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CHAPTER 1

Intro



Reality-Virtuality Continuum
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• In AV and VE/VR the surrounding environment is virtual;  
In AR the surrounding environment is real

AR != VRMixed Reality (MR)

Real 
Environment

Augmented 
Reality (AR)

Augmented 
Virtuality (AV)

Virtual 
Environment

Milgram & Kishino, 1994
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Questions
How can we move through infinite worlds in finite spaces? 

How to minimize the feeling of vertigo? 

How do we measure the quality of a VR simulation? 

How real should the VR interaction feel?
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CHAPTER 2

Measuring VR Quality



Orientation
Orientation (or spatial understanding) describes a person’s 
awareness of time, place and person.


Teleporting creates cracks in the usually continuously extended 
image that we create of our environment. 
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Immersion
Immersion describes the technical multimodal abilities of the VR 
system in tricking the users that they feel being somewhere else.


A system providing a perfect immersion would provide the same 
sensorial information as the real world and could, thus, not be 
identified as an illusion by our brain.
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Presence
Presence describes to which extent the user of a VR system 
develops a sense of being in the virtual environment.


This is also influenced by our brain building a verdict on whether the 
world around us and the social interactions with it appear “natural”.
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System Image Conception Experience

Technology immerses the 
user’s senses

Cognitive processes create a 
mental model of the body in 

a virtual environment

The user experiences a 
sense of presence in the 

virtual environment



Measuring Presence
• Igroup Presence Questionnaire (IPQ)


• Examples for some of the 14 items, ranked on Likert scale:


• In the computer generated world I had a sense of "being there”


• I still paid attention to the real environment.


• The virtual world seemed more realistic than the real world.
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CHAPTER 3

Locomotion Techniques



How to move through VR?

Kevin Fiedler - Spatial Computing: Interaction Techniques12

• Walking 
in limited rooms (not larger than tracked area)



Can’t We Just Make People Walk Faster?
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Weser et al., SAP ‘16

Speed increases by 
±25% are unnoticed 
by users

±5cm height 
difference tolerated
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VirtuSphere



How to move through VR?
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• Walking 
in limited rooms (not larger than tracked area)


• Walking-in-place 
in open interaction spaces



Walking-in-Place (WIP)
• While real walking creates the highest spatial understanding 

of our actions and enhances orientation, WIP offers an 
interesting alternative


• 1995: Slater et al. shows that WIP offers spatial 
understanding


• Large number of concrete implementations:


• How is the velocity controlled?


• How is the steering controlled?
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Nabiyouni & Bowman, ISS ‘16



Chan et al., CHI'24 Best Paper
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Seated-WIP



How to move through VR?
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• Walking 
in limited rooms (not larger than tracked area)


• Walking-in-place 
in open interaction spaces


• But what can you do if it is not possible to use the legs?



Locomotion Techniques
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Arm-Cycling



Locomotion Techniques
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Arm-Cycling Point-Tugging



Locomotion Techniques
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Arm-Cycling Point-Tugging Teleporting
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Arm-Cycling Point-Tugging Teleporting Joystick

Locomotion Techniques



Evaluation
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Results: Coomer et al. , SAP ‘18



Kevin Fiedler - Spatial Computing: Interaction Techniques25

Arm-Cycling Point-Tugging Teleporting Joystick

Perceived Control

CONTROL 

4.3
CONTROL 

3.6
CONTROL 

3.2
CONTROL 

4.1

Results: Coomer et al. , SAP ‘18

sig. differences are denoted by change in opacity
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Arm-Cycling Point-Tugging Teleporting Joystick

Perceived Tiredness

CONTROL 
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CONTROL 

4.1

Results: Coomer et al. , SAP ‘18

1.5

TIREDNESS 

2.9
2.5

1.5



Kevin Fiedler - Spatial Computing: Interaction Techniques27

Arm-Cycling Point-Tugging Teleporting Joystick

Perceived Enjoyment

CONTROL 
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Results: Coomer et al. , SAP ‘18
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Arm-Cycling Point-Tugging Teleporting Joystick

Travelled Distance
Results: Coomer et al. , SAP ‘18

DISTANCE 

1180m
DISTANCE 
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Arm-Cycling Point-Tugging Teleporting Joystick

Sickness
Results: Coomer et al. , SAP ‘18
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Arm-Cycling Point-Tugging Teleporting Joystick

Locomotion Techniques: Verdict
Results: Coomer et al. , SAP ‘18
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CHAPTER 4

Vertigo



The Vestibular System
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• The semicircular canals in our 
internal ear determine how our 
head is rotated in the world


• Contradicting information from 
other senses lead to vertigo



Moving in a direction 
that you are not facing 
will cause sickness
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What happens if you 
try to use VR in a car? 
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CarVR
• Prototype that measures 

vehicle dynamics and 
translates them into the 
virtual reality


• Parking condition vs 
driving condition
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Hock et al. , CHI ‘17



CarVR
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Hock et al. , CHI ‘17



CarVR
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Hock et al. , CHI ‘17
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Figure 11. Directly compared simulator sickness between the parking
condition and the driving condition.

signed-ranks test reveled a significant lower reported simulator
sickness (T = 84,Z = 2.72, p < .01) in the driving condition
(Mdn = 2) compared to the parking condition (Mdn = 3). Fig-
ure 11 shows the results of the final comparison regarding
general discomfort between both conditions.

Discussion

Our study revealed significantly more presence, enjoyment
and engagement in the moving condition. Also the calcu-
lated subscores for presence and enjoyment were significantly
higher in the driving condition.

Results of the SSQ were not significant. This indicates that
the driving condition did not cause less simulator sickness.
However, we believe that in this case, the SSQ is not accu-
rately enough to measure the differences of simulator sickness
in the two conditions. The SSQ was designed for extreme
situations in military aviation scenarios for pilot candidates for
whom it is more likely that severe symptoms occur than in VR
scenarios. The SSQ measures simulator sickness by asking for
symptoms like headache, sweating, fatigue or burping. There-
fore, we think that such questionnaires are generally good to
measure the presence of simulator sickness but tend to deliver
insignificant results when it comes to a comparison between
two or more systems where only some of the symptoms occur
at all. In other research the SSQ had no significant differ-
ences while other questionnaires showed significant results,
for example [38, 12].

The results of the final direct comparison regarding general
discomfort indicates that a difference in simulator sickness
occurred between both conditions. During the study, self
reports of participants clearly indicated that the sickness was
lower in the driving condition.

The results of the E2I and the final questionnaire indicate that
both hypotheses can be confirmed: engagement, enjoyment
and immersion is higher while simulator sickness is lower
when the game is played in the moving vehicle compared to
the condition where the car is standing while playing.

Participants reported the movement and visualization as real-
istic and that movements enhance the feeling of flying. One
participant stated that the matching between the actual ride
and the virtual ride feels great. Another mentioned that in the
moving condition, an actual feeling of flying occurred. Our
findings are in line with other research that states that per-
ceived movements that match the visual information increase
the sense of presence [31, 32, 33]. Participants completely

lose their sense of where the car was moving in the real world.
No participant could tell the pathway of the actual track after-
wards. It was stated that feeling real motion to a corresponding
visual impression was exciting and entertaining whereas vi-
sually perceived locomotion without kinesthetic forces was
reported as uncomfortable, especially when flying curves and
during acceleration. Overall participants reported playing in
the moving condition as more enjoyable in the final ques-
tionnaire. Only two participants stated that the experience is
equally enjoyable in both conditions.

Another interesting finding was that some participants reported
that as a front-passenger, they felt engaged in the traffic situa-
tion as well. Being in VR creates a certain dissonance between
the wish of participating in the real traffic scenario and being
isolated in VR.

In the final questionnaire, situations with most discomfort
were asked. In the moving condition, braking was reported
as uncomfortable, the reason for this could be the surprising
character of the action. Flying curves could be anticipated
because the map was a valley where the player flies through,
therefore the track was predictable. However, braking was
not. This finding could also be interesting when designing
levels. The map could also be designed without visual cues of
the track, which may lead to an overall increase of simulator
sickness.

Design Considerations

In this section, we present design considerations for devel-
opers based on (1) statements made by participants during
the study, (2) observations by the developer and experimenter
during developing, testing and conducting the study and (3)
by qualitative user feedback at the end of each trial during the
study.

Create an awareness of time: As mentioned in the discussion,
participants completely lose their awareness of where they are
in the real world. Furthermore, we experienced through the
development of CarVR that the sense of how much time has
passed since the beginning of the ride can also be distorted.
Especially when driving in public transport, this awareness
should be included in the game because missing a train station
or bus stop while playing is very likely without such mea-
sures. This could be done by estimating the time of arrival and
limiting the game duration to that amount.

Develop for visual dominance: In the design space section, we
mentioned that the rotational axis can sometimes be inverted.
While accelerating, the inversion of the pitch axis led to an
uncomfortable feeling but inversion of the roll axis while turn-
ing was perceived as realistic. The situations where the visual
representation of forces can be altered are not intuitive and
may depend on several factors. Designers of VR entertainment
systems should keep in mind that the sensory information is
commonly the one that is accepted as truth while information
that is diverging from the visual impression is interpreted as
erroneous, and if this error increases, the feeling of discomfort
might occur. Deviating the visual from the vestibular informa-
tion is possible but only to a certain point. This point differs
between users and use cases.

Experiences with Virtual Reality CHI 2017, May 6–11, 2017, Denver, CO, USA
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Assumption: 
Driving 
without 
sync?
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CHAPTER 5

Interaction Fidelity



Is realism always favorable?
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Realism vs Abstraction
• In order to get items out of a chest


• High Fidelity: Open the two buckles, push the lid and take items out, no 
inventory menu (a,b)


• Low Fidelity: Click on chest and move items between inventories (c)
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Rogers et al. , CHI ‘19



Implications on the Design of VR Games
• Prefer high interaction fidelity for object manipulation


• Strive for moderate interaction fidelity for whole-body movements


• Larger enjoyment of exploration in VR


• Consider onlooker effects
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Interested in the topic?


