
by
Benedikt Völker 

In-place 3D 
Locomotion for
Public VR Exhibits

Bachelor’s Thesis
submitted to the
Media Computing Group
Prof. Dr. Jan Borchers
Computer Science Department
RWTH Aachen University

Thesis advisor:
Prof. Dr. Jan Borchers

Second examiner:
Prof. Dr. Torsten Kuhlen

Registration date: 30.08.2019
Submission date: 12.10.2019





Eidesstattliche Versicherung 

 

___________________________    ___________________________ 

Name, Vorname      Matrikelnummer 

 

Ich versichere hiermit an Eides Statt, dass ich die vorliegende Arbeit/Bachelorarbeit/ 
Masterarbeit* mit dem Titel 

__________________________________________________________________________

__________________________________________________________________________

__________________________________________________________________________ 

selbständig und ohne unzulässige fremde Hilfe erbracht habe. Ich habe keine anderen als 
die angegebenen Quellen und Hilfsmittel benutzt. Für den Fall, dass die Arbeit zusätzlich auf 
einem Datenträger eingereicht wird, erkläre ich, dass die schriftliche und die elektronische 
Form vollständig übereinstimmen. Die Arbeit hat in gleicher oder ähnlicher Form noch keiner 
Prüfungsbehörde vorgelegen. 

 

___________________________    ___________________________ 

Ort, Datum       Unterschrift 

        *Nichtzutreffendes bitte streichen 
 

 

Belehrung: 

§ 156 StGB: Falsche Versicherung an Eides Statt 

Wer vor einer zur Abnahme einer Versicherung an Eides Statt zuständigen Behörde eine solche Versicherung 
falsch abgibt oder unter Berufung auf eine solche Versicherung falsch aussagt, wird mit Freiheitsstrafe bis zu drei 
Jahren oder mit Geldstrafe bestraft. 

§ 161 StGB: Fahrlässiger Falscheid; fahrlässige fals che Versicherung an Eides Statt 

(1) Wenn eine der in den §§ 154 bis 156 bezeichneten Handlungen aus Fahrlässigkeit begangen worden ist, so 
tritt Freiheitsstrafe bis zu einem Jahr oder Geldstrafe ein. 

(2) Straflosigkeit tritt ein, wenn der Täter die falsche Angabe rechtzeitig berichtigt. Die Vorschriften des § 158 
Abs. 2 und 3 gelten entsprechend.  

 
 
Die vorstehende Belehrung habe ich zur Kenntnis genommen: 

 

___________________________    ___________________________ 

Ort, Datum       Unterschrift 





v

Contents

Abstract xiii
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Abstract

Virtual reality offers different opportunities to exhibitions and museums. For ex-
ample it enables users to enter closed areas or to view exhibits on their own while in
a crowded area. With more powerful smartphones virtual reality becomes available
in mobile applications. However, the context of an exhibition creates very unique
requirements to the interactions. First, the user is located in a public environment,
which makes social acceptance of the method mandatory. Also, users should be
able to locomote freely around objects, so vertical movement must be possible.

In this thesis we develop six possible locomotion methods that build on techniques
found in previous work. We examine walking-in-place and arm-cycling combined
with the two steering selections gaze-directed steering and hand-directed steering
as well as with ladder-traveling and platform-traveling. In a preliminary study on
the social acceptance of locomotion methods we see that arm-cycling was experi-
enced as unpleasant. However, we show in our user study that users felt more
in control with arm-cycling compared to walking-in-place. Further we show, that
most users like arm-cycling after they tried it. Users tend to need less space with
arm-cycling. Hand-directed steering is less intuitive than the other steering con-
trols and ladder-traveling is more complex and more unrealistic than platform-
traveling. Overall we present gaze-directed steering to be the better choice in time
critical tasks, while platform-travel is better when realism is needed.
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Überblick

Durch Virtual Reality entstehen neue Möglichkeiten für Ausstellungen und
Museen. So können zum Beispiel gesperrte Bereiche virtuell betreten oder Ausstel-
lungsstücke alleine betrachtet werden, obwohl der Nutzer sich an einem belebten
Ort befindet. Durch leistungsstärkere Smartphones wird Virtual Reality auch in
mobilen Applikationen möglich. Jedoch ergeben sich durch die Verwendung in
Ausstellungen auch besondere Anforderungen. Da der Nutzer sich an einem
öffentlichen Ort befindet, ist soziale Akzeptanz dieser Methode obligatorisch.

In dieser Arbeit entwickeln wir auf der Basis von Literatur sechs verschiedene
Fortbewegungsmethoden. Wir beleuchten Walking-in-Place und Arm-Cycling ver-
bunden mit den zwei Richtungssteuerungen Gaze-directed steering und Hand-
directed steering, sowie Ladder-traveling und Platform-traveling. In einer
Vorstudie zur sozialen Akzeptanz hat sich gezeigt, dass Arm-Cycling als unan-
genehm wahrgenommen wird. In unserer Userstudie konnten wir jedoch zeigen,
dass Nutzer mit Arm-Cycling, verglichen zu Walking-in-Place, ein höheres Kon-
trollgefühl haben. Weiterhin konnte Arm-Cycling die meisten Nutzer nach dem
Ausprobieren überzeugen. Außerdem zeigte sich, dass Nutzer mit Arm-Cycling
weniger Platz benötigen. Hand-directed steering war unintuitiver als die anderen
Richtungssteuerungen und Ladder-traveling ist komplexer und unrealistischer als
Platform-traveling. Insgesamt ist Gaze-directed steering die bessere Wahl bei
zeitkritischen Aufgaben, während Platform-travel die bessere Methode ist, wenn
es auf Realismus ankommt.
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Conventions

Throughout this thesis we use the following conventions.

Text conventions

Definitions of technical terms or short excursus are set off
in coloured boxes.

EXCURSUS:
Excursus are detailed discussions of a particular point in
a book, usually in an appendix, or digressions in a writ-
ten text.

Definition:
Excursus

The whole thesis is written in English.
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Chapter 1

Introduction

VR has become popular in the last few years. With the In this thesis we are
evaluating
locomotion
techniques which
can be used in public
exhibition, allow for
vertical movement
and are applicable
on smartphones

wide availability of consumer products, researchers came
up with the idea of using VR in exhibitions. For example
Lepouras et al. [2001] came up with the idea of using vir-
tual environments in real museums. With VR we could give
users the opportunity to inspect exhibits in more detail,
reach closed areas and explore the exhibition alone while in
a crowded environment. In big open spaces like a cathedral
we could even give users the ability to fly. The main dis-
advantage of VR is the need for powerful PCs and special
hardware and in most cases tracking devices needs to be
mounted on walls and the ceiling. However smartphones
become more powerful over time and therefore VR is en-
tering the mobile market with e.g. Google Cardboard or
Samsung Gear VR. Consequently one could use the visitors
smartphone to offer a virtual experience. However with the
use of mobile VR in exhibitions other problems arise which
are no problem for common applications. Exhibitions are
crowded spaces and therefore we have to take care of by-
standers and the social acceptance. Also the space users
have on hand is limited. According to Tregillus and Folmer
[2016], common locomotion methods like Look-Down-To-
Move are not suitable for our case, because they are lower-
ing immersion. Further we need a locomotion method to
travel also vertical, since our exhibition room might be a
big hall.
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Since VR came up in the early 90s of the last century re-
searchers began to investigate different ways to locomote
virtually. Therefore Boletsis and Cedergren [2019] found in
a literature study that virtual locomotion represents a sci-
entific field which is good explored. Nevertheless, accord-
ingly to Lai et al. [2015], there are only a few ways to loco-
mote vertically. In this thesis we investigate different loco-
motion methods which allow for 3-dimensional travel. We
will examine the applicability of these locomotion methods
and further we will have a look at the usability in a user
study. In the process we will have a look at the ability of
users to orientate and collect data on the user experience.

1.1 Research Questions

We decided on the following Research Questions.

• Which locomotion method should we use for 3-
dimensional locomotion?

• Which locomotion method has the highest social ac-
ceptance?

• How can we prevent locomotion methods from ap-
pearing awkward to bystanders?

• Which 3-dimensional locomotion method is space ef-
fective?

• How can we ensure that users stay orientated?

• Which 3-dimensional locomotion method is best for
the sense of presence?

• How strong are users affected by simulator sickness
in vertical travel and are there differences between
methods?
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1.2 Outline

In the following chapter we present selected work on
locomotion in VR either allowing for horizontal or 3-
dimensional travel. Chapter 3 then decides on 6 differ-
ent locomotion methods, in respect of the literature from
Chapter 2. Then we examine the social acceptance of this
six locomotion methods in Chapter 4. Further we describe
the implementation and the design of our user study in
Chapter 5. We evaluate the findings of the user study then
in Chapter 6 and give some implications for developers.
Lastly, we summarize in Chapter 7.
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Chapter 2

Related Work

As human beings are incapable of flying, horizontal loco-
motion in VR realistically matches the human abilities and
is, accordingly to Boletsis and Cedergren [2019], well ex-
plored. However, in our context vertical locomotion is also
required. In this chapter we first have a look on current
techniques for horizontal travel in a mobile context. After
that we will picture locomotion techniques which also al-
low for vertical travel.

2.1 Horizontal Locomotion

According to Bowman [2005], locomotion and pathfinding Real walking is a
good way, but not
applicable for us

is a main task in common video games and also in virtual
reality. A good way to locomote in virtual reality is to walk
naturally (Bowman [2005]). But real walking is not effec-
tive when it comes to space restrictions (Bowman [2005]) ,
since we can’t span longer distances. To walk further than a
few meters we have to use some sort of technique to travel
without (or less) physical movement. For free movement We are splitting into

velocity and steering
control

through the vertical environment one can split between ve-
locity and direction control. Velocity control is needed to
define a movements pace, steering control to define the
moving direction.
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2.1.1 Velocity Control

When we think about controlling velocity in virtual realityJoystick control
causes simulator

sickness
one could think about using the thumb-sticks or a joystick.
With this the user wouldn’t experience physical travel
and its main downside is the capability of simulator
sickness, which is, accordingly to Treisman [1977], among
other factors caused by the lack of vestibular feedback.

SIMULATOR SICKNESS:
Simulator Sickness is a byeffect which is caused by de-
viation of proprioceptive and visual feedback (Treisman
[1977]). Most commonly it is experienced with nausea,
vertigo and transpiration.

Definition:
Simulator Sickness

Since vestibular feedback is a relevant factor it is useful to
split further into methods which preserve vestibular feed-
back and those which don’t. A few different methods clas-
sified whether they preserve vestibular cues are listed in
the Table 2.1.

VESTIBULAR FEEDBACK:
Vestibular feedback is generated by the vestibular system
located in the inner ear. This sensory organ contributes
to the sense of balance and acceleration. (Lawson and
Riecke [2014])

Definition:
vestibular feedback

Table 2.1: Methods and vestibular feedback

Vestibular feedback No vestibular feedback
Real Walking Joystick

Redirected Walking Fixed velocity (LDTM)
Walking in Place Arm-Cycling

Treadmills

Another important property of a locomotion methodReal walking is the
best way to gain

spatial
understanding.

is whether it gives the user the ability to gain spacial
understanding of his virtual surroundings. Spatial under-
standing is important for the user to be able to orientate
and not get lost. It has been shown, that full physical
movement plays a role to gain spatial understanding
(Ruddle and Lessels [2006]). After Darken and Peterson
[2014] real walking is the best way to gain spacial un-
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derstanding, but walking-in-place can also give spacial
understanding (Slater et al. [1995]). Also real walking But Walking-in-Place

is also good.and walking-in-place perform good when it comes to
sense of presence (Riecke et al. [2010]). With the sense
of presence we give the user the feeling of being really
there (Bowman [2005]). As claimed by Bowman [2005],
it is also important that the locomotion method is in-
tuitive and does not create high cognitive load, since
this would prevent that the user can focus on other tasks.

WALKING-IN-PLACE:
With walking-in-place users only lift their feed without
making steps forward.(see Figure 2.3)

Definition:
Walking-in-Place

SPATIAL UNDERSTANDING:
Spatial understanding or spatial orientation is the ability
to determine the owns position and rotation in the room.

Definition:
Spatial
Understanding

SENSE OF PRESENCE:
With the sense of presence the user forgets his real sur-
roundings and perceives the virtual environment as real.

Definition:
Sense of Presence

Arm-Swinging

Arm-swinging (see Figure 2.1) was invented by McCul- Arm-swinging is an
walking-like arm
movement

lough et al. [2015] as a way to locomote in VR with a
walking-like arm movement. They used accelerometers on
the arm of the user. As indicator for spacial understand-
ing they measured the ability of the participants to face a Spacial

understanding is not
affected with
arm-swinging.

remembered point in VR. They compared arm-swinging to
real walking and joystick-control. In their user study with
12 participants the spacial understanding of the users was
not affected with arm-swinging, compared to real walking.

In a further study by Wilson et al. [2016] arm-swinging was No significant
differences between
arm-swinging and
walking-in-place in
spatial understanding

compared to walking-in-place and real walking. Their im-
plementation of walking-in-place used two accelerometers
placed at the participants feet. They were using a simi-
lar approach to measure the spacial understanding. In a
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Figure 2.1: With arm-swinging the user performs a
walking-like arm-movement without taking steps.

user study of 18 participants they could establish a signifi-
cant difference between real walking and arm-swinging in
terms of spatial understanding. This is directly contradict-
ing to the founding of McCullough et al. [2015]. Wilson et
al. assumed this could be due to outliers of participants
who might need more training. Further they were able to
show that there was no significant difference between arm-
swinging and walking-in-place (Wilson et al. [2016]).

Arm-Cycling

Arm-cycling was invented by Coomer et al. [2018] basedThe movement of
arm-cycling is like a

breast-stroke
on the work of McCullough et al. and Wilson et al. Arm-
cycling has a slightly different motion which the user is per-
forming and uses tracked controllers instead of accelerom-
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Figure 2.2: Arm-cycling is a breast-stroke like arm-
movement. The displacement of the controller is used to
control velocity

eters. This means that positional tracking is available. The
user has a controller in each hand and has to press both
triggers. Then he performs a circular motion like a breast-
stroke with the controllers (see Figure 2.2). The absolute
displacement of the controller is then used to control ve-
locity. Since it is using the displacement, the user can
also perform a motion like arm-swinging to move forwards
(Coomer et al. [2018]). With arm-cycling Coomer et al. in-
troduced a second new locomotion method called ”Point-
tugging”. With point-tugging the user grabs a point in 3D-
Space and can pull himself either towards or away from the
point.

To evaluate their two new methods they led participants They used a search
task for evaluationperform a search task in a virtual town. Teleporting and

joystick-control were also evaluated in their study. Fifteen
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treasure chests were spread randomly and eleven of them
contained a treasure. Participants had to find every full
treasure chest to complete the task. The time, amount of
revisits of chests, the traveled distance and the amount of
rotation were recorded. After the task was completed par-
ticipants had to fill a survey with 15 questions on a Likert-
Scale from 1 to 5 and a Simulator Sickness Questionnaire
by Kennedy et al. [1993]. This procedure was repeated four
times for every condition. Before the trial, participants had
to fill a Simulator Sickness Questionnaire for the baseline.

They found that participants felt with arm-cycling andParticipants felt more
in control with

arm-cycling
compared to three

other methods

joystick more in control than with teleporting and point-
tugging. Point-tugging and arm-cycling was more tir-
ing. Participants described teleporting and point-tugging
as more frustrating and experienced with joystick and es-
pecially with point-tugging simulator sickness. As Chris-Arm-cycling had no

impact on simulator
sickness

tou and Aristidou [2017] suggested teleport had no im-
pact on simulator sickness and also arm-cycling had no
impact.Arm-cycling had the lowest distance traveled and
the lowest amount of revisits.

VRStep

For mobile locomotion it is a common approach to sim-VRStep is mobile
implementation of
Walking-in-Place

ply toggle with a button whether the user is walking
or not (Tregillus and Folmer [2016]). This is known as
Look-Down-To-Move (LDTM). Accordingly to Tregillus
and Folmer [2016] LDTM can lower immersion and brings
the user out of focus. Tregillus and Folmer [2016] were
proposing a walking-in-place (see Figure 2.3) approach for
mobile applications called VRStep. Tregillus et al. were us-VRStep uses the

accelerometer of a
smartphone

ing the build-in accelerometer of a smartphone. As stated
by Foster et al. [2005] accelerometer are more accurate,
when they are worn closer to the feet. Accuracy is a ma-
ture concern, because low starting and stopping latency is
important for walking-in-place (Templeman et al. [1999]).

Eighteen participants were in their trial. They found, thatVRStep was more
preferred by users

compared to LDTM
there was no significant difference between locomotion
methods in terms of time and distance when participants
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Figure 2.3: With walking-in-place users perform a walking
like movement without taking steps forward.

had to walk in straight line between two points. For an
obstacles avoidance task they could see a lower time for
LDTM. Users preferred walking-in-place significantly more
often in terms of learnability and immersion.

2.1.2 Steering Control

There are some methods for steering control like joystick Interesting methods
are Gaze-directed,
Hand-directed and
Lean-directed
steering

control, gaze-directed steering, hand-directed steering and
lean-directed steering. Controlling the direction with a joy-
stick would be an easy approach because this input is com-
monly used in video games, but there are findings, that this
method does not offer high presence. Another approach
is to bundle gaze direction and travel direction as gaze-
directed steering. This is more intuitive for the user, but
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has the disadvantage that the user can’t look in another
direction while walking (Bowman [2005]).Hand-directed
steering allows that, because it derives the direction from
a tracker in the hand of the user. But this can be unin-
tuitive and therefore it causes high cognitive load (Bow-
man [2005]). However, it is excellent to gain spatial un-
derstanding (Bowman [2005]). Decoupling of travel- and
gaze-direction can be done more natural, when placing the
tracker on the torso of the user (LaViola [2017]). But this
is not practical for horizontal travel (LaViola [2017]). Lean-
directed steering uses the leaning direction of the user. This
can cause simulator sickness (LaViola [2017]), but expands
presence (Kruijff et al. [2016]).

Walking-in-Place with Lean-directed steering

In a further publication of Tregillus et al. [2017] they wereTregillus et. al.
added Lean-directed

steering to VRStep
investigating a lean-directed steering control for mobile
context. They added a lean-interface to VRStep for en-
abling omnidirectional movements. However, they used
the leaning of the head based on the assumption, that head-
tilt is similar to whole body leaning (Tregillus and Folmer
[2016]). Thus, walking-in-place controls the velocity, while
tilting controls the direction.

In a user study with 25 participants, they were compar-They used an
avoidance task ing walking-in-place with head-tilt to a method called TILT

which used only head tilt. Joystick-control was also evalu-
ated. In the trial participants had to walk down a corridor
with obstacles to avoid. Simulator Sickness was measured
with a Simulator Sickness Questionnaire (SSQ) by Kennedy
et al. [1993] and qualitative feedback was collected.
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They found, that TILT had a significant lower completion They found, that
WIP-TILT had the
highest sense of
presence. WIP-TILT
wasn’t liked by
participants

time compared to WIP-TILT and Joystick control.Since this
was unexpected, they concluded the difference was due to
more effort by the user in WIP-TILT (Tregillus and Folmer
[2016]). Participants experienced low to mild simulator
sickness with no significant differences between methods.
(Tregillus and Folmer [2016]). The most participants pre-
ferred TILT and found it to be the most efficient while they
found WIP-TILT to have the highest presence. Tregillus et
al. concluded that WIP-TILT got the lowest rankings by
participants because TILT used less energy and most of the
participants were already familiar with joystick input.

2.2 Vertical Movement

Vertical movement allows the user to travel up or down- Vertical movement
allows for travel up
and downwards

wards. The most common method is hand-directed steer-
ing (Bowman [2005]), where the user travels in the direc-
tion he is pointing. Another approach is PenguFly, a tech-
nique which derives velocity and steering from the posi-
tion of handtrackers and a headtracker (von Kapri et al.
[2011]) PenguFly has shown’t to cause Simulator Sickness
(von Kapri et al. [2011]). NuNav3D was using a depthcam-
era to obtain hand motions. With that, they could derive
different poses to control the virtual camera (Papadopou-
los et al. [2012]). A complete other approach is March- Common locomotion

methods are
Hand-directed
steering, PenguFly,
NuNav3D and
ladder-traveling

and-Reach from Lai et al. [2015]. This method uses ladders
where users have to pull themselves up trough grabbing
ladder rungs and making big steps. The idea to use ladders
to climb them virtually came up already in 1994 with Slater
et al. [1994]. After our definition ladder-traveling is a form
of passive steering.

PASSIVE AND ACTIVE STEERING:
In this thesis we call locomotion methods in which users
don’t steer while traveling vertically passive. We call the
opposite active.

Definition:
Passive and active
steering
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Figure 2.4: With ladder-traveling the user is moving verti-
cal with ladders. He is indicating with his arm whether he
is moving up or downwards.

Ladders

In 1994 Slater et al. [1994] introduced in their paper ”STEPSLadder climbing was
invented by Slater et

al. in 1994
AND LADDERS IN VIRTUAL REALITY” a way to climb
ladders while using walking-in-place. The user was walk-
ing and colliding with ladders. Once the user has collided
with the ladder he goes into climbing mode. In this mode
he is moving up or down, when he continues walking (see
Figure 3.3). To indicate whether the user is moving up or
down, he is holding is hand over or under his head.
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Chapter 3

Discussing Locomotion
Methods

Our locomotion method needs to be applicable in a pub- We will use
hand-directed
steering

lic environment, should be cost effective and make use of
mobile hardware. Also it is mandatory that users are not
disorientated. A high sense of presence is also interest-
ing and since users are exploring a virtual counterpart of
their real surroundings we want to sustain their spatial un-
derstanding. From the vertical travel locomotion meth-
ods described in Chapter 2 only hand-directed steering is
suitable for us. However, hand-directed steering could be
confusing to the user, as stated by Bowman et al. [1997].
PenguFly is known for causing nausea (von Kapri et al. PenguFly and

NuNav3D are not
feasible for us

[2011]) and NuNav3D needs a depthcamera (Papadopou-
los et al. [2012]). Also teleporting would not be suitable
for us, since it is, accordingly to Bolte et al. [2011], disori-
entating. Walking-in-place has better characteristics, since
it offers presence (Riecke et al. [2010]), spatial orientation
(Lathrop and Kaiser [2002]), performs well in terms of sim-
ulator sickness (Jaeger and Mourant [2001]) and is also ap-
propriable in mobile contexts (Tregillus et al. [2017]). Arm- We will use

walking-in-place and
arm-swinging

swinging has shown to be as good as walking-in-place in
terms of spatial orientation (Wilson et al. [2016]) and arm-
cycling has also a low potential to cause simulator sickness
(Coomer et al. [2018]). We decided to use walking-in-place
and arm-cycling for vertical travel.
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Steering Direction

Velocity control

Figure 3.1: Walking-in-place is used to control the velocity
and hand-directed steering is used to choose the direction.

Walking-in-Place With Hand-directed Steering

As claimed by Bowman [2005] Hand-directed steering is a
common approach.We were using a controller to obtain the
direction of the hand. The controller could be changed eas-
ily to a more mobile device like a smartwatch. We were
using walking-in-place to control velocity, since we need
one free hand. However hand-directed steering could be
confusing to the user (Bowman et al. [1997]). In Figure 3.1
walking-in-place with hand-directed steering is shown.
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Steering Direction

Velocity control

Figure 3.2: Walking-in-place with gaze-directed steering.
The user controlles the velocity with walking-in-place and
is moving in the direction that he looks.

Walking-in-Place With Gaze-directed Steering

We assume that a vertical locomotion method with Gaze- We assume that
Gaze-directed
steering is more
intuitive than
Hand-directed
steering in vertical
travel

directed steering is more intuitive. Based on the idea of
Tregillus et al. [2017] we were adding a leaning interface
to walking-in-place, since leaning offers higher presence
(Wang and Lindeman [2012]). Since only a few percents
with head-tilt are backwards movement (Tregillus et al.
[2017]), we were using forward and backward tilt to travel
vertically. To walk forward users simply use gaze-control.
Users are still able to avoid obstacles with side-tilt.In Figure
3.2 walking-in-place with gaze-directed steering is shown.
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Figure 3.3: This picture shows ladder-traveling in climbing
mode. The user indicates with his left arm, that he wants to
travel upwards.

Walking-in-Place with the use of Ladders

The march-and-reach attempt by Lai et al. [2015] is not suit-We are using the
approach of Slater

for our
implementation of

Ladder-traveling

able for us, since we would need to have two tracked con-
trollers with a grab input. However, they were comparing
march-and-reach to a locomotion technique where users
climb ladders with walking-in-place. They couldn’t dis-
cover any difference in presence and saw a low potential
for simulator sickness (Lai et al. [2015]). We were using a
method where we used walking-in-place and gaze-directed
steering, but ladders to climb up or down. Similar to Slater
et al. [1994] we led users walk against ladders. Near the lad-
der, walking will lead to climbing up, if the hand is above
the users head. A hand lower the head will result in climb-
ing down. To give the user the ability to reach every height,
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Figure 3.4: This picture shows platform-travel.

we made the ladder infinite and users could not fall down.
To escape the ladder and travel on a reached height, users
had to indicate that with a stretched out arm. We also gave
users the ability to avoid obstacles in horizontal travel with
side-tilt.In Figure 3.3 ladder-traveling is shown.

Walking-in-Place with the use of Platforms

Since we didn’t give users the ability to fall of ladders, one With ladder-traveling,
users can’t fallcould argue that this technique feels unnatural. To imple-

ment that in ladder-climbing we would need to track the
users feet. This would have led to too much hardware for We are using

platforms to travel
more realistic

our mobile context. We decided to use paired platforms
which travel against to each other up and down. Users can
then walk onto a platform and are lifted up with it. This
approach has the ability to fall, but user can’t reach ev-



20 3 Discussing Locomotion Methods

Steering Direction

Velocity control

Figure 3.5: The user controls the velocity with a breast-
stroke like arm-movement. He moves in the direction he
is looking.

ery height. To locomote horizontally we used walking-in-
place with gaze-directed steering and gave users the abil-
ity to avoid obstacles with side-tilt. In Figure 3.4 platform-
traveling is shown. In our definition of active and passive
steering, platform-traveling also belongs to passive steer-
ing.

Arm-Cycling With Gaze-directed Steering

Coomer et al. [2018] could show that arm-cycling gives spa-Arm-cycling with
gaze-directed

steering is good at
spatial awareness

and orientation

tial awareness and the ability to orientate. Since it is de-
rived from arm-swinging which is shown to be as good
as walking-in-place in terms of spatial orientation (Wilson
et al. [2016]). It is likely, that Arm-Cycling also performs as
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Steering Direction

Velocity control

Figure 3.6: The user controls the velocity with a breast-
stroke like arm-movement. He moves in the direction he
is swimming.

good as walking-in-place in terms of spatial orientation. We
were using arm-cycling with head-tilt with gaze-directed
steering, so users can ascend and descend with head-tilt
and also avoid obstacles with side-tilt. Arm-cycling needs
positional tracking, but we assumed, that one could also
use accelerometers to determine the position. Then we
could use a smartwatch. In Figure 3.5 arm-cycling with
gaze-directed steering is shown.

Arm-Cycling With Swim-directed Steering

Arm-Cycling with gaze-directed steering doesn’t give users Swim-directed
steering might be an
intuitive way to
decouple gaze and
direction

the ability to look around while they are traveling. We in-
vented swim-directed steering. With that, the user is trav-
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eling in the direction of his breast-stroke. The disadvantage
of this approach is the need for a smartwatch on each wrist
and one would need to implement a synchronizing process
to obtain the relative position between the smartwatches
and the head tracker. In Figure 3.5 arm-cycling with swim-
directed steering is shown.
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Chapter 4

Preliminary study

Since we are interested in a locomotion method which In our preliminary we
were examining the
technology
acceptance of our
locomotion methods

can be used in a public environment we had to examine
the acceptability in a crowded place (Malhotra and Gal-
letta [1999]). Using Virtual Reality in public could come
to the user as socially incompatible caused by either too
much spatial use or movements considered as inappropri-
ate (Rico and Brewster [2010]). Rico and Brewster [2010]
has shown, that surveys with the use of videos are an ap-
propriate way to gain evidence about the future acceptance
of a motion. So we were designing a preliminary study in
which we were examining the user acceptance of the meth-
ods we proposed in Chapter 3.

4.1 Study Design

We were using videos of a performing person which is trav- We were designing a
maze and showed
the participants
videos of a
performing person
locomoting through
this maze

eling inside a maze (see Figure 4.1). This maze contains
three floors and the performing person will locomote from
the first floor to the third floor. Also the first person view
of the performing person was captured to give participants
simultaneously inside and outside view, since it has been
shown that the usefulness of a technology can also increase
technology acceptance (Davis et al. [1989]). We showed six
different videos to the participants, while each video was
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Figure 4.1: Splitscreen video of inside and outside view of
a locomotion method.

showing one specific locomotion method. The video con-
tained the video of the performing person and the first per-
son view in split screen (see Figure 4.1). We were using
3D models placed on every floor to give participants land-
marks (see Figure 4.4 and 4.3). Before the trail we made par-
ticipants familiar with the layout of the maze by showing
them a 3D-map and a camera flight (see Figure 4.2). Each
method was shortly explained in a text. Then the partici-
pants saw the video. After they finished they had to fill a
questionnaire. We were asking for the user acceptance inWe used a

questionnaire to ask
for the user
acceptance

a crowded space and also in an empty space, since accep-
tance and social norms differ between public and private
places (Rico and Brewster [2010]). To measure the partici-
pants emotions on a locomotion method we were using the
16 point scale by PrEmo. We were asking for either emo-
tions on using method in private and also in a crowded
environment. Before the trail a baseline was captured and
after the trail participants gave demographic information
and rated the methods.
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Figure 4.2: The picture that was used to explain the maze.
The path represents the path the performing person will
take.

Figure 4.3: Helicopter Object used as landmark.

We were using an online survey tool since we had to show
videos to the participant, nevertheless one investigator was
sitting next to the participant since we needed to ensure
that videos are watched to the end (Mendelson et al. [2017]).
The investigator acted also as reference person to give an-
swers and to eliminate obscurities. At some points the in-
vestigator was not physical present but was cut in via video
chat. We were using a latin square of six to permutate the
videos.
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Figure 4.4: Astronomical Object used as landmark.

4.2 Results

In our study participated 8 subjects(3 female) with an aver-We saw a lower
acceptance for

arm-cycling
age age of 24.3 years. Five of our participants where com-
plete or moderate open to technology, while six of them
had no or just little experience with Virtual Reality. We
ran a ANOVA for repeated measures and could reveal,
that the acceptance for the methods in private rooms dif-
fer significantly between methods. With bonferroni correct-
ing we could see, that walking-in-place with gaze-directed
steering is significantly more accepted than arm-cycling
with gaze-directed steering. Without bonferoni correction
there is also a significant lower acceptance in private places
of arm-cycling with swim-control than platform-traveling.
Also with arm-cycling and gaze-directed steering we saw
the same outcome, compared to platform- and ladder-
traveling. When we had a look on the ratings, participants
rated arm-cycling the worst in terms of practicability, ap-
pearance and it got the lowest rankings on the question if
participants wanted to try the method on their own in pub-
lic as well as in private.
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Table 4.1: Acceptance Results

Mean of Acceptance Results
How likely would you use
this Method?

WiP Hand-
directed

WiP Gaze-
directed

Ladder-
travelling

Platform-
traveling

Arm-
Cycling
Gaze-
directed

Arm-
Cycling
Swim-
directed

At home 3.00 3.88 3.50 3.63 2.38 2.50
On an exhibition 3.13 3.63 3.62* 3.75* 2.75* 2.38*

1 = totally disagree 5 = totally agree
Significant values are marked with *

Table 4.2: Premo Results

Premo Results
How likely would you use
this Method?

WiP Hand-
directed

WiP Gaze-
directed

Ladder-
traveling

Platform-
traveling

Arm-
Cycling
Gaze-
directed

Arm-
Cycling
Swim-
directed

Which emotion do you expe-
rience while watching?

2.71 1.86 5.29 3.43 2.43 1.43

What do you think are the
emotions of the person?

2.29 3.00 3.57 3.57 1.17 2.00

Mean of positive minus negative emotions
Higher values are better

Table 1

ARM-Cycling	with	
Gaze-directed	
steering

WIP	with	Gaze-
directed	steering

WIP	with	Hand-
directed	steering

Paternoster-
travelling Ladder-travelling

Arm-Cycling	with	
Swim-directed	
steering

1 0 6 0 0 2 0

2 1 1 2 1 3 0

3 1 0 1 3 1 2

4 2 1 3 2 0 0

5 1 0 1 1 2 3

6 3 0 1 1 0 3

0

2

4

6

8

1 2 3 4 5 6

ARM-Cycling with Gaze-directed steering
WIP with Gaze-directed steering
WIP with Hand-directed steering
Paternoster-travelling
Ladder-travelling
Arm-Cycling with Swim-directed steering

�1

Figure 4.5: Ranking of the Question ”Which method would
you like to try on your own?”

4.3 Evaluation of the preliminary study

Arm-cycling has a lower acceptance than walking-in-place. We decided to
exclude Arm-Cycling
with Swim-Control

Some participants gave the feedback, that arm-cycling
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Table 1

ARM-Cycling	with	
Gaze-directed	
steering

WIP	with	Gaze-
directed	steering

WIP	with	Hand-
directed	steering

Paternoster-
travelling Ladder-travelling

Arm-Cycling	with	
Swim-directed	
steering

1 0 5 0 1 2 0

2 0 1 2 2 3 0

3 2 1 1 2 2 0

4 1 1 4 2 0 0

5 2 0 0 1 1 4

6 3 0 1 0 0 4

0

2

4

6

8

1 2 3 4 5 6

ARM-Cycling with Gaze-directed steering
WIP with Gaze-directed steering
WIP with Hand-directed steering
Paternoster-travelling
Ladder-travelling
Arm-Cycling with Swim-directed steering

�1

Figure 4.6: Ranking of the Question ”Which method would
you like to try on your own in public?”

looks exhausting, even when walking-in-place is a full-
body-movement while arm-cycling is not. So, we can’t
be sure that this attitude didn’t affect the rating, but even
when a movement needs more energy, it can still be more
accepted (Rico and Brewster [2010]). That people found it
exhausting, can’t fully explain the low rankings. Another
explanation is that a swimming-like movement doesn’t
look natural enough in a crowded place. Motions, that
don’t mimic everyday movements tend to be less accepted
(Rico and Brewster [2010]). But participants can still changeHowever, we were

still interested in how
arm-cycling with

gaze-control
performs

their mind between a survey and after they used a motion
(Rico and Brewster [2010]) and since we are still interested
in how arm-cycling performs compared to walking-in-
place we decided to include arm-cycling with gaze-control
to our main study. However we decided to exclude arm-
cycling with swim-control since arm-cycling with gaze-
Control is more comparable to walking-in-place with gaze-
control.
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Table 1

ARM-Cycling	with	
Gaze-directed	
steering

WIP	with	Gaze-
directed	steering

WIP	with	Hand-
directed	steering

Paternoster-
travelling Ladder-travelling

Arm-Cycling	with	
Swim-directed	
steering

1 0 4 0 3 1 0

2 1 1 1 1 4 0

3 1 2 1 2 2 0

4 0 1 6 1 0 0

5 4 0 0 1 1 2

6 2 0 0 0 0 6

0

2

4

6

8

1 2 3 4 5 6

ARM-Cycling with Gaze-directed steering
WIP with Gaze-directed steering
WIP with Hand-directed steering
Paternoster-travelling
Ladder-travelling
Arm-Cycling with Swim-directed steering

�1

Figure 4.7: Ranking of the Question ”Which method looks
the best?”
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Table 1

ARM-Cycling	with	
Gaze-directed	
steering

WIP	with	Gaze-
directed	steering

WIP	with	Hand-
directed	steering

Paternoster-
travelling Ladder-travelling

Arm-Cycling	with	
Swim-directed	
steering

1 0 5 0 1 2 0

2 1 2 2 0 3 0

3 2 1 1 2 1 1

4 0 0 3 3 1 1

5 4 0 0 2 1 1

6 1 0 2 0 0 5

0

2

4

6

8

1 2 3 4 5 6

ARM-Cycling with Gaze-directed steering
WIP with Gaze-directed steering
WIP with Hand-directed steering
Paternoster-travelling
Ladder-travelling
Arm-Cycling with Swim-directed steering

�1

Figure 4.8: Ranking of the Question ”Which method would
looks practicable?”
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Chapter 5

User Study

Based on our observations in Chapter 4 we were design- In our mainstudy
participants
performed a search
task

ing a study to evaluate the actual performance of the five
locomotion methods which we established. We were us-
ing a search task, since this technique was already used in
several publications (Coomer et al. [2018]). In our task par-
ticipants were wearing a HMD and exploring a virtual mu-
seum. In this museum, treasure chests were placed and a
fixed amount of them were containing a treasure. While
users are executing the search task, we were measuring dif-
ferent parameters like the time to complete, the number of
treasures found, the number of revisited chests and the dis-
tance traveled.

5.1 Hypotheses

• Hypothesis H1: There is a difference in orientation
between gaze-directed and hand-directed steering.

• Hypothesis H2: There is also a difference in orienta-
tion between passive and active steering controls.

• Hypothesis H3: Users like walking-in-place more
than arm-cycling.

• Hypothesis H4: Arm-Cycling is more tiering than
walking-in-place.
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Figure 5.1: In-game screenshot from the ceiling of our mu-
seum. On both sides we placed galleries.

• Hypothesis H5: Walking-in-place is better in terms of
simulator sickness.

• Hypothesis H6: There is a difference between active
and passive locomotion methods in terms of simula-
tor sickness.

• Hypothesis H7: Users find platform-travel more real-
istic than ladder-traveling.

• Hypothesis H8: Users need less space with arm-
cycling than with walking-in-place.

5.2 Apparatus

We were using a HTC Vive with two controllers and UnityWe used HTC VIVE
and UNITY 3D 3D Version 2018.2.14 to implement our study. Although

HTC Vive is not a mobile device we used it, as it was more
easy to implement hand input with it. Nevertheless all of
our results are transferable to a mobile setup with a smart-
phone and two smartwatches or hand-trackers. We were
building a virtual museum which was three stories hight.We builded a three

stories high museum
with galleries

An in-game screenshot is shown in Figure 5.1. Our mu-
seum was build as a big hall with a floor area of 40 by 70
meters and a height of 20 meters. On the two longer sides
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Figure 5.2: In-game screenshot of the gallery on the first
floor. We used exhibits to hide treasure chests.

Figure 5.3: In-game screenshot of the lowest floor.

we placed galleries on the middle and on the upper floor.
There was no connection between the two opposing sides
of galleries. In the galleries, curtains and exhibits were used
to form corridors to block the direct way of the user and to
hide the treasure chests (See Figure 5.2). On the lowest floor
we only used exhibits to hide treasure chests (see Figure
5.3). We placed also a big skeleton of a horse in the middle We used treasure

chests which had to
be found by the
participant

of the museum, which reached from the lowest floor to the
ceiling. Our intention was to have an obstacle to prevent
participants from direct travel. The treasure chests were
chests which could be opened by the participant through
walking up to them (See Figures 5.4 and 5.5). To prevent
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Figure 5.4: A treasure chest. These chests were hidden 15
times in the museum

opening them by mistake, participants had to gaze at the
treasure chest. After walking away, the treasure chests were
closing themselves. There was no specific indicator, that a
treasure chests either contained a treasure or if the partici-
pant had already opened it. Therefore participants had to
remember which treasure chest they already had visited.
The placement and whether a chest is full or not changed
between the different trials. The containing of a treasureWe used 15 chest.

11 of them contained
a treasure

was decided at random, however we simply build two dif-
ferent placement configurations and used them alternately.
Permanently the amount of treasures the participant hadn’t
found and the amount of errors the participant had made
were visible in the sight of the participant.

UNITY 3D:
Unity 3D is a multi-platform Game Engine.Definition:

UNITY 3D

HTC VIVE:
HTC VIVE is a VR-kit by HTC. The headset comes with
a resolution of 1080 by 1200 pixels per eye and uses a
refresh rate of 90 Hz. The kit comes with two controllers.

Definition:
HTC VIVE
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Figure 5.5: A full treasure chest. Exactly 11 chests were
containing a treasure.

5.3 Implementation

We bought a bundle of game assets called Museum Level
Interior Pack1 in the Unity Assets Store which contained
several museum related 3D models. With these models we
were building the virtual museum.

5.3.1 Implementation of Walking-in-Place

The walking-in-place implementation VRSTEP by Tregillus
et al. [2017] is available for download in the Unity Asset
Store, but unfortunately not compatible with HTC VIVE.
Therefore we had to implement walking-in-place on our
own, but we used the same approach like Tregillus et
al. described in VRStep. For our implementation of
walking-in-place we were using the accelerometer of the
HTC Vive Headset. However, we were not able to obtain We used the

accelerometer of the
HTC VIVE Headset
for our
implementation

data directly from the sensor. Instead we used the position
of the headset and derived the velocity and further the ac-
celeration (see Figure 5.6). We were gaining the positional
data directly via OpenVR and were polling data with the
use of a separated thread to read detached from the update

1https://assetstore.unity.com/packages/3d/environments/museum-
level-interior-pack-105256

https://assetstore.unity.com/packages/3d/environments/museum-level-interior-pack-105256
https://assetstore.unity.com/packages/3d/environments/museum-level-interior-pack-105256
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Figure 5.6: The deriving of acceleration out of positional
data. The data is sampled into a ring buffer. On every new
sample the positions are derived into velocity and then into
acceleration.

process of Unity. With that, we were able to sample data at
200 Hz. We were then using the same algorithm Tregillus
and Folmer [2016] used for VRStep. This algorithm was
developed by Zhao [2010] and uses a peak-detection to
search for steps. First, the input is smoothed by a ring
buffer of 8 samples. Every 50 samples a new dynamic
threshold is calculated as the center of the maximal and
minimal amplitude. In the event of a peak that falls below
that dynamic threshold a step event is fired, but only in
the case that the slopes is higher than another predefined
threshold (see Figure 5.7). As described in the algorithm we
were using a sampling rate for the acceleration of 50 Hz.
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Figure 5.7: The step-detection algorithm. A step event
is triggered, when the acceleration falls below a dynamic
threshold. This threshold is adjusted every 50 samples.

OPENVR:
OpenVR is an API published by Valve which serves be-
tween applications and the HTC VIVE hardware.

Definition:
OpenVR

On each step we were then adding a specific amount of The maximum
velocity is 1.215m

s

which is reached
after 2 steps. The
stopping time is 2.2
seconds

0.75m
s of velocity to the participant, until he reached a

maximum velocity of 2.7m
s . The velocity, was lowered by

1.215m
s per second, which lead to 2.2 seconds for the par-

ticipant to stop. The maximum speed is reached after two
steps. We decided on these values to be similar to real walk-
ing.

Some papers introduced a count of four steps within a spe- We were using the
trigger of the HTC
VIVE to disable
unwanted walking

cific time period to start walking, due to false steps (Slater
et al. [1994]). To comply with false steps we added a re-
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fractory phase after a step had been detected. In this time
of 0.6 seconds no other step was counted. Also only when
the participant pressed one of the triggers of the HTC VIVE
steps were counted. This prevented users from walking un-
intentionally and could be easily removed for mobile us-
age.

5.3.2 Implementation of Arm-Cycling

Like Coomer et al. [2018] we were using the absoluteOur implementation
of arm-cycling used

the absolute change
in distance between

the controllers to
create forward

movement

change of distance between the two controllers and trans-
ferred this into movement. This results in a movement by
either moving the controller towards or away from each
other. In our case users had also to press one of the trig-
gers on the HTC VIVE controller. There is no need for that,
but we introduced it to eliminate bias for comparing with
our walking-in-place implementation. When the partici-
pant moved the two controllers one meter away from each
other, this corresponded to one meter forward movement.
If the participant was doing one stroke a second, while heOne stroke a second

leads roughly to
1.4m

s

moves the controller to roughly 0.7 meters away from each
other, then this was leading to 1.4m

s of velocity.

5.3.3 Implementation of Gaze-directed steering

GAMEOBJECT:
Gameobjects are entities of objects in Unity 3D. Every
gameobject has a transform which consists of a position,
a rotation and a scale. This Transform-class offers also
vectors which represent different directions relative to
the gameobjects rotation, e.g. the forward vector which
points to the front.

Definition:
Gameobject

Unity uses a (x,y,z) vector system with the y-axis deter-We declared to
thresholds for side-tilt
and forward-tilt. If the

threshold is
exceeded we either

move sideways or up

mining the height. For the Gaze-directed steering we were
obtaining the forward vector of the camera gameobject in
Unity. The vector represents the orientation of the gameob-
ject and in this case the direction of view. We are using
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Forward Vector

Vector created 
through Side-tilt

Resulting 
Vector

Figure 5.8: The forward-vector was used as direction-
vector. If the angle α exceeded a threshold, the vector cre-
ated through side-tilt was added to the direction-vector.

this vector as the direction vector to steer (see Figure 5.8).
Further we are using the up-vector of the camera gameob-
ject. This vector stands orthogonal on the forward vector
and points up. We then calculate the angle α of side tilt
between this up-vector and the y-axis, and the angle β of
forward tilt between the up-vector and the y-axis. When
α exceeds the threshold of 9◦ we projected the up-vector
to the floor plane (dee Figure 5.10). Then we were adding
this new vector to the direction/forward-vector (see Figure
5.8). We used the β angle to determine if we are travelling
vertical. When β was lower 25◦ we set the y-component of
the direction-vector to 0, to disable vertical travel (see 5.10).
Otherwise, the user is simply following his gaze upwards.
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y-AxisUp-vector α

Figure 5.9: The angle α is the angle between the up-vector
of the users head and the y-axis calculated from the front.

5.3.4 Implemetation of Platform-travel

We were using the implementation of Gaze-directed steer-
ing and were setting the y-component of the direction-
vector to 0 to disable vertical travel by gazing. So partic-
ipants could just locomote vertical. For the platform-travel
we simply used two boxes which were animated in the
Unity Animator. These squares had also a collider to lift
the participant.

5.3.5 Implementation of Ladder-traveling

For Ladder-traveling we also used the implementation of
gaze-directed steering and disabled the vertical travel by
gazing. We added ladders with colliders to the virtual mu-



5.3 Implementation 41

β y-AxisUp-vector

Figure 5.10: The angle β is the angle between the up-vector
of the users head and the y-axis calculated from the side.

seum. On colliding, we were setting the direction-vector to
either straight up or straight down, specified by whether
the left hand of the participant was over or under his head.

5.3.6 Implementation of Hand-directed steering

For hand-directed steering we were simply obtaining the
orientation of the left controller and used it as the direction-
vector.



42 5 User Study

5.4 Study Design

After an informed consent we are obtaining a baseline read-We used a Usability
Questionnaire and a
Simulator Sickness

Questionnaire to
evaluate the

locomotion methods.

ing for the simulator sickness with the Simulator Sickness
Questionnaire by Kennedy et al. [1993]. Then we made par-
ticipants familiar with the HTC VIVE and explained them
the search task they had to perform. Then we started the
search task where participants had to find eleven treasures
in fifteen different treasure chests. Before the trial of a
method, we gave an explanation of how the locomotion
method will work. Participants had also the ability toWe also raised other

metrics like time,
distance traveled,
distance of head

movement and the
amount of errors

made.

try a method before performing the search task. We had
just 4 empty treasures in a trial to face lucky guessing. Af-
ter a participant found eleven treasures or when a partic-
ipant declared, that he is not able to remember where he
hasn’t been, we stopped the trial. Then we followed with
a Simulator Sickness Questionnaire. After that, the partici-
pant was filling a usability questionnaire. We were repeat-
ing this procedure for every locomotion method and closed
with a simple demographic survey and a ranking of the dif-
ferent locomotion methods. We used a latin square of five.

5.5 Results

We had ten participants in our study (3 female) with an
average age of 24.7. We ran ANOVA tests for repeated
measures on time, distance travelled, distance head move-
ment, amount of head rotation and on the amount of errors
made. We found significant differences in distance trav-
eled, distance of head movement and the amount of rota-
tion. Arm-cycling with gaze-directed steering had a sig-
nificantly lower distance traveled compared to platform-
travel. We saw the same outcome in terms of distance head
movement, also when we compared it to ladder-traveling.
In paired t-tests we could see that arm-cycling had a sig-
nificant lower amount of head distance compared to every
other locomotion method. When we compare the amount
of rotation of ladder-travel and platform-travel to the other
locomotion methods in paired t-tests, we saw a significant
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Figure 5.11: This picture shows how a participants were
performing arm-cycling in our user study.

higher amount of rotation.

Paired ANOVA testing revealed also that participants
found arm-cycling significantly better to understand com-
pared to hand-directed steering and ladder-traveling.
Platform-travel performed also significantly better than
ladder-travel. Participants found arm-cycling also the easi-
est to use with a significant better performance than ladder-
travel. Participants felt also the most in control with arm-
cycling with a significant better performance than ladder-
travel and gaze-directed walking-in-place. Participants
found arm-cycling not more tiring. With ladder-travel par-
ticipants felt they couldn’t go where there wanted signifi-
cantly more often than with all other methods. Arm-cycling
was the easiest to remember locomotion with significant
difference to hand-directed steering. There was no signif-
icant difference between the required energy but partici-
pants found hand-directed steering to cause the lowest ef-
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Figure 5.12: Mean of body translation. CIs are shown as
error bars.

fort with a significant difference to platform-travel. Arm-
cycling was described as more predictable and showed sig-
nificant difference to ladder-travel, walking-in-place with
gaze-directed steering as well as with hand-directed steer-
ing.

We could see intermediate Simulator Sickness for every
method. There is a significant higher simulator sick-
ness score compared to the baseline reading for every
method. Arm-cycling had the lowest simulator sickness,
while hand-directed steering had the highest.

Nine of our ten participants described their self as com-
pletely or more open to technology, while eight of them
played often or more often video games. Two described
their self as experienced with virtual reality. In the ranking
arm-cycling got the best rates, while ladder-travel got the
worst.
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Table 5.1: Usability Questionnaire Results

Usability Questionnaire
WiP Hand-
directed

WiP Gaze-
directed

Ladder-
travelling

Platform-
travelling

Arm-
Cycling

I thought this method was
easy to understand

3.8(1.135) 4.3(1.059) 4.0(1.054) 4.6(0.516) 4.8 (0.422)

I thought this method was
hard to use

2.4(0.966) 2.4(1.174) 2.6(0.843) 2.1(1.197) 1.8(1.033)

I felt like I had control over
my actions

3.6(0.843) 3.3(0.949) 3.2(0.789) 3.8(0.632) 4.2(0.632)

I did not have a hard time
visualising this movement in
my head

3.1(1.729) 3.6(1.430) 3.4(1.506) 3.9(1.197) 4.4(0.966)

I understood how my move-
ments translated to the envi-
ronment

4.3(0.823) 3.9(1.101) 3.9(0.994) 4.4(1.075) 4.4(0.699)

This method made me tired 2.9(1.370) 2.9(1.663) 2.6(1.506) 2.7(1.252) 2.4(1.265)
I felt like I could go where I
wanted to

4.2(0.789) 4.4(0.843) 3.4(0.966) 4.3(0.823) 4.3(0.675)

I liked using this method 3.2(0.919) 3.0(1.333) 3.2(1.229) 3.5(1.354) 3.7(1.252)
I had a hard time remem-
bering the controls for this
method

1.9(0.876) 1.8(1.317) 1.7(0.823) 1.4(0.516) 1.1(0.316)

I think that this method
added to the virtual experi-
ence

3.2(1.229) 3.6(1.174) 3.3(1.337) 3.8(1.317) 3.2(1.229)

I think this method made the
task harder to complete

2.3(0.949) 2.5(1.269) 2.9(0.994) 2.8(1.398) 2.4(0.966)

I did not get lost as I used this
method

4.0(1.155) 4.4(0.966) 3.5(1.434) 4.2(0.632) 3.8(1.476)

I felt like this method re-
quired a lot of energy

2.9(1.287) 2.9(1.287) 2.9(1.101) 3.2(1.033) 3.2(1.398)

I felt like this method re-
quired a lot of effort

2.3(0.949) 2.8(1.398) 3.0(1.333) 2.9(0.876) 3.0(1.414)

I felt like this method was
buggy

2.1(0.876) 2.7(1.337) 2.7(0.949) 2.4(1.350) 2.0(1.247)

I felt like there was not
enough time when using this
method

1.8(0.632) 1.7(1.059) 1.8(0.632) 1.6(0.699) 1.5(0.972)

I felt like this method was un-
predictable at times

2.9(0.876) 3.2(1.317) 3.1(0.994) 2.7(1.160) 1.7(1.252)

I would not like using this
method again

2.3(0.949) 2.8(1.135) 2.7(1.494) 2.3(1.337) 2.3(1.567)

I felt like I needed a break af-
ter using this method

2.9(1.197) 2.6(1.350) 2.4(1.174) 2.1(0.994) 2.4(1.350)

I would like to see this
method implemented in a
video game

3.1(1.197) 3.5(1.354) 3.3(1.494) 3.5(1.269) 3.1(1.449)

I felt overwhelmed when us-
ing this method

2.1(0.738) 1.9(0.876) 2.0(0.943) 1.7(0.823) 2.0(1.155)

This method made me frus-
trated

2.1(0.994) 2.7(1.059) 2.4(1.265) 1.9(0.738) 1.9(1.101)

means, standard deviation in italic
1 represents total disagree, 5 represents total aggree

Table 5.2: Simulator Sickness Questionnaire Results

Simulator Sickness
Baseline WiP Hand-

directed
WiP Gaze-
directed

Ladder-
travelling

Platform-
travelling

Arm-
Cycling

1.6(1.506) 6.7(6.584) 5.8(5.808) 5.1(4.483) 5.4(3.627) 4.5(4.720)*
Means of summed symptom points, standard deviation in italic

Range between 0 and 48
Significant values are marked with *
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Table 5.3: Body translation

Body translation
WiP Hand-
directed

WiP Gaze-
directed

Ladder-
travelling

Platform-
travelling

Arm-
Cycling

25.43(13.9) 223.9(13.4)* 30.8(13.2)* 33.5(14.7)* 14.14(4.07)*
Means of body translation, standard deviation in italic

Significant values are marked with *

Table 5.4: Time

Time
WiP Hand-
directed

WiP Gaze-
directed

Ladder-
travelling

Platform-
travelling

Arm-
Cycling

331(25.8) 310(29.5) 367(29.0) 377(29.5) 369(33.142)
Means of time, standard deviation in italic

Figure 5.13: Mean of head rotation. CIs are shown as error
bars.

Table 5.5: Distance

Time
WiP Hand-
directed

WiP Gaze-
directed

Ladder-
travelling

Platform-
travelling

Arm-
Cycling

608(123.8) 564.5(40.4) 638(100.0) 667(102.0) 548(42.5)*
Means of distance, standard deviation in italic

Significant values are marked with *
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Table 5.6: Rotation

Rotation in degree
WiP Hand-
directed

WiP Gaze-
directed

Ladder-
travelling

Platform-
travelling

Arm-
Cycling

13799(3998) 14760(4163) 17770(2814)* 17961(4462)* 13941(2900)
Means of Rotation, standard deviation in italic

Significant values are marked with *

Table 5.7: Means of sum of errors

Amount of Errors
WiP Hand-
directed

WiP Gaze-
directed

Ladder-
travelling

Platform-
travelling

Arm-
Cycling

0.70(0.949) 0.10(0.316) 0.40(0.699) 1.10(1.853) 0.10(0.316)
Means of sum of errors, standard deviation in italic
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Chapter 6

Evaluation

There was no significant difference in completion time. There was no
difference in
completing time. We
conclude, that we
decided on the right
velocity

That means that we found the right trade-off when we
decided on velocity in arm-cycling and walking-in-place.
Also most participants haven’t found themselves un-
der time pressure with the different locomotion meth-
ods. There was also no significant difference between the
amount of errors and platform-travel had the highest rate
of only 1.1 Errors in average. We concluded, that users
stayed overall orientated. Therefore Hypothesis H1 and H2
are rejected.

6.1 Velocity control

When we compare arm-cycling and walking-in-place di- With walking-in-place
participants are still
walking little steps
forward

rectly, we could see that participants had a significant lower
distance of body movement. So we accept hypothesis H8.
We noticed that users tend to make little steps forward
with walking-in-place. This might be a disadvantage with
walking-in-place in crowded environments due to space
restrictions. Participants felt more in control with arm-
cycling. This is maybe a result of the more direct input
of arm-cycling. Another explanation is that some partici-
pants felt walking-in-place unprecise, since this was stated
a few times. Participants agreed also significantly more of-
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ten with the statement, that walking-in-place was unpre-
dictable. However, walking-in-place was not experienced
as buggy. Overall we saw better rankings with arm-cyclingArm-cycling got

better results and
users felt more in

control

than with walking-in-place and also a lower simulator sick-
ness. Therefore we reject hypothesis H5. Some partici-
pants stated that they found arm-cycling to slow. We as-
sume, that arm-cycling would have got even better results
if we would have made it faster. It was also the least tiring.
Therefore we reject hypothesis H3 and H4. The main dis-
advantage of arm-cycling is the low technology acceptance
of bystanders. Maybe this can be overcome, if one would
use a movement more like arm-swinging, since this looks
more like walking.

6.2 Steering Control

When we have a look at the four different steering meth-Gaze-control was
liked the most while

hand-directed
steering is unintuitive

ods we see the significant lower head rotation of hand-
directed and gaze-directed steering compared to ladder-
travel and platform-travel. We see also higher distances
traveled for ladder-travel and Platform-travel. We assume
that this is caused by the fact that participants can’t use the
direct way with these locomotion methods. Interestingly,
there is also a higher distance traveled for hand-directed
steering. Although it is not significant it shows that hand-
directed steering has lower head rotation when we regard
the rotation based on distance traveled. However, hand-
directed steering was worse in terms of understandably, es-
pecially in comparison to ladder-travel. Participants found
it also harder to visualize the movement of hand-directed
steering in their head. hand-directed steering had also
the worst Simulator Sickness Score. This led us conclude,
that hand-directed steering is also for vertical travel unin-
tuitive. Since hand-directed steering has a higher simula-
tor sickness, compared to ladder- and platform-travel, yet
gaze-directed steering has not, we can’t accept hypothesis
h6. Further ladder-travel was described as harder to useLadder-travel is

maybe to complex
and platform-travel

was liked because of
its realism

and participants found they had the least control. Inter-
estingly participants found they weren’t able to go where
they wanted to with ladder-travel significantly more often
than with every other steering control. It was possible to
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climb to every height, while with platform-travel that was
not. In our study design participants didn’t have to climb
to every height. This might explain that this fact was not
apparent to the participants. Ladder-travel was maybe to
complex. Platform-travel was described as the easiest to
understand locomotion method. We assume this is due to
the wide use of platforms in video games. It was also the
most liked steering control. Some participants stated, that
they liked Platform-travel because it was realistic and be-
cause of the ability to fall. Overall we recommend the use
of Platform-travel over ladder-travel and the use of gaze-
directed steering instead of hand-directed steering. Since
gaze-directed steering got the best result in the ranking (see
Figure ??overallranking) , we found gaze-directed steering
to be the best steering method.

6.3 Qualitative Feedback

As qualitative feedback we got the input, that ladder-
travel was found to be hard to control. Also some partic-
ipants stated that they liked falling with platform-travel.
Therefore we can also reject hypothesis H7. Further none
of the participants was using side-tilt to avoid obstacles.
Some participants stated that they had tried it, but then
still haven’t used it. This corresponds to the findings of
Tregillus et al. [2017]. Also some participants stated, that
they found arm-cycling to slow.

6.4 Implications

Based on our findings we can’t advise to use arm-cycling, We advise to use
either platform-travel
or gaze-directed
steering

but maybe arm-swinging performs as well as arm-cycling
and has a better social acceptance. Further we can recom-
mend gaze-controlled steering in vertical locomotion. Also
platform-traveling can be a good advise, especially when
realism is need.
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Figure 6.1: This chart shows the overall ranking of lo-
comotion methods after the user study. arm-cycling and
walking-in-place with gaze-control were liked the most.
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Chapter 7

Summary and Future
Work

In this thesis we evaluated locomotion techniques for VR in
a mobile context. We could show that arm-cycling is a good
locomotion method. However, one has to enhance to social
acceptance of swimming-like motions. Further we could
show that gaze-controlled steering and platform-travel are
good ways to steer.

7.1 Summary and Contributions

We have shown, that arm-cycling is a suitable vertical lo- Arm-cycling is good
for our context, but
the social
acceptance is to low

comotion method for mobile use cases. It is liked by users
and was not disorientating. Users feel in control and can
reach every point with as many effort as with walking-in-
place. In a later implementation we are advising a higher
velocity, but we want to bring up, that this could worsen
simulator sickness. The benefit of arm-cycling in mobile
applications is the lower need for space, which can be cru-
cial in a crowded place. However people who watch arm-
cycling can find it disconcerting which lowers the accep-
tance. The use of arm-swinging instead of arm-cycling may
could bring a better social acceptance, since arm-swinging
looks more similar to walking.
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For the steering-control we found that gaze-directed steer-
ing performed best in our use case. It is liked by users and
was not disorientating. Overall it is more intuitive than
hand-directed steering. Also platform-traveling performed
well and could be an option in use cases where the locomo-
tion method needs to be realistic and users don’t need to
reach every height. Ladder-traveling wasn’t liked by users,
maybe because of the complexity.

7.2 Future work

For future work we suggest the evaluation of arm-Arm-swinging might
perform as goog as

arm-cycling and has
better acceptance

swinging, since arm-swinging mimics walking and there-
fore the technology acceptance could be higher. Also
Coomer et. al. stated, that there is a need for the compar-
ison of arm-swinging and arm-cycling. In our study we
were also the first to compare walking-in-place with arm-
cycling. It might also be interesting, how good arm-cycling
performs compared to walking-in-place for horizontal lo-
comotion. Also the evaluation of arm-cycling with swim-
directed steering would be interesting, since this would be
a natural way to decouple gaze-direction and travel direc-
tion. Therefore swim-direction steering may be more intu-
itive than hand-directed steering. Further it could be inter-
esting to evaluate arm-cycling with a higher velocity.



55

Bibliography

Costas Boletsis and Jarl Erik Cedergren. Vr locomotion in
the new era of virtual reality: An empirical comparison
of prevalent techniques. Advances in Human-Computer
Interaction, 2019(4):1–15, 2019. ISSN 1687-5893. doi:
10.1155/2019/7420781.

Benjamin Bolte, Gerd Bruder, and Frank Steinicke. Jump-
ing through immersive video games. In Zhigeng Pan, ed-
itor, SIGGRAPH Asia 2011 Posters, page 1, New York, NY,
2011. ACM. ISBN 9781450311373. doi: 10.1145/2073304.
2073367.

Doug A. Bowman. 3D user interfaces: Theory and
practice. Addison-Wesley, Boston, 2005. ISBN
978-0201758672. URL http://proquest.tech.
safaribooksonline.de/9780133390599.

Doug A. Bowman, David Koller, and Larry F. Hodges.
Travel in immersive virtual environments: An evalua-
tion of viewpoint motion control techniques. In Proceed-
ings of the 1997 Virtual Reality Annual International Sym-
posium (VRAIS ’97), VRAIS ’97, pages 45–, Washington,
DC, USA, 1997. IEEE Computer Society. ISBN 0-8186-
7843-7. URL http://dl.acm.org/citation.cfm?
id=523977.836072.

Chris G. Christou and Poppy Aristidou. Steering ver-
sus teleport locomotion for head mounted displays. In
Lucio Tommaso de Paolis, Patrick Bourdot, and Anto-
nio Mongelli, editors, Augmented Reality, Virtual Reality,
and Computer Graphics, volume 10325 of Lecture Notes in
Computer Science, pages 431–446. Springer International
Publishing, Cham, 2017. ISBN 978-3-319-60927-0. doi:
10.1007/978-3-319-60928-737.

http://proquest.tech.safaribooksonline.de/9780133390599
http://proquest.tech.safaribooksonline.de/9780133390599
http://dl.acm.org/citation.cfm?id=523977.836072
http://dl.acm.org/citation.cfm?id=523977.836072


56 Bibliography

Noah Coomer, Sadler Bullard, William Clinton, and Betsy
Williams-Sanders. Evaluating the effects of four vr lo-
comotion methods. In Stephen N. Spencer, Douglas W.
Cunningham, Cindy Grimm, and Peter Jason Willem-
sen, editors, Proceedings, SAP 2018, pages 1–8, New
York, New York, 2018. The Association for Comput-
ing Machinery, Inc. ISBN 9781450358941. doi: 10.
1145/3225153.3225175. URL https://dl.acm.org/
citation.cfm?id=3225153.3225175.

Rudolph Darken and Barry Peterson. Spatial orientation,
wayfinding, and representation. In Kelly Hale and Kay
Stanney, editors, Handbook of Virtual Environments, vol-
ume 20143245 of Human Factors and Ergonomics, pages
467–491. CRC Press, 2014. ISBN 978-1-4665-1184-2. doi:
10.1201/b17360-24.

Fred D. Davis, Richard P. Bagozzi, and Paul R. Warshaw.
User acceptance of computer technology: A comparison
of two theoretical models. Management Science, 35(8):982–
1003, 1989. ISSN 0025-1909. doi: 10.1287/mnsc.35.8.982.

Randal C. Foster, Lorraine M. Lanningham-Foster, Chin-
may Manohar, Shelly K. McCrady, Lana J. Nysse, Ken-
ton R. Kaufman, Denny J. Padgett, and James A. Levine.
Precision and accuracy of an ankle-worn accelerometer-
based pedometer in step counting and energy expendi-
ture. Preventive medicine, 41(3-4):778–783, 2005. ISSN
0091-7435. doi: 10.1016/j.ypmed.2005.07.006.

Beverly K. Jaeger and Ronald R. Mourant. Comparison
of simulator sickness using static and dynamic walk-
ing simulators. Proceedings of the Human Factors and Er-
gonomics Society Annual Meeting, 45(27):1896–1900, 2001.
ISSN 1541-9312. doi: 10.1177/154193120104502709.

Robert S. Kennedy, Norman E. Lane, Kevin S. Berbaum,
and Michael G. Lilienthal. Simulator sickness question-
naire: An enhanced method for quantifying simulator
sickness. The International Journal of Aviation Psychol-
ogy, 3(3):203–220, 1993. ISSN 1050-8414. doi: 10.1207/
s15327108ijap03033.

Ernst Kruijff, Alexander Marquardt, Christina Trepkowski,
Robert W. Lindeman, Andre Hinkenjann, Jens Maiero,

https://dl.acm.org/citation.cfm?id=3225153.3225175
https://dl.acm.org/citation.cfm?id=3225153.3225175


Bibliography 57

and Bernhard E. Riecke. On your feet! In Christian
Sandor, Robert Teather, Evan Suma, and Kyle Johnsen,
editors, Proceedings of the 2016 Symposium on Spatial User
Interaction - SUI ’16, pages 149–158, New York, New
York, USA, 2016. ACM Press. ISBN 9781450340687. doi:
10.1145/2983310.2985759.

Chengyuan Lai, Ryan P. McMahan, and James Hall. March-
and-reach: A realistic ladder climbing technique. In
Rob Lindeman, editor, 2015 IEEE Symposium on 3D User
Interfaces (3DUI), pages 15–18, Piscataway, NJ, 2015.
IEEE. ISBN 978-1-4673-6886-5. doi: 10.1109/3DUI.2015.
7131719. URL https://ieeexplore.ieee.org/
document/7131719.

William B. Lathrop and Mary K. Kaiser. Perceived orien-
tation in physical and virtual environments: Changes
in perceived orientation as a function of idiothetic in-
formation available. Presence: Teleoperators and Virtual
Environments, 11(1):19–32, 2002. ISSN 1054-7460. doi:
10.1162/105474602317343631.

Joseph J. LaViola. 3D user interfaces: Theory and practice.
Addison-Wesley, Boston, second edition edition, 2017.
ISBN 978-0134034324. URL http://proquest.tech.
safaribooksonline.de/9780134034478.

Ben Lawson and Bernhard Riecke. Perception of body mo-
tion. In Kelly Hale and Kay Stanney, editors, Handbook of
Virtual Environments, volume 20143245 of Human Factors
and Ergonomics, pages 163–195. CRC Press, 2014. ISBN
978-1-4665-1184-2. doi: 10.1201/b17360-10.

George Lepouras, Dimitrios Charitos, Costas Vassilakis,
Anna Charissi, and Leda Halatsi. Building a vr-museum
in a museum. In Proc. of VRIC Virtual Reality International
Conference, 2001.

Y. Malhotra and D. F. Galletta. Extending the technology
acceptance model to account for social influence: theoret-
ical bases and empirical validation. In Ralph H. Sprague,
editor, System Sciences, 1999, page 14, Los Alamitos, 1999.
IEEE Computer Society Press. ISBN 0-7695-0001-3. doi:
10.1109/HICSS.1999.772658.

https://ieeexplore.ieee.org/document/7131719
https://ieeexplore.ieee.org/document/7131719
http://proquest.tech.safaribooksonline.de/9780134034478
http://proquest.tech.safaribooksonline.de/9780134034478


58 Bibliography

Morgan McCullough, Hong Xu, Joel Michelson, Matthew
Jackoski, Wyatt Pease, William Cobb, William Kalescky,
Joshua Ladd, and Betsy Williams. Myo arm. In Laura
Trutoiu, Michael Geuss, Scott Kuhl, Betsy Sanders, and
Rafal Mantiuk, editors, Proceedings of the ACM SIG-
GRAPH Symposium on Applied Perception - SAP ’15, pages
107–113, New York, New York, USA, 2015. ACM Press.
ISBN 9781450338127. doi: 10.1145/2804408.2804416.

Jonathan Mendelson, Jennifer Lee Gibson, and Jennifer
Romano-Bergstrom. Displaying videos in web surveys.
Social Science Computer Review, 35(5):654–665, 2017. ISSN
0894-4393. doi: 10.1177/0894439316662439.

Charilaos Papadopoulos, Daniel Sugarman, and Arie Kauf-
mant. Nunav3d: A touch-less, body-driven interface
for 3d navigation. In 2012 IEEE Virtual Reality (VR),
pages 67–68. IEEE, 2012. ISBN 978-1-4673-1246-2. doi:
10.1109/VR.2012.6180885.

Julie Rico and Stephen Brewster. Usable gestures for mo-
bile interfaces. In Elizabeth Mynatt, Don Schoner, Geral-
dine Fitzpatrick, Scott Hudson, Keith Edwards, and Tom
Rodden, editors, Proceedings of the 28th international con-
ference on Human factors in computing systems - CHI ’10,
page 887, New York, New York, USA, 2010. ACM Press.
ISBN 9781605589299. doi: 10.1145/1753326.1753458.

Bernhard E. Riecke, Bobby Bodenheimer, Timothy P. McNa-
mara, Betsy Williams, Peng Peng, and Daniel Feuereis-
sen. Do we need to walk for effective virtual reality
navigation? physical rotations alone may suffice. In
David Hutchison, Takeo Kanade, Josef Kittler, Jon M.
Kleinberg, Friedemann Mattern, John C. Mitchell, Moni
Naor, Oscar Nierstrasz, C. Pandu Rangan, Bernhard Stef-
fen, Madhu Sudan, Demetri Terzopoulos, Doug Tygar,
Moshe Y. Vardi, Gerhard Weikum, Christoph Hölscher,
Thomas F. Shipley, Marta Olivetti Belardinelli, John A.
Bateman, and Nora S. Newcombe, editors, Spatial Cog-
nition VII, volume 6222 of Lecture Notes in Computer Sci-
ence, pages 234–247. Springer Berlin Heidelberg, Berlin,
Heidelberg, 2010. ISBN 978-3-642-14748-7. doi: 10.1007/
978-3-642-14749-421.

Roy A. Ruddle and Simon Lessels. For efficient naviga-



Bibliography 59

tional search, humans require full physical movement,
but not a rich visual scene. Psychological science, 17(6):
460–465, 2006. ISSN 0956-7976. doi: 10.1111/j.1467-9280.
2006.01728.x.

M. E.L. Slater, Martin Usoh, and Anthony Steed. Steps and
ladders in virtual reality. In G. Singh, S. K. Feiner, and
D. Thalmann, editors, Virtual Reality Software and Tech-
nology, pages 45–54. WORLD SCIENTIFIC, 1994. ISBN
978-981-02-1867-6. doi: 10.1142/97898143509380005.

Mel Slater, Martin Usoh, and Anthony Steed. Taking steps:
the influence of a walking technique on presence in vir-
tual reality. ACM Transactions on Computer-Human Inter-
action, 2(3):201–219, 1995. ISSN 10730516. doi: 10.1145/
210079.210084.

James N. Templeman, Patricia S. Denbrook, and Linda E.
Sibert. Virtual locomotion: Walking in place through
virtual environments. Presence: Teleoperators and Virtual
Environments, 8(6):598–617, 1999. ISSN 1054-7460. doi:
10.1162/105474699566512.

Sam Tregillus and Eelke Folmer. Vr-step. In Jofish Kaye,
Allison Druin, Cliff Lampe, Dan Morris, and Juan Pablo
Hourcade, editors, Proceedings of the 2016 CHI Conference
on Human Factors in Computing Systems - CHI ’16, pages
1250–1255, New York, New York, USA, 2016. ACM Press.
ISBN 9781450333627. doi: 10.1145/2858036.2858084.

Sam Tregillus, Majed Al Zayer, and Eelke Folmer. Hands-
free omnidirectional vr navigation using head tilt. In
Gloria Mark, Susan Fussell, Cliff Lampe, m.c schraefel,
Juan Pablo Hourcade, Caroline Appert, and Daniel Wig-
dor, editors, Proceedings of the 2017 CHI Conference on Hu-
man Factors in Computing Systems - CHI ’17, pages 4063–
4068, New York, New York, USA, 2017. ACM Press. ISBN
9781450346559. doi: 10.1145/3025453.3025521.

M. Treisman. Motion sickness: an evolutionary hypothesis.
Science (New York, N.Y.), 197(4302):493–495, 1977. ISSN
0036-8075. doi: 10.1126/science:301659.

Anette von Kapri, Tobias Rick, and Steven Feiner. Compar-
ing steering-based travel techniques for search tasks in a
cave. pages 91–94, 2011. doi: 10.1109/VR.2011.5759443.



60 Bibliography

Jia Wang and R. W. Lindeman. Comparing isometric and
elastic surfboard interfaces for leaning-based travel in 3d
virtual environments. In 2012 IEEE Symposium on 3D User
Interfaces (3DUI), pages 31–38. IEEE, 2012. ISBN 978-1-
4673-1205-9. doi: 10.1109/3DUI.2012.6184181.

Preston Tunnell Wilson, William Kalescky, Ansel
MacLaughlin, and Betsy Williams. Vr locomotion. In
Yiyu Cai and Daniel Thalmann, editors, Proceedings of the
15th ACM SIGGRAPH Conference on Virtual-Reality Con-
tinuum and Its Applications in Industry - VRCAI ’16, pages
243–249, New York, New York, USA, 2016. ACM Press.
ISBN 9781450346924. doi: 10.1145/3013971.3014010.

Neil Zhao. Full-featured pedometer design realized with
3-axis digital accelerometer. Analog Dialogue, 44(06):1–5,
2010.



Typeset October 12, 2019


	Abstract
	Überblick
	Acknowledgements
	Conventions
	Introduction
	Research Questions
	Outline

	Related Work
	Horizontal Locomotion
	Velocity Control
	Arm-Swinging
	Arm-Cycling
	VRStep

	Steering Control
	Walking-in-Place with Lean-directed steering


	Vertical Movement
	Ladders


	Discussing Locomotion Methods
	Walking-in-Place With Hand-directed Steering
	Walking-in-Place With Gaze-directed Steering
	Walking-in-Place with the use of Ladders
	Walking-in-Place with the use of Platforms
	Arm-Cycling With Gaze-directed Steering
	Arm-Cycling With Swim-directed Steering



	Preliminary study
	Study Design
	Results
	Evaluation of the preliminary study

	User Study
	Hypotheses
	Apparatus
	Implementation
	Implementation of Walking-in-Place
	Implementation of Arm-Cycling
	Implementation of Gaze-directed steering
	Implemetation of Platform-travel
	Implementation of Ladder-traveling
	Implementation of Hand-directed steering

	Study Design
	Results

	Evaluation
	Velocity control
	Steering Control
	Qualitative Feedback
	Implications

	Summary and Future Work
	Summary and Contributions
	Future work

	Bibliography
	Index

