all
significant pairs are positive.

(a) What’s the distance between the Floor lights? (b) How high is the tunnel?

(c) How wide is the tunnel? (d) How wide is the path towards the tunnel?

Figure 3.8: Results of research question 1a as deviation from correct value

(a) HMD
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(b) Real

(c) TV

Figure 3.9: Correlations between the answers of research question 1a

Results for hypothesis RQ 1b The hypothesis "The error in estimating is significantly differ-
ent when judging the size of a room/area" was tested with eight survey questions which are
shown in the eight corresponding Boxplots in figure 3.10 as well as in three tables in figure
3.11.
Most of the answers again underestimate the sizes, but more similarly than in the previous
paragraph. Looking at the first set of Boxplots (A), HMD and TV are similar with HMD having
a slightly lower deviation from the correct value, but with TV having a closer median. Answers
made in the real tests are both more accurate and have less fluctuation around the median. The
Real answers to (B) have a lot of spread to them, while still maintaining a similar median like
HMD and TV. HMD has the closest median, while TV has the smallest range around it. In
(C) TV tests yielded the closest match, while again having the lowest range of answers. The
median of Real is the lowest and the answers have the most spread. HMD answers are in the
middle of it. HMD and TV answers for (D) mimic each other with Real again having the high-
est amount of spread in the answers and all medians being close together.
Moving over to the second figure (E) this time HMD and TV got a higher deviation than Real,
especially TV with three spike answers. HMD’s median is closest to the correct value. In (F)
HMD and TV got a comparably high amount of spikes and a similar amount of spread with
HMD’s median again being the closest to 0. Real values have lower variation, but the median
is also the furthest away. In (G) HMD and TV have a similar close median with some spikes,
while TV also got the lowest variation. The variation of HMD is similar to the one of Real.
(H) is somewhat special as the HMD answers to this question resemble the ones made in the
real test, both in their median as well as in their variation. While TV has a similar median, it’s
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variation is visibly higher than the one from HMD.
In general it can be said that the medians of HMD questions are closer to the TV ones. Interest-
ing to note is that these medians are in most of the cases closest to the correct value, although
with a higher deviation than Real has. In (A) and (D) HMD results are similar to TV, but in (B)
and (C) they are in the middle between Real and TV Test. (H) is a rare case in which HMD is
actually more similar to Real than TV.
Moving over to the matrices HMD now tends to be situated more in the middle between Real
and TV. It shares the same number of links found with TV including a very significant one, but
Real has a similar count as well. Looking at the links, itself HMD shares one each with TV and
Real with both of them being positive and related to estimating height.

(a) How high is the well? (b) What is the width of the kurtine?

(c) How high is the smaller tree in front of the tunnel? (d) How high is the wall with the arrowslits?

(e) How wide is the wall with the arrowslits? (f) How high is the wall with the 4 Columns?
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(g) How wide is the wall with the 4 Columns? (h) How high is the opposite wall?

Figure 3.10: Results of research question 1b as deviation from correct value

(a) HMD

(b) Real
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(c) TV

Figure 3.11: Correlations between the answers of research question 1b

Results for hypothesis RQ 1c The hypothesis "The error in estimating is significantly dif-
ferent when judging the walked distance" was tested with a printed out map of the fortress.
After the main test participants were asked to draw their walked path onto this map, which
was then scanned and combined with the others in GIMP. The heatmaps are shown in figure
3.12 with path colours ranging from light blue to marine blue. Furthermore, notes have been
made during each test to rate the participants ability to read the map, find structures he/she
saw during the tests and how long the completion took. The notes have been combined into a
five point rating as shown in figure 3.13. This figure also contains the participants assesment if
they’d have be able to do the tests alone (b) and if they think a child would’ve got lost on the
fortress (c).
Comparing the maps around the starting area of stop 1, Real and TV answers aren’t coher-
ent enough to make out the actual starting position, while the HMD answers visibly converge
around the correct area. Following the paths HMD and TV answers start to match up more as
most of them found the right path up over the tunnel and down into it, while Real answers
start to get more fuzzy. This leads to only some Real answers pointing out the correct end area
at stop 5, while TV and especially HMD answers are closer to it. Outliers representing people
who had trouble finding the correct paths are present in all of them with the virtual ones having
more than the real one. Overall HMD and TV contain more accurate guesses than Real with
only a minor increase in outliers.
The map reading rating somewhat supports these observations as TV participants had the least
problems with finding their way and real ones having the most problems. HMD is situated in
the middle between those two with a similar median as TV, but with a variation of answers as
alike Real. Looking at the own assessment, HMD seems to be evenly distributed. However it’s
median is actually at "rather yes" in the same location as TV, albeit the latter as smaller range
of answers and tends more to the confident side. Real is similar to HMD in this regard as they
both share the same range of answers, but with Real having a median value of "balanced". The
assessment if a child would get lost is generally similar across all realities with TV participants
being the very confident and HMD and Real having more doubts. However, these are still far
outweighed by the confident answers.
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(a) HMD paths

(b) Real paths
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(c) TV paths

Figure 3.12: Results of research question 1c as a Heatmap TV

(a) Map reading rating (b) Own map reading assesment

(c) Map reading assesment based on child

Figure 3.13: Additional data regarding the map reading skills

Results for hypothesis RQ 1d The hypothesis "The error in estimating is significantly differ-
ent when judging the angular position of points" was tested with five survey questions which
are shown in five Boxplots and three tables in figures 3.14 and 3.15.
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Of special note is that the precise location of the stops in the real world varies slightly. Even a
variation of a few meters due to GPS’s error of measurement can lead to a deviation of 5◦. This
is particularly noticeable at stop 1 as guesses are unusually spread out, despite the participants
being able to directly see the well. As distance to the well grew this became less of a problem
so stops 2 to 5 weren’t affected. Furthermore, answers during Real test were rounded to 5◦,
while the answers during HMD and TV test weren’t rounded. The reason for this is the way
the angular deviation was determined as the angular measurement device as shown in 3.3.1
didn’t allow for a greater precision.
Aside from the remarks for (A) the median of TV answers were actually closest and had the
lowest deviation. HMD is somewhere between TV and Real. For (B) Real tend to have the
lowest deviation and the lowest spread. While the medians of all tests are somewhat close, the
deviation of HMD is visibly higher when compared to the others. In (C) TV answers are again
closest to the correct value with Real tests having the highest range. HMD is again placed
in the middle between Real and TV. In (D) TV has the highest extend of answers while also
maintaining a similar median as HMD. Here Real answers are nearest to the correct value and
also have the lowest interval. Again HMD is somewhere in the middle between those two. (E)
shows a similar picture to (D) with TV’s spread being the highest, then HMD and Real having
the lowest. Looking at the medians, TV and Real are closer together, while HMD has a visibly
higher one.
In general it can be said that answers made during the real test are more accurate both in terms
of median as well as it’s range. Interestingly in four out of five cases HMD sits in the middle
between Real and TV answers. The high amount of deviation for answers made in stop 4 and
5 can be attributed to participant’s higher tendency to lose their bearing and therefore the lo-
cation of the well. While this happened a few times during HMD and TV tests, no participant
made similar remarks during real test.
The correlation matrix in contrast suggests HMD answers behave in a similar way like the TV
answers as both have the same number of found matches and share a common positive link
between the deviation at stop 4 and 5. However, Real has also a positive link between these
two.

(a) Angular deviation at stop 1 (b) Angular deviation at stop 2

(c) Angular deviation at stop 3 (d) Angular deviation at stop 4
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(e) Angular deviation at stop 5

Figure 3.14: Results of research question 1d as amount of deviation from target

(a) HMD

(b) Real
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(c) TV

Figure 3.15: Correlations between the answers of research question 1d

3.4.2 Results for research question 2

As laid out in the previous parts 1.3 and 3.2 the second research question "How is the peripheral
perception influenced?" was tested with two hypothesises. One of these comprises of survey
questions, while the other one is based on printed out maps like in research question 1. Aside
from Boxplots this questions also is visualised with pie charts.

Results for hypothesis RQ 2a The hypothesis "Peripheral perception is significantly different
when asked about smaller objects recently encountered" is tested with six survey questions as
displayed in figure 3.16. It’s important to keep in mind that these questions were merged and
coded based on text answers as mentioned in 3.4.
(A) shows a case where HMD strongly tends towards the Real as in both the majority answered
correctly. TV in contrast has a large number of wrong answers.
The Boxplots (B) shows a somewhat common sight with HMD and TV being closely together
and Real having a higher range of their answers.
(C) has again a case where HMD tends more towards the Real answers than towards the TV,
regarding the number of correct answers. However, similar to TV, HMD had a higher variance
of different answers than the Real counterpart and a higher number of participants who didn’t
know or saw the treebuckets.
Looking at the chart for (D), the Real tests had the highest portion of correct answers. Most
answers in HMD and TV Test were at best only partially correct with a higher number of people
who didn’t know, which includes both wrong answers and "didn’t see anything special".
(E) has multiple answers because the colour of the structure in question was hard to describe
and somewhere between light red and red-brown. This becomes apparent as most of the Real
answers stated red as the colour and most HMD and TV answers more leaning towards brown.
This time HMD had the highest portion of participants who didn’t know or didn’t see the door
frame.
(F) was probably the hardest question especially for the Real tests as the tunnel in this version
of the fortress had a different symbol which confused some participants. Apart from this HMD
has a higher portion of partially correct answers, while TV has one completely correct answer,
but also the highest portion of people who didn’t see a symbol.
Looking at the correlations table, there is only a single link in total found significant which is
among HMD answers. The reason for this likely lies in the way the variables are coded as they
used to be strings.
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(a) Where there only planted trees in the main court? (b) How large where the sets of arrowslits on the kurtine
wall?

(c) What colour are the treebuckets? (d) Was there something special about the windows in
the area over the tunnel?

(e) What colour had the door frame of the 4 column
wall?

(f) What symbol was in the side tunnel?

Figure 3.16: Results of research question 2a
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(a) HMD

(b) Real

(c) TV

Figure 3.17: Correlations between the answers of research question 2a
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Results for hypothesis RQ 2b The hypothesis "Peripheral perception is significantly different
when asked to locate larger objects encountered longer ago" was tested with the same printed
out maps as hypothesis RQ 1c. Similar to those answers were turned into a heatmap with
marker colour ranging from light turquoise to dark turquoise. The two asked structures are
the well (X Marker) and a fence on the court yard (circled in) as displayed in 3.18. Of note for
the latter is that there are multiple fences on the real fortress which were represented by the
same fence model in the virtual model. However, a close look at the picture with the fence on
it shows an unique background which can only be found at the correct location.
Comparing the answers regarding the well shows that HMD and TV participants put it often
in the right place, while Real ones had more problems finding it. In regards to the fence Real
answers are clearly converging on the correct location, while HMD and TV answers tend to get
distracted by the other fences on the fortress. One is of particular note as it was used as a scale
cue, but with a different structure in it’s background. Looking closer, TV answers have an even
higher tendency to be distracted than the HMD ones. Consulting the map reading rating, TV
participants had seemingly less problems with the map and HMD is positioned in the middle
between the two. The remaining two diagrams support this as in both TV participants are more
confident than others. This stands in contrast to the findings of the findings in the drawn maps.

(a) HMD Well and Fence Location
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(b) Real Well and Fence Location

(c) TV Well and Fence Location

Figure 3.18: Results of research question 2b as Heatmaps
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(a) Map reading rating (b) Own map reading assesment

(c) Map reading assesment based on child

Figure 3.19: Additional data regarding the map reading skills

3.4.3 Results for research question 3

As mentioned in previous parts 1.3 and 3.2 the third research question "What influence has
prior experience?" was split into two variants of prior experience with each being tested with
three hypothesises. The two sets of preconditions were tested with seven to nine survey ques-
tions, while the postconditions were tested with survey questions from previous parts. From
the three demographic questions that were intended to supplement this analysis only two were
included as the distribution of gender varied significantly between the experiment types. Post-
conditions continue to be interpreted as deviation from the actual value. These were then
combined according to the hypothesis and analysed with a correlation matrix similar to the
ones in previous sections. Because the resulting matrices are quite large, they can be found in
the appendix with some being cut down to only show the relevant columns. Only significant
correlations will be discussed in the next parts.

Results for hypothesis RQ 3a The hypothesis "Prior real experiences significantly influences
2D distance judging" was tested with seven questions exploring the relevant prior real experi-
ences as well as three demographic variables combined together with the four distance judging
questions from hypothesis RQ 1a.
Looking at the tables reveals little. The only significant relations are inside the pre or post con-
ditions, but only one can be found across them. This one negatively relates the age at which
participants started going alone to regular places with the width of the tunnel.

Results for hypothesis RQ 3b The hypothesis "Prior real experiences significantly influences
3D Space judging" had the same ten survey questions as preconditions, but this time the eight
size judging questions from RQ 1b as postconditions.
Going over the tables, uncovers only one significant correlation for HMD and TV both of them
related to the height of the participant. HMD relates this positively to the height of the last
wall, while TV relates it negatively and very significantly to the height of the tree in front of
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the tunnel. However, some can be found in Real. There is a positive correlation in well height
deviation and membership in boy scouts, a positive correlation in width of kurtine and mode
of transport after drivers license and a very significant negative one between height of the four
column wall and age at which participants started going alone to irregular places. Further-
more, it’s the only environment in which correlations between number of fortress visits in the
last four years can be found. One of them is positively related to the tree height and the other
one is negatively related to the height of the opposing wall.

Results for hypothesis RQ 3c The hypothesis "Prior real experiences significantly influences
peripheral perception" had also the same survey questions as preconditions, but this time it
used the six peripheral perception questions from RQ 2a as postconditions. It’s important to
keep in mind that most of the postconditions are strings recoded to numerical values in order
to be able to use the correlations algorithm.
Examining the tables, shows a number of correlations especially for HMD Tests. There are
five significant relations in total, one of which is very significant. The ones found are between
colour of treebuckets and age at which participants started going alone to regular places, any-
thing special with the windows and age at which participants started going alone to irregular
places as well as mode of transport before drivers license, which symbol was displayed in side
tunnel and which kind of city participants spend of their childhood, which mode of transport
they used before drivers license.
Moving over to correlations found in Real answers there are two, one of which is very signifi-
cant. It relates the colour of tree buckets with age at which participants started going alone to
irregular places. The other one is between colour of door frame and mode of transport before
drivers license.
Finally, there were three correlations found in the TV answers. They are between the kind of
trees on the courtyard and which mode of transport they used before drivers license, which
colour the door frame was and which mode of transport they used before drivers license as
well as which symbol was visible in the side tunnel and age at which participants started going
alone to regular places.

Results for hypothesis RQ 3d The Hypothesis "Prior gaming experiences significantly influ-
ences 2D distance judging" had eight survey questions in relation to prior virtual experiences
as well as one demographic question as precondition and the four distance judging questions
from hypothesis RQ 1a as postcondition. Some of the preconditions are based on strings again,
which voids an interpretation of the correlation coefficient. It’s important to keep in mind that
"what is your favourite video game genre" had to be split into it’s possible answers which
increase the number of cells. Also during the analysis SPSS encountered a random problem
which prevented it from printing out correlations related to not having a preference in genre,
but only in the TV answers. As the reason for this couldn’t be found it was assumed that there
are no significant correlations in the affected variable.
Considering the tables, shows some correlations without any being very significant. HMD has
three links which relate a favourite video game genre (No Preferences, Adventure, Action) to
distance between floor lights, height of the tunnel and to the width of the path towards the
tunnel respectively.
Among the Real answers two correlate in a significant way. They again have a favourite genre
(Action-Adventure and Strategy) as precondition, but this time the height of the tunnel as the
same postcondition.
There were no significant relations found within the TV answers.

Results for hypothesis RQ 3e The Hypothesis "Prior gaming experiences significantly influ-
ences 3D Space judging" had the same nine survey questions as preconditions, but uses the
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eight size judging questions from hypothesis RQ 1b as postconditions.
As this combination of variables introduces a large number of possible matches the number
of actual matches increases as well. This leads to HMD having ten significant correlations of
which one is very significant. Two of these relate a favourite genre (Action-Adventure) to the
height of the tree in front of the tunnel and height of the opposite wall. The very significant
one is between favourite game and width of arrow slits wall. Two of them are in relation to
the game participants spend the most time with and width of arrow slits wall and width of
the four column wall respectively. A negative one is between the number of days participants
used to spend on playing video games and height of the same four column wall. The next one
negatively relates the estimation of the well height with the amount of time recently spend on
video games. The last two are based on if the participant had already tested an HMD and relate
this to the height of the tree in front of the tunnel and the height of the four column wall. The
last one relates course of study with the width of a wall.
The number of matches are lower in the Real answerset with 4 normal ones. Two of these relate
favourite genres (action-adventure and Strategy) to the estimated height of the well. Another
positively relates the time currently spend playing video games with the height of the last wall.
The final one negatively relates the number of video games played with the width of the arrow
slits wall.
The number of matches for TV exceeds the number of HMD with a total of twelve of which
two are very significant. Interestingly to see is that eight of these are related to the height of
the opposite wall with one of them being very significant and most of them negative. The an-
swer to this question relates to three different favourite genres (Action-Adventure, Role Playing
Game and No Preference), the amount of days spent playing video games currently and dur-
ing school days as well as the number of hours spend with games recently and the number of
games played in the last year (very significant). Four are a positive one between width of four
column wall and type of childhood city, width of arrow slits wall and no preference in favourite
genre, height of four column wall and game genre with the most time spend and finally a very
significant one between width of arrow slits wall and if they tried HMD out before. The final
one is related to course of study.

Results for hypothesis RQ 3f The hypothesis "Prior gaming experiences significantly influ-
ences peripheral perception" used the six peripheral questions from hypothesis RQ 2a as post-
conditions.
Similar to hypothesis RQ 3c, HMD answers show the most correlations with the respective
prior experiences with six of which one is very significant. The first two are between a favourite
genre (strategy) and the kind of trees on the courtyard respective the symbol in the side tunnel.
The next one is between group size of arrow slits and game genre with most time spent. The
significant one is between the colour of the tree buckets and a favourite genre (simulation).
Another one is between the group size of the arrow slits and the game genre with the most
time spent. The last two are between the colour of the tree buckets and the number of days and
number of hours a participant currently plays video games.
Moving over to the Real answers there are four significant relations. Two of those link the
colour of the tree buckets with the number of days and number of hours a participant used to
play video games during school days. The other two are between the number of days a par-
ticipant plays games currently and the kind of trees on the courtyard as well as a positive one
between the group size of the arrow slits and the number of video games played.
This paragraph is completed by looking at the three correlations of TV answers with one be-
ing very significant. The two less significant are between the features of the windows and the
number of days a participant used to play as well as his/her number of games played. The
very significant links is with the side tunnel symbol and if they tried out an HMD previously.
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3.4.4 Results for research question 4

As mentioned in the previous parts 1.3 and 3.2 the forth and final research question "How does
the emotional response change?" was tested with two hypothesises. These were tested with
three or four survey questions and are visualised with the help of Boxplots in the following
paragraphs. As mentioned in the section about survey design these are formulated in an indi-
rect way and use a five point Likert scale to improve the quality of answers.

Results for hypothesis RQ 4a The hypothesis "The perception of positive emotions is signif-
icantly different in different realities" was tested with four survey questions.
Looking at (A), Real participants liked the visit the most, while their TV counterparts didn’t
like it as much. HMD is again in the middle between the two. While it shares the same median
as TV, the range of answers tends to be smaller just like with Real.
(B) shows a similar picture as Real answers were mainly positive with TV being more sceptical
though they all share the same median. Whereas this is true for HMD based tests as well the
range of answers is wider, but without the more sceptical answers as TV. Note that this ques-
tion always asked for the participants opinion on his version of the fortress.
In (C) HMD has the highest amount of positive answers even before Real, while also having
some negative outliers. TV participants are reserved, but still agreeing with a number of out-
liers point rather towards a more positive general consensus.
In the last Boxplot (D) HMD and TV match in every characteristic and show a balanced opin-
ion across the scale. A thing to keep in mind is the way this question is formulated to check
participants expectations. Real answers showed a higher amount of surprise which doesn’t
necessarily mean they had a good impression.

In general all participants seemed to have liked the tests. In half the cases HMD is in the
middle between Real (most enjoyed) and TV (less enjoyed). (C) is a bit peculiar as HMD par-
ticipants actually enjoying it more than Real ones albeit by not much. (D) is also of note as well
as HMD and TV answers match up exactly.

(a) Would you recommend a visit to a close friend? (b) Is it worth a trip with your business colleagues or
class mates?

(c) Are you interested in exploring the rest of the after-
wards fortress?

(d) Did you expect the fortress to have so many details?

Figure 3.20: Results of research question 4a
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Results for hypothesis RQ 4b The hypothesis "The perception of negative emotions is sig-
nificantly different in different realities" was tested with four survey questions. Note these
questions although looking into the opposite spectrum of emotions than the previous hypoth-
esis still use the same scale.
(A) shows a rare case where Real and TV match up, both in terms of median as well as range
of answers. While the HMD users agreed more, there are also some negative outliers among
them.
(B) is a case which shows the pitfalls of using the same scale across all questions. As this ques-
tion is formulated in a negative way, negative answers actually equal participants who liked
the test. Real participants were irritated by the size of the fortress the least, while TV users
found it more of a problem. This affects only the range of answers as they all have the same
median. HMD user answers again show characteristics of both sides.
The Boxplot (C) shows a similar picture to (A) as HMD answers are more agreeing than Real
ones. TV answers differ more to the negative side of not begin effected, while still having the
same median as Real.
The last chart (D) confirms a common problem with HMDs that their use can lead to motion
sickness, while virtually none of the TV users had problems in this regard.
The trend observed in the previous hypothesis seems to continue here as well. Most liked the
test and weren’t bothered too much by it’s length. Comparing the Plots (A) and (C) both have
cases where HMD testers were influenced the most even before Real world ones which is a rare
sight among all hypothesises.

(a) Do you think time flew by while doing the test? (b) Does it bother/irritate you how big the fortress is?

(c) Do you think 1st / 2nd Grade school children (6-8)
would be scared of the tunnel?

(d) Are you feeling motion sick?

Figure 3.21: Results of research question 4b



Chapter 4

Conclusion

In this final chapter the findings of the data evaluation are interpreted and insights are formu-
lated. Moreover, an outlook into further research opportunities is given which is concluded by
a summary.

4.1 Interpretation of results

As the main goal of this thesis and the basis for the research questions is to find clues if the
HMD experience is closer to the one made on a traditional TV or closer to real life, there won’t
(and can’t because of the low sample size) be a lengthy search for correlations or what answers
predict which outcomes. Instead the focus lies more on the search for promising aspects that
can be explored in further research with larger sample sets.

4.1.1 Research question 1

The analysis made in 3.4.1 for the first research question "How does the spatial Perception
change based on the current reality?" found some interesting points.
For the estimation of distances as reviewed with the two hypothesises "The error in estimating
is significantly different when judging distances" and "The error in estimating is significantly
different when judging the size of a room/area" there seems to be a reoccurring pattern in the
distribution of answers.
Firstly, in the majority of cases across all test participants underestimated the size of objects.
While a tendency to over/underestimate could be somewhat expected from the HMD and TV
tests, it’s interesting to notice the same phenomenon in the real test as well, albeit not as strong.
Because this affected all tests, the reasons don’t seem to be based on problems of the virtual
model such as scale and inaccurate representations, but rather on a general phenomenon where
humans underestimate distances and dimensions.

Insight 1. The human tendency to underestimate distances and dimensions in 3 dimensional space is
maintained in virtual worlds viewed via a HMD.

Secondly, in quite a few instances answers made during the Real tests and those made dur-
ing TV tests are opposing each other in terms of median value, the distance from the median to
the correct value and the range of answers. However, no one is always closer or more precise
in its answers. In these cases, the characteristics of HMD answers are somewhere in the middle
with a leaning towards the TV. This implies that even though HMD and TV used the exact
same virtual model it still makes a difference in regards to judging distances.
Looking at the correlations found, HMD differs from both Real and TV tests. While the number
of links found is closer to TV especially in regards to the former hypothesis, they are not with
the same correlations. It also shares links with Real answers. A significant pattern, if HMD us-
age has a higher influences on height or width estimations couldn’t be found, but there seems

46
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to be a tendency towards height estimations.

Insight 2. Experiencing a virtual world through a HMD has an influence on the estimation of distances
and dimensions.

When looking at the analysis of the next hypothesis "The error in estimating is significantly
different when judging the walked distance", it’s important to keep in mind that the number
of participants varies between tests with HMD having the most and Real the least. This could
be the reason for the seemingly lower number of outliers during Real test. Interesting to see is
that the HMD answers are more focused in all three main areas, while having less or as much
as outliers than TV. This still holds up compared to the real answers, while discounting for
the different number of participants. Reasons for this could lie in two effects. First one of the
main differences between a HMD and a TV is the feeling of presence and being "inside" the
world as opposing to "in front of a window" to it. This combined with the reduced distraction
from different sources like in the reality with other people and the environment itself, may
explain why the answers have the highest accuracy. This is contrasted by the additional data
regarding the map reading abilities which put HMD users more towards the real ones by being
less confident than TV users.

Insight 3. Matching virtual world structures to a map is improved by experiencing it through a HMD
as compared to using a TV.

Looking at analysis of the last hypothesis "The error in estimating is significantly different
when judging the angular position of points", some noteworthy details can be observed. As
mentioned some participants during HMD and especially TV test lost the position at stop 4
(inside the tunnel) or stop 5 (last and furthest away from well). Interestingly enough these
were the selected barrier points which matches their definition. This didn’t happen during
Real tests. One reason could be again the feeling of presence inside the virtual world with little
influences from the outside one which kept participants from losing the position of the well to
much. Another interesting fact is that similar to the first hypothesis HMD answers tend to be
in the middle between Real and TV, again both in terms of median and range of answers.
The correlations table confirms the idea of TV participants in particular getting lost at the stop
4 or 5 as there is a positive link between those two. This means if someone guessed a higher
value at stop 4 eg. is unsure where the well is, this will increase the deviation at stop 5 further.
HMD was affected by this as well, but less significant and with a lower correlation value. This
suggests that HMD users got lost, though not as much as TV users.

Insight 4. Keeping track of virtual world objects is improved by using a HMD when compared to a TV

4.1.2 Research question 2

The analysis made in 3.4.2 raised some noteworthy points primarily regarding the first hypoth-
esis.
There seems to be a difference when looking at the peripheral perception of static features as
HMD and TV not always match up. This is especially visible in survey questions (A) and (C) as
the HMD clearly tends more towards Real than TV when asked about details related to trees.
A possible explanation could be that participants in the HMD tests perceived the trees as part
of the world and as something one would expect to be there. TV participants in contrast might
viewed it just as a decoration which can be in a virtual space, but doesn’t have to be there.
The results of (B) in regards to the arrow slits could point towards HMD and TV participants
being less distracted by other influences as might have happened in the real world. However,
when looking at (D) real participants generally fared better than those of HMD and TV. Note
that both of windows there inside a wall and the respective wall were part of another survey
question. This puts HMD more towards an opposite of Real as it’s answers for (D) were more
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inaccurate than the ones given during the TV test.
Looking at (E) and (C) under the aspects of colour perception, an interesting difference can be
observed in HMD Tests. While in (C) HMD was closer to Real in terms to correct answers, but
closer to TV in terms of range of answers, the same is not true in (E). Here HMD and Real have
a higher range of answers, while TV has visibly fewer. This can also be found in the raw survey
data, so a different approach to merging the answers to increase distinctiveness can be ruled
out as a reason. Moreover, HMD participants had the most trouble answering as the portion of
"didn’t see" or "don’t know" is highest here. This gives a hint to why HMD has a higher range
of answers: the participants who did answer were probably not sure as they hadn’t seen this
detail.
Finally, the analysis of (F) already pointed out some problems with the tunnel model which
could be the reason why the majority of real participants didn’t know an answer to the ques-
tion. Nevertheless, it’s intriguing to see that HMD and TV visibly differ as all participants were
inside the same tunnel. While around 50% of TV answers have got one or more features correct,
this number increases to 70 % in HMD. This might again be attributed to a greater feeling of
presence.
Due to the way the variables are coded, there is no additional insight available based on the
correlation matrix.
Finding a pattern in the second hypothesis is not as clear. In regards to locating the well HMD
matches up more with TV as the majority of participants put it in the right location. However,
in regards to the fence, HMD sits more in the middle between Real and TV as answers weren’t
distracted as much by other fences with the same model. This implies that HMD users per-
ceived the world a bit more detailed as they noticed the difference in background better. In
summary HMD with it’s higher perception of detail is situated in the middle between Real and
TV.

Insight 5. Using an HMD has a beneficial influence on peripheral perception which seems particularly
present for larger objects such as trees.

4.1.3 Research question 3

As the analysis made in 3.4.3 was split in two it seems sensible to split the interpretation in two
as well and sum it all up in a last paragraph. When looking into positive or negative corre-
lations, it’s important to keep in mind that some conditions were based on strings recoded to
numbers. As these don’t follow a particular order there is not much to be gained in interpreting
the algebraic sign.
Correlations found with prior real experiences as preconditions were sparse. One Hypothesis
(influence on distance judging) only had a negative one. While the next one (influence on size
judging) had more with two being very significant, most of them occurred in Real tests. This
makes somewhat sense as having some prior Real experiences would indeed improve the esti-
mation results in the real world. This is further indicated based on two links between number
of past visits. HMD and TV only got one link each, both related to the height of the partici-
pant and height estimation. Having a link between ones body height and height estimation of
objects seems obvious. However, while the HMD one is positive the TV one is negative. An
interpretation of this would have needed both of them having the same algebraic sign. The
final hypothesis in this subset found more correlations than the previous two combined with
HMD having the most and Real the least, albeit with a very significant one. Interesting is also
the multiple links between the symbol in the side tunnel or if something was special about the
windows. This is interesting as it implies a relationship of having prior real knowledge with
the peripheral perception in the virtual world which is not as strong in the real one.
The number of correlations related to prior virtual experiences was larger than in the set be-
fore. For the first hypothesis with the lowest number of matches the correlations had always
something to do with the favourite genre of the participants across HMD and Real. Yet, in each
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case the genre was different, but in three of the five cases the estimation of the tunnel height
was affected. One could argue that height estimation plays an important role in navigating a
virtual game environment. Nevertheless, as two (adventure and strategy) of the three genres
generally don’t have much to do with path finding in an extensive world, this idea can’t be
backed up. For this hypothesis HMD tends more to Real than TV.
Moving over to the second hypothesis which by far has the highest number of found correla-
tions. Interesting in the HMD portion are two correlations around past HMD experiences and
two different height estimations. Sadly, one is positive and the other negative and past HMD
experiences is string based. A similar case can be found in regards to the favourite genre being
Action-Adventure and two different height estimations, though a positive one is cancelled out
by a negative one. In the Real answers are again correlations between a height estimation and
the favourite genre strategy as previously observed, but with no immediate explanation. HMD
and TV both have instances where different types of estimation are linked to the time spent
during school days. Both of these are negative which would imply playing video games in the
past makes creates a tendency to underestimate sizes. As there are only two cases, this can’t
be fully proven. Of special note is the high number of links found in TV Test in regards to
the height of a wall. Three of them are linked to genres which had up till here no significance
in other correlations. The others are based on game time primary recent. Again this was not
observed before as past game time seems to be more important. Of the three very significant
ones, two don’t make sense as they link having a favourite game to improvements in width es-
timation and having tried out a HMD before with a hight estimation while in the TV tests. The
last one is among the set of multiple correlations in TV, regarding the height of the wall. This
relates the number of games played to the height which again hasn’t much interpretability. All
in all, despite the unusually high number of dependencies found no particular ones could be
interpreted. HMD tends more towards TV with both having a high number of found matches.
Concluding with the interpretation by looking at the analysis of the third hypothesis. HMD has
the highest count of links found just as in the similar hypothesis RQ 3c. As seen in previous
paragraphs the favourite genre strategy triggers correlations. This time it’s with the kind of tree
planted and the symbol in the side tunnel, both of which are positive. A possible interpretation
could be that strategy games often require players to manage large amount of units on virtual
map which requires and trains the attention to detail of said player. This could apply in the
HMD as well as these are details in the world as well. Real has two interesting matches. Here
the symbol in the sidetunnel is related to the time spent in videogames during school both of
which are negative. As the former is ordered by increasing number of correct features it would
imply having played more video games actually has a negative effect in this case. Moving over
to TV there are two matches related to telling if something was special about the windows, both
sharing the same negative algebraic sign. Yet, the two pre conditions are somewhat opposite
of each other as one focuses on the past amount of days spent with games and the other with
the current number of played games. Also this variable doesn’t follow a particular order as the
previous one. The two very significant ones are again not especially interesting. One is related
to prior HMD use which doesn’t make sense in the TV tests. The remaining one is related to a
favourite genre (simulation) and the colour of the tree buckets. Nevertheless, this is the genre’s
first match so it’s hard to pin down a pattern. In contrast to RQ 3c HMD tends to Real for this
question.
Concluding the interpretation of this research questions is not straightforward. The influence
of prior experiences on the distance judging is low and no variables particularly determined
the outcomes. Which is odd as it could be expected to have in an impact at least in the cor-
responding realities. However, it might somehow be related to the different sense of scale in
the virtual environments and the vast selection of games for which it’s hard to pin down a
single genre for. It was also surprising to not find evidence of links between a certain genres
and spatial abilities. For example looking at games of the Role Playing Genre and the MMO
like Bethesda’s Skyrim or Blizzard’s World of Warcraft: they sport spacious world with many
places to visit and a lot of different routes to take. During one pre test a discussion was held
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speaking about these relations and one participants reported an actual real world increase in
her own path finding abilities by playing these games. Which makes sense as this is a common
task in both realities.

Insight 6. There is no correlation between any prior experiences and the distance judging.

The effect on estimating the size of objects seems larger and more tailored for the corre-
sponding reality as prior Real showed some significance in the Real tests. The same is true for
the virtual test, but not across the realities. Nevertheless, interpreting the found matches again
didn’t reveal a set of influencing variables and in one instance the TV table was a bit discon-
nected from the others.

Insight 7. There is limited evidence for a correlation between prior experiences and the estimation of
sizes, but only in the corresponding reality.

Lastly, an effect on peripheral perception is particularly noticeable for HMD as in both
cases it got the highest number of links found. This is interesting as RQ 2a already showed a
difference in peripheral perception between HMD and TV. Yet, as this effect is present across
the realities it’s hard to point out if the source for this is based on prior experiences or the
general HMD characteristics.

Insight 8. There is a correlation between peripheral perception and prior experiences while using a
HMD.

4.1.4 Research question 4

The analysis made in 3.4.4 found some interesting cases regarding the influence HMD has
on the emotions of the participants. To better understand this it’s important to recall which
questions are mapped to which emotions according to Plutchik model as stated in 3.2.
In general participants had fun taking part in the test, with the Real tests being the most enjoyed
ones and TV being the least one, albeit still positive. Most of the time HMD is placed in the
middle between the two without a common tendency to one or the other. This is interesting
as there were some participants who had problems with motion sickness, which would imply
that they enjoyed it less. In some cases it was the HMD users who seemed to be effected the
most and even more than in real life. This applies to positive as well as negative emotions
alike. Examples for this are the emotions interest and fear. Of note for the first is that it was the
only emotion with two survey questions and that they don’t match up. The reason for this may
lay in the way the question was posed as some participants had trouble understanding (B). In
regards to the high influence on fear the reason could be again the higher feeling of presence as
in the HMD the participant could only see the virtual world. In contrast to this TV users could
easily see the real world by just turning around.

Insight 9. HMD has an influence on selected emotions which is sometimes stronger than in the real
world

4.2 Outlook

The outlook is best discussed in two parts to focus on further research directions and technical
progress.

Further Research Based on the findings there are a few interesting points for future consid-
eration. First of all it would certainly improve the overall clarity of the findings by repeating
them with a higher number of subjects. While 20 might be enough to find basic links, a higher
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number such as 50 would certainly uncover additional insights or improve the found ones. A
successor experiment could also benefit from availability of improved headset as the currently
used one is already two years old. This timespan might not seems much, but with the rapid
pace of technological progress newer and better alternative are already available. The promises
here is that a higher resolution and higher refresh rate could improve the perception of the vir-
tual world. Furthermore, a number of competitors introduced a larger choice of headsets to the
market. One particular interesting feature is positional tracking over a larger area. This makes
it possible to substitute the gamepad for a more direct input device such as gesture control.
Based on these two changes an even larger area of research opens up. Regarding the findings
of this study the emotional and peripheral perception sound like promising candidates for fur-
ther investigation. While the former has already been research on in smaller context, there is
not much evidence on how it is influenced by a HMD based virtual world on a larger scope.
The peripheral perception in contrast didn’t had much prior research to begin with. Yet, it is
still part of the perception of a virtual world. Especially as they become more detailed it would
certainly be interesting to see if the finding hold up.

Technical Trends Looking at the technical progress made during the time this study was cre-
ated, a trend can be observed. As evident by the current and planned releases now that the
teething problems are largely solved manufactures focus on increase the specifications of their
headsets. This particularly shows regarding the resolution and refresh rate of the display, but
also to a lesser degree the field of view. Yet, this trend is limited by the computing power of
current GPUs to the extend of which graphical fidelity needs to be decreased to met the reso-
lution and frame rate targets 1. Luckily, this limitations don’t go as far as during the 90s where
the high expectations of consumers weren’t met in any form by available hardware. Based on
own experience it can be said that the current technology is already very convincing and the
number of shortcomings is constantly decreasing. On the other hand the currently available
software is rather limited and a majority of it is still in development with early releases acces-
sible. An example for this is video games. Many factors contribute to an enjoyable game with
graphical fidelity being only one of them. Other ones are breadth and depth of the narrative as
well as the game mechanics and interaction possibility with the virtual world. While the latter
has some interesting concepts based on positional, head and gesture track or a combination
of those, the former is often reduced to minimal or generic stories. This might change in the
future as developers of all sizes find ways to apply old approaches to this new environment
or come up with entirely new concepts. Another trend is develop the games and application
directly inside VR to prevent problems with visual perception, as encountered in this study ,
and to better use the possible interaction methods 2.
As with any improvements at some points diminishing returns are to be expected. Some com-
panies research where this point is, what displays are needed and how much computing power
it would require. One research of note is from CPU and GPU manufacturer Advanced Micro
Devices, Inc.[27]. According to this it would need a total of 116 megapixels (eg. using 16K
15.360*8640 pixel displays) combined with a larger field of view of 200 degrees horizontal and
135 degrees vertical all displayed at around 200hz to equal the human visual perception. To put
this into perspective headsets like the Oculus Rift or HTC Vive have a resolution of around 2.5
Megapixels (2160*1200) with refresh rates of 90hz and viewing angles of around 100 degree. To
further show the current limitations, one of the most powerful single GPUs on the market, the
Nvidia GeForce GTX Titan X, can achieve around 30 to 50 frames per second on 8 Megapixel
displays (3840*2160) in high fidelity video games 3. Reaching these goals will certainly take
some time both for display as well as for computing hardware manufactures.

1www.tomshardware.com/news/palmer-luckey-interview-gamescom-2015,29803.
html, last access 17.04.16

2www.youtube.com/watch?v=JKO9fEjNiio, last access 19.04.16
3www.anandtech.com/show/9059/the-nvidia-geforce-gtx-titan-x-review, last access

17.04.16

www.tomshardware.com/news/palmer-luckey-interview-gamescom-2015,29803.html
www.tomshardware.com/news/palmer-luckey-interview-gamescom-2015,29803.html
www.youtube.com/watch?v=JKO9fEjNiio
www.anandtech.com/show/9059/the-nvidia-geforce-gtx-titan-x-review
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Another factor that can be improved is ergonomics. While there have been improves in the re-
cent years, current headsets tend to be bulky and heavy, which has an influence on prolonged
use. This is partly due to the usage of LCD displays with LED backlights and one lens per eye.
A new development in this regard are light field displays as describe by Lanman [28]. They are
based on small and lightweight self luminance organic LED displays which use a microarray
of fresnel lenses for focus. The prototype he build is also only based currently available of the
self hardware. As show in figure 4.1 this results in a very compact HMD while still creating the
illusion of depth. This approach is mainly limited by the already mentioned computing power
restrictions and the displays, as they themself are a rather new development. This might slow
down research into this promising aspect.

Figure 4.1: A highly compact light field display based HMD

4.3 Summary

While some of the areas have been researched previously, this study contributes a more broad
look at the influence HMD based VR has on humans. It achieves this be taking into account
a number of factors from the field of psychology and applying them in the context of modern
computer graphics and interaction with these virtual environments. Furthermore, it does not
rely on past data with outdated hardware, but rather on the most recently available hardware
combined with modern software.
HMDs have made big improvements since they first enter the public awareness in the 90s.
With the recent advances they already offer a wide range of applications beyond gaming while
providing an immersive experience.Regarding the findings they, albeit limited in their breath,
support the observed trend in some regard. While the spatial perception was different in HMD
when compared to standard flat presentation, they were not consistent enough to make out
specific areas like small vs large objects or width vs height estimation. In comparison the ev-
idence points towards the peripheral perception as being more affected by the different type
of reality with subjects even sometimes scoring better than in the real world. Regarding prior
experience there was only limited evidence to separate past virtual ones from past real ones.
While there is data pointing out a correlation, it is likely more linked to the peripheral per-
ception than the actual amount of experience had. This lack of conclusive data might be also
caused by the general challenge in determining what prior experiences are relevant in the dif-
ferent realities. The way emotions are effected might suffer from a similar problem as there was
only limited evidence for a correlation. However, it was more conclusive and points towards
certain emotions such as fear being more influenced than others like surprise. In general it can
be said that there is an impact on the perception, which puts the HMD based virtual reality
more in the middle between the real reality and a virtual world experienced on a flat device
like a TV.
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A.1 Correlations matrices for Research Question 3

A.1.1 Hypothesis RQ 3a - Prior real experiences significantly influences 2D distance judging

Figure A.1: HMD
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Figure A.2: Real
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Figure A.3: TV
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A.1.2 Hypothesis RQ 3b - Prior real experiences significantly influences 3D Space judging

Figure A.4: HMD
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Figure A.5: Real
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Figure A.6: TV
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A.1.3 Hypothesis RQ 3c - Prior real experiences significantly influences peripheral perception

Figure A.7: HMD
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Figure A.8: Real
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Figure A.9: TV
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A.1.4 Hypothesis RQ 3d - Prior gaming experiences significantly influences 2D distance judging

Figure A.10: HMD
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Figure A.11: Real
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Figure A.12: TV
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A.1.5 Hypothesis RQ 3e - Prior gaming experiences significantly influences 3D Space judging

Figure A.13: HMD
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Figure A.14: Real



A
PPEN

D
IX

A
.

A
PPEN

D
IX

75

Figure A.15: TV
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A.1.6 Hypothesis RQ 3f - Prior gaming experiences significantly influences peripheral perception

Figure A.16: HMD
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Figure A.17: Real
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Figure A.18: TV
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A.2 How the spatial and peripheral questionnaire questions map to
real locations

• Main Court

Figure A.19: Spatial: height of well

Figure A.20: Spatial: width of Kurtine
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Figure A.21: Peripheral: types of tree in courtyard

• Rheinbastion

Figure A.22: Spatial: height of tree in front of tunnel

Figure A.23: Spatial: height and width of wall with arrow slits + Peripheral: size of arrowslits sets
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Figure A.24: Peripheral: colour of treebuckets

• Area over tunnel

Figure A.25: Spatial: height and width of 4 column wall + Peripheral: differences in types of windows
and colour of door frame

• Tunnel

Figure A.26: Spatial: distance between floor lights
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Figure A.27: Spatial: overall height and width of tunnel

Figure A.28: Peripheral: symbol in side tunnel

• Osthof

Figure A.29: Spatial: width of path to tunnel
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Figure A.30: Spatial: Height of opposite wall

A.3 How the spatial and peripheral questionnaire questions map to
virtual locations

• Main Court

Figure A.31: Spatial: height of well

Figure A.32: Spatial: width of Kurtine



APPENDIX A. APPENDIX 85

Figure A.33: Peripheral: types of tree in courtyard

• Rheinbastion

Figure A.34: Spatial: height of tree in front of tunnel

Figure A.35: Spatial: height and width of wall with arrow slits + Peripheral: size of arrowslits sets
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Figure A.36: Peripheral: colour of treebuckets

• Area over tunnel

Figure A.37: Spatial: height and width of 4 column wall + Peripheral: differences in types of windows
and colour of door frame

• Tunnel

Figure A.38: Spatial: distance between floor lights
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Figure A.39: Spatial: overall height and width of tunnel

Figure A.40: Peripheral: symbol in side tunnel

• Osthof

Figure A.41: Spatial: width of path to tunnel
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Figure A.42: Spatial: Height of opposite wall

A.4 Experiment Survey



Questionnair about perception of fortress visit
* Erforderlich

Part 1 - Before Test

Part 1.1 - Prior real experiences

In what type of city did you spent most of your Chi ldhood? *
Markieren Sie nur ein Oval.

Metropolis > 5 Million

Capital City 3 - 4.9 Million

Very Large City 1 - 2.9 Million

Large City 500k - 999k

City 100k - 499k

Big Town 50k - 99k

Town 20k - 49k

Big Village 10k - 19k

Village 5k - 9k

Municipality < 4k

Sonstiges:

1. 

Have you been part of boy scouts or similar as a ki d? *
Similar: Kindergarten Forest Camp
Markieren Sie nur ein Oval.

Yes

No

Don't know

2. 

Did you complete any form of military training? *
Markieren Sie nur ein Oval.

Yes

No

Don't know

3. 

As a kid, starting from what age did you go
alone/unaccompanied to regular places like
preschool/kindergarten/school? *

4. 
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As a kid, starting from what age did you go
alone/unaccompanied to irregular places
like friends? *
Make the difference between regular und
irregular clear, Age might be hard to remember
=> class grade is okay as well

5. 

What mode of transport have you commonly used befor e you got a driver's license? *
Markieren Sie nur ein Oval.

1 2 3 4 5

Based on external route (bus,
subway, train, tram, parents)

Based on own
route (bike, walk)

6. 

What mode of transport do you commenly use since yo u got a driver's license?

If not applicable because no driver's license: leave question empty
Markieren Sie nur ein Oval.

1 2 3 4 5

Based on external route
(bus, subway, train, tram,

parents)

Based on own route
(car, scooter, bike,
walk)

7. 

Part 1.2 - Prior virtual experiences

What's the name of your favourite
game/series? *

8. 

What's your favourite Genre? *

Wählen Sie alle zutreffenden Antworten aus.

Action

Action: Shooter

Action-Adventure

Adventure

Role Playing Game

Simulation

Simulation: Sport

Strategy

Multiplayer online Game

No Preferances

Not applicable

9. 
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What Game/Series did you spent the most
time on? *

10. 

On how many days in the week did you
play Videogames during your time in
school? *

11. 

How much time, per day on average, did you spent fo r playing videogames during
school days? *
Markieren Sie nur ein Oval.

0h

< 1h

1 - 2h

2 - 3h

3 - 4h

4 - 5h

5 - 6h

>6h

12. 

On how many days in the week do you play
Videogames these days? *
If less then once a week => use fractions

13. 

How much time, per day on average, do you spent for  one gaming session these days?
*
Markieren Sie nur ein Oval.

0h

< 1h

1 - 2h

2 - 3h

3 - 4h

4 - 5h

5 - 6h

>6h

14. 

How many proper games have you played
this year? *
Proper as in no flash/Facebook games,
2015&2016

15. 
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Did you ever wore an Head Mounted Display (HMD) ? *
Wählen Sie alle zutreffenden Antworten aus.

No

Yes, unsure which one

Yes, Oculus Rift DK 1

Yes, Oculus Rift DK 2

Yes, Samsung Gear VR

Yes, HTC Vive DK 1

Sonstiges:

16. 

Part 2 - During Test

Don't leave the spot, Only use own body parts (Arm, Hands, ...) 
No Phone & Gadgets at all allowed.
Don't talk to each other 
Please state all heights until the end of the wall and not until a ledge

VR Additional Cues: Length & Width of Plattform = 3*3m, 1m Ref Cross

Part 2.1 - Questions for Main Court

Hints: 
---Wallstones next to protruded columns height = 0.4m ; 
---4 Cornerstones of Cafe height = 1.5m;
---Kurtine Gate = 4m wide & 5m high 
---Spheres next to well height = 1.6m

What is the angular position of the well?
(Stop1) *
Measured based on N=0, E=90, S=180,
W=270, Round to nearest 5

17. 

How high is the well in m? *18. 

What is the width of the kurtine in m? *19. 

Part 2.2 Questions for Rheinbastion

Hints: 
---Height 4 Cornerstones = 1.5m;
---Handrail/fence height = 1m; 
---Arrowslits width = 0.5m
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Where there only planted trees in the main court? *
Markieren Sie nur ein Oval.

Yes

No

Don't know

20. 

What is the angular position of the well?
(Stop2) *

Measured based on N=0, E=90, S=180,
W=270, Round to nearest 5

21. 

How high is the smaller tree in front of the
tunnel in m? *

22. 

How high is the wall with the arrowslits in
m? *

23. 

How wide is the wall with the arrowslits in
m? *

24. 

Part 2.3 - Questions for area over Tunnel

Hints:
---4 Column wall 4 stones height  = 1.5m; 
---Window frame width = 1m

How large where the sets of arrowslits on
the kurtine wall? *
Grouped in Sets of 2/3/4/...

25. 

What colour are the treebuckets? *26. 

What is the angular position of the well?
(Stop3) *
Measured based on N=0, E=90, S=180,
W=270, Round to nearest 5

27. 

How high is the wall with the 4 Columns in
m? *

28. 
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How wide is the wall with the 4 Columns in
m? *

29. 

Part 2.3b - Influence on Emotions

Based on what we've seen so far

Would you recommend a visit to a close friend? *

Markieren Sie nur ein Oval.

1 2 3 4 5

No, not at all Yes, definitely

30. 

Is it worth a trip with your business colleagues / class mates? *
Markieren Sie nur ein Oval.

1 2 3 4 5

No, not at all Yes, definitely

31. 

Are you interested in exploring the rest of the aft erwards fortress? *
Markieren Sie nur ein Oval.

1 2 3 4 5

No, not at all Yes, definitely

32. 

Did you expect the fortress to have so many details ? *
Markieren Sie nur ein Oval.

1 2 3 4 5

No, not at all Yes, definitely

33. 

Do you think time flew by while doing the test? *

Markieren Sie nur ein Oval.

1 2 3 4 5

No, not at all Yes, definitely

34. 

Does it bother/irritate you how big the fortress is ? *
Markieren Sie nur ein Oval.

1 2 3 4 5

No, not at all Yes, definitely

35. 
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Are you feeling motion sick? *
Feeling in stomach similar to sea / travel sickness
Markieren Sie nur ein Oval.

1 2 3 4 5

No, not at all Yes, definitely

36. 

Part 2.4 - Questions for Tunnel

Hints: 
---Width von Side Tunnel Gap = 4.8m
---Platform not 3*3!

Was there something special about the
windows in the area over the tunnel? *

37. 

What colour had the door frame of the 4
column wall? *

38. 

Do you think 1st / 2nd Grade school children (6-8) would be scared of the tunnel? *
Markieren Sie nur ein Oval.

1 2 3 4 5

No, not at all Yes, definitely

39. 

What is the angular position of the well?
(Stop4) *
Measured based on N=0, E=90, S=180,
W=270, Round to nearest 5

40. 

What's the distance between the Floor
lights in m? *

Nahe an der Plattform und rechts davon (#4 &
#6)

41. 

How high is the tunnel in the middle in m? *42. 

How wide is the tunnel in m? *43. 

Part 2.5 - Questions for Osthof
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Hints: 
---4 Cornerstones = 1.5m

What symbol was in the side tunnel? *44. 

What is the angular position of the well?
(Stop5) *

Measured based on N=0, E=90, S=180,
W=270, Round to nearest 5

45. 

How wide is the path towards the tunnel in
m? *

46. 

How high is the opposite wall in m? *47. 

Part 3 - After Test

Part 3.1 - Overall perception

Please draw the path we walked on this
map *

Mark position of angular device, Put ID of
Sheet here,

48. 

Where would you put the structure on the
picture? *

49. 

Would you've been able to do these tests alone with out getting lost? *

Markieren Sie nur ein Oval.

1 2 3 4 5

No, no stop at all Yes, all stops

50. 

Do you think 1st / 2nd Grade school children (6-8) would get lost in the whole fortress?
*
Markieren Sie nur ein Oval.

Yes

No

Sonstiges:

51. 
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Bereitgestellt von

Part 3.2 - Demographic data

How often did you go on the fortress in the
last 4 Years (since End of BUGA)? *

52. 

What's your Gender? *

Markieren Sie nur ein Oval.

Male

Female

53. 

How old are you in years? *54. 

What is your Height in m? *55. 

What are you studying? *
State Subject and Level (eg. Bsc WI)

56. 

ID for this Run(Input by Conductor) *
YYYYMMDD-
NumberOfRunOnThisDay(TV|HMD)

57. 
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