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ABSTRACT
Due to its multimodal nature virtual reality technology imposes
new challenges, for example, when it comes to navigating through
a virtual environment. Joystick-based controls and teleportation
techniques support only limited self-motion experiences, however,
other techniques such as redirected walking provide promising
solutions to enable near-natural walking, while overcoming limits
of the physical space. In this article, we report an experiment that
analyzed the effects of the three different locomotion techniques,
i. e., (i) joystick-based, (ii) teleportation, and (iii) redirected walking,
on the user’s cognitive map building of an indoor virtual environment, as well as effectiveness, motion sickness, presence, and user
preferences. Our results suggest that redirected walking performs
best regarding the user’s ability to unconsciously acquire spatial
knowledge about the virtual environment. Redirected walking and
teleportation were subjectively preferred over joystick by the participants. Furthermore, we found a significant effect of an increased
motion sickness for joystick-based navigation. Hence, redirected
walking as well as teleportation are locomotion techniques with
different benefits and drawbacks, and should be preferred.
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1

INTRODUCTION

In virtual reality (VR), navigation is one of the most important and
frequently used interaction tasks [6]. By far the most basic and
natural form of active travel (sometimes denoted as locomotion) is
bipedal walking [24]. This is due to the involvement of additional
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human senses in the interaction compared to other locomotion
techniques. In particular, in addition to vision and audio, walking
supports the proprioceptive and the vestibular senses while the user
moves through the virtual environment (VE). However, when using
other locomotion techniques, e.g. joystick-like controllers (JS), in
VR, a user gets conflicting movement cues from proprioception,
the vestibular sense and from vision. Though the eyes perceive
the motion, the inner ear, which is sensitive to acceleration and
orientation, does not perceive the same (or sometimes any) information, which is the major cause for cyber sickness according to the
sensory-conflict theory [18]. Furthermore, this discrepancy can also
affect the sense of presence in the VE [26]. Hence, natural locomotion user interfaces based on real walking in VEs support a veridical
model of reality, and have been proven to be beneficial for many
applications, such as training, rehabilitation, or entertainment [24].
However, real walking generates the problem that the application
is limited to the available tracking space in the physical environment; recent commodity VR hardware like the HTC Vive provide
only about 4 × 4 meters. Hence, to overcome this limitation novel
locomotion techniques are required. Today, a lot of VR applications
make use of some kind of teleportation (TP) technique. With TP
techniques, a user can travel over large distances by specifying the
travel destination, for example, using an input device such as a
wand. After the TP has been initiated, for instance, with a button
press, the user’s viewpoint is transferred to the corresponding target position either in a discrete jump or using a smooth viewpoint
animation. Redirected walking (RDW) is an alternative technique
to overcome the limits of the tracked space [20]. While RDW is
based on real walking, the approach guides the user on a path in the
real world, which may vary from the path the user perceives in the
VE. This is done through manipulations applied to the displayed
scene, causing users to unknowingly compensate for scene motions
by repositioning and/or reorienting themselves. RDW without the
user’s awareness is possible because the sense of vision dominates
proprioception [2] and slight differences between vision and proprioception are not noticeable in cases where the discrepancy is
small enough [23].
Obviously, the described locomotion techniques have their benefits and drawbacks. However, an important question is what kind of
effects the different techniques have on important aspects related
to movements through a VE. In particular, when the users main
task is to explore a VE, it is essential that they get a reasonable
spatial knowledge of the VE. In this context, the task to acquiring
spatial knowledge is called cognitive map building [6]. To own
such a cognitive map is essential for many tasks such as training,
architecture, or real estate. Therefore, an important question is if
and how a locomotion technique might influence the cognitive map
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building of the user. Varying qualities of multimodal feedback provided by the different locomotion techniques may evoke or provide
different levels of motion sickness, sense of presence, or usability,
which in turn might affect task performance, effectiveness, and
efficiency. There is a vast body of literature comparing the performance of different locomotion techniques in VR. However, RDW
and TP have not been directly compared in typical room-scale VR
setups for exploring indoor VEs with a focus on cognitive map
building. Furthermore, recent implementations of these techniques
in novel consumer hardware might also affect the performance of
these techniques, since several parameters have significantly improved in recent years, such as latency, field of view, resolution etc.
Hence, this work also evaluates if a replication of previous results
is possible on current hardware.
This article presents an experiment that compares RDW, TP
and JS techniques with a focus on cognitive map building. In addition, other aspects such as motion sickness, presence, effectiveness,
and user preferences are also considered. The remainder of this
article is structured as follows. Section 2 discusses previous work
about locomotion in VR, especially redirected walking and teleportation, as well as comparative studies on spatial knowledge
are discussed. Section 3 describes in detail the three considered
locomotion techniques of the experiment. Section 4 explains the
experiment. Section 5 summarizes the results, which are discussed
in Section 6. Section 7 concludes the article and gives an outlook
on future work.

2

RELATED WORK

Bowman [5] divides VR navigation tasks into cognitive and motor
components: (i) wayfinding and (ii) travel. Wayfinding is defined
as the building and maintaining of a spatio-cognitive map and
is essential for identifying how to get from one place to another.
Travel rely on the informations gained by the wayfinding task, but
in return, the travel technique might support wayfinding up to a
certain degree. At its core, travel involves the movement of the
viewpoint within the VE from one location to another. LaViola et al.
provide a comprehensive overview over travel techniques evaluated
in research [17] and they classify them into steering, selection-based
travel, manipulation-based travel, and walking. Steering techniques
are for example gaze-directed steering where the user is moving
in their gaze direction or optionally in the lateral directions [10].
Selection-based travel requires the user to perform a selection task,
e.g. by pointing to a destination in the virtual world, which can
teleport the user’s viewpoint to the target location [4, 8, 28].
The most natural solution for travel is real walking, but the
limitations of the physical space reduce its usage as explained above.
RDW [20] is one approach that tries to exploit the benefits offered
by real walking [26] without the need for an infinitely large tracking
space. RDW can be implemented by slightly rotating the user’s view
to one direction while she wants to walk on a straight path in the VE.
Then, she will unconsciously compensate the rotation by turning in
the opposite direction. As a results, the user will walk on a circular
arc in the real world. According to Steinicke et al. [23], a straight
path in the VE can be curved into a circular arc in the real world
with a radius of at least 22m, while users are not able to reliably
detect the manipulations. Since this is still to large for the most
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tracking spaces, it can happen that the user hits a boundary. In this
case, she needs to be stopped and reset, i. e., turned around to face
towards the center of the tracking space again [25]. Another method
of RDW that has no need for these resetting phases was introduced
by Langbehn et al. [16]. The idea is based on mapping curved virtual
paths to curved real paths with different radii. The paths in the
real world are connected at specific joint points at which the user
can change her walking direction. This way, the boundaries of the
tracking space are never hit as long as the user stays on the predefined paths. The possible size of the VE is significant larger than
the real world tracking space. Langbehn et al. have shown that
users can be guided within a physical room-scale space (of less than
5×5), whereas the VE, which can be explored by RDW, can have
dimensions of more than 10×10 meter, which is sufficient for many
indoor-applications [16].
In previous work, several of the above mentioned locomotion
techniques have been compared regarding different aspects. In
general, these studies suggest that natural techniques are slightly
advantageous to semi- or non-natural techniques when it comes to
sense of presence [26] or user preferences [8]. Teleportation was
compared to joystick and real walking with portals that were used
to reorient the user in the tracking space [13]. Teleportation was
faster than real walking, but led to an increased loss of orientation
compared to joystick. Peck et al. compared RDW to walking-inplace and joystick regarding navigational ability (i.e., the performance during a search task) and reported that participants ‘traveled
shorter distances, made fewer wrong turns, pointed to hidden targets more accurately and more quickly, and were able to place and
label targets on maps more accurately‘ when using RDW [19]. It
was also found that body-based informations like proprioception
improved navigational performance as well as the user’s cognitive
maps [21, 22]. Though it is a very popular and easy solution for
travel, after teleporting, it takes some time for the user to understand her new surroundings, potentially leading to disorientation,
which in turn can break the feeling of presence [13, 22, 26]. Bowman
et al. found that instant teleportation is correlated with decreased
spatial orientation [7]. Similar results regarding spatial orientation
and teleportation were found by Bakker et al. [1] and Cliburn et
al. [11]. Though, RDW benefits from the same body-based feedback
(proprioception etc.) as real walking, it might still perform worse
since Bruder et al. found that RDW imposes cognitive demands on
the user which have an influence on spatial tasks [9].

3

JOYSTICK, TELEPORTATION AND
REDIRECTED WALKING TECHNIQUES

As described in Section 2, previous work compared different locomotion techniques. It is known that TP causes spatial disorientation,
which could be reduced by continuous JS, and that RDW improves
cognitive map building, but so far it is not known how TP and RDW
perform in comparison to each other.
For these reasons we decided to compare three different techniques in our experiment:
(1) JS: joystick-based,
(2) TP: teleportation, and
(3) RDW: redirected walking.

Evaluation of Locomotion Techniques for Room-Scale VR:
Joystick, Teleportation, and Redirected Walking

VRIC’18, April 4-6, 2018, Laval, France
on pre-defined paths. In our experiment, the paths are not shown
directly to the participants, but are provided by the arrangement of
furniture and objects of the VE. Furthermore, for generalization of
the results, it is important to understand that for each RDW method
the basic approach is the same: there is a discrepancy between visual
and proprioceptive feedback.

4
(a)

(b)

(c)

Figure 1: Illustration of the three compared locomotion techniques: (a) Joystick-based navigation, (b) Teleportation, and
(b) Redirected walking using the method from Langbehn et
al. [16]: virtual paths (green) are mapped to paths in the real
world (red).

These are currently the locomotion techniques that can be implemented with commodity VR setups without additional bulky or experimental hardware. Furthermore, they provide different qualities
of multimodal feedback. RDW offers visual as well as proprioceptive and vestibular feedback. JS offers only visual feedback during
transitional movements, whereas the user herself is not moving.
However, for rotational movements the user perceives vestibular
and proprioceptive cues as well. Instant TP does not provide visual, proprioceptive or vestibular feedback during the teleportation.
There is only visual feedback before and after the teleportation.
Even though, these techniques provide different feedback about the
user’s self-motion, each of them can be used to implement locomotion in a restricted tracking space of 4m × 4m. This is also the reason
why we did not add real walking as a condition to the experiment,
which is not leasable to explore VEs, which are typically larger than
this confined space. In particular, we are interested in analyzing the
effects on cognitive map building for locomotion techniques that
can be applied in current VR applications. Furthermore, the focus
of this work is on traveling near and medium distances usually
required to explore indoor VEs such as an office building or real
estate. The three described techniques JS, TP and RDW are suitable
for this.
The joystick-based navigation JS (see Figure 1 (a)) was implemented using a touchpad. Using this feature, the user is able to
walk forwards, backwards, to the left, and to the right by moving
her thumb on the touchpad. Rotations are only possible by actual
head rotations.
The teleportation technique TP (see Figure 1 (b)) consists of two
phases: a pointing phase in which the user chooses a target location
and the actual teleportation phase, which is instantly carried out
when pressing a button on the controller. During the pointing
phase, the user can see a dotted arc that points at the ground of the
currently chosen target location.
For RDW (see Figure 1 (c)), we decided to use the method introduced by Langbehn et al. [16] because it enables walking in
room-scale VR without the need for interrupting resetting phases.
Indeed, this technique has the limitation that the user must walk

EXPERIMENT

In this experiment, we analyze the effects of locomotion techniques
on cognitive map building in VR, and furthermore consider other
essential aspects of VEs such as motion sickness, sense of presence, and effectiveness of the locomotion technique. Based on the
previous work described in Section 2, we define the following hypotheses:
H1 RDW will provide better spatial knowledge than JS and TP
(based on [7, 19]).
H2 JS will induce higher motion sickness symptoms than RDW
and TP (based on [18]).
H3 RDW will provide higher sense of presence than JS and TP
(based on [26]).

4.1

Participants

33 participants (9 female, 23 male, and 1 other, ages 21 − 38, M = 25.2)
completed the experiment, i. e., 11 participants per group. The participants were students, who obtained class credit for their participation, or members of the local department of computer science.
All of our participants had normal or corrected-to-normal vision. 13
participants wore glasses during the experiment and 1 wore contact
lenses. None of our participants reported a disorder of equilibrium.
None of our participants reported a strong eye dominance. 1 of
our participants reported an astigmatism. No other vision disorders have been reported by our participants. 27 participants had
experiences with HMDs before. The most frequent response, i. e.,
the mode, when asked for the experience with 3D stereoscopic
displays (cinema, games etc.) in a range of 1 (no experience) to
5 (much experience) was 4.Most of them had a lot of experience
with 3D computer games (mode = 5 in a range of 1 = no experience
to 5 = much experience) and they usually played 7.09 hours per
week on average (SD = 8.01). The body height of the participants
varied between 1.57 − 1.88m (M = 1.77m, SD = 0.09m). The total
time per participant, including pre-questionnaires, instructions,
experiment, post-questionnaires, and debriefing, was 30-40 minutes. Participants wore the HMD for approximately 15 minutes.
They were allowed to abort the experiment at any time. Before
the experiment, all participants received informed consent and detailed instructions on how to perform the experimental task. All
participants were naive to the purpose of the experiment. They
filled out a demographic questionnaire after the experiment and
a questionnaire about their experiences with games, VR, and 3D
stereoscopic displays before the experiment.

4.2

Materials

The experiment took place in a 6m × 10m laboratory room. We
instructed the participants to wear an HTC Vive HMD (see Figure 2),
which provides a resolution of 1080 × 1200 pixels per eye with an
approximately 110◦ diagonal field of view and a refresh rate of
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Figure 2: Illustration of the experimental setup: A user (inset) navigates through the VE.

90 hz. Positional and rotational tracking was implemented by a
lighthouse tracking system that is delivered with the HTC Vive.
The lighthouse system was calibrated so that there was an available
walking space of 4m × 4m. The participants received instructions
on slides presented on the HMD. An HTC Vive controller served
as an input device via which the participants provided responses
during the experiment. For rendering, system control and logging
we used an Intel computer with 3.5 GHz Core i7 processor, 32GB
of main memory and two Nvidia Geforce GTX 980 graphics card.
The VE was rendered using the Unity3D engine 5.6 and showed a
room in a science-fiction inspired space station to the participants
of the experiment (see Figure 2). The room had a size of 13.9m ×
10.4m. For the interior of the VE, we used objects known from the
real world that are easy to identify for the participants like chairs,
tables, a bed, and plants.
For the RDW method, we used the implementation that is available on Github1 . We applied bending gains between 1.5 and 3, which
are below the detection thresholds identified by the experiments by
Langbehn et al. [16]. For TP and JS, we used the implementations
integrated in the VRTK Unity-Plugin2 without modfying them.

4.3

Methods

We used a between-subjects experimental design with 3 groups.
Each group used one of the described locomotion techniques resulting in a JS group, a TP group, and a RDW group (see Figure 1).
In the experiment, the participants had to navigate to several
targets, which were visualized as colored semi-transparent pillars
(see Figure 2 and Figure 3). Only one target was visible at a time.
When participants reached the current target, it disappeared and the
next target appeared. In total, there were five targets as illustrated in
Figure 3, which were identical for all three groups. The participants
were not allowed to walk through virtual objects. Hence, they
walked paths as marked in the figure, for instance.
1 ht tps

2 ht tps

: //дit hub .com/kl nдbhn/RDW _Curved P at hConf iдur ator
: //www .asset st or e .unity3d .com/en/#!/cont ent /64131

Figure 3: The VE as top-down view. Participants started and
ended at the grey target. The target order was yellow, green,
blue, red.

In order to analyze the effects of the different locomotion techniques on cognitive map building, the participants had to fulfill a
pointing task as well as a spatial arrangement task. Finally, they had
to sketch the layout of the room. These methods were successfully
used in previous experiments [3, 11, 19].
After reaching the last target, the participants were asked to
point to the position of the targets in the order of appearance.
During this task, they were able to see the virtual indoor room,
but the targets were not displayed anymore. For each target, we
saved the angle error between the direction vector to the actual
target position and the pointed direction. Using this metric, an
angle error of 0◦ corresponds to a perfect estimation, whereas
180◦ corresponds to the maximum error resulting from pointing in
the opposite direction. Directly after the pointing task, the screen
turned black and the participants were asked to verbally estimate
the length and width of the room size in meters. After donning off
the HMD, the participants had to draw a 2D map of the VE on a
piece of paper. Afterwards, the participants were provided with
a piece of paper with the outlines of the virtual room as well as
a set of all furnitures and objects of the room (see Figure 7). The
room was scaled down to an extent of 17.5cm × 23.3cm to fit a DIN
A4 format. Of course, all objects were scaled down accordingly as
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well. The participant’s task was to arrange all objects on the 2D
ground plan in such a way they remembered them from the VE
exposure (see Figure 3). If they could not remember the position
and orientation of an object, they were told to guess.
We were interested in how far the different locomotion techniques affect cognitive map building while participants were using
the techniques. Hence, during the VR exposure participants were
not aware that they had to complete the spatial arrangement task
and the drawing task, but they were told before to remember the
position of the targets. In addition, we measured motion sickness,
sense of presence, and user preferences using questionnaires. The
participants filled out the Kennedy-Lane simulator sickness questionnaire (SSQ) [14] before and after the experiment. In addition, the
participants filled out the Slater-Usoh-Steed (SUS) presence questionnaire [27] after the experiment. The participants were asked
how much they liked the used locomotion technique on a five-point
Likert scale. Finally, we measured the time, which was required to
complete the task.
All participants completed a training trial with two targets,
which were not considered in the analysis. They were allowed
to stay as long as they wanted in the training environment in order
to get familiar with the locomotion techniques.

5

technique on the angle error for target 1; F (1, 31) = .329, p = .571.
A Shapiro-Wilk test reveals that the data is not normally distributed
for target 2. Hence, we analyzed the results with a Kruskal-Wallis
test at the 5% significance level. We found a significant effect of the
locomotion technique on the angle error for target 2 (p = .00853). A
post-hoc test using Mann-Whitney tests with Bonferroni correction
showed significant differences between RDW and TP (p = .017) and
between JS and TP (p = .045). A Shapiro-Wilk test reveals that the
data is not normally distributed for target 3. Hence, we analyzed
the results with a Kruskal-Wallis test at the 5% significance level.
We found no significant effect of the locomotion technique on the
angle error for target 3 (p = .9153). A Shapiro-Wilk test reveals that
the data is not normally distributed for target 4. Hence, we analyzed
the results with a Kruskal-Wallis test at the 5% significance level.
We found no significant effect of the locomotion technique on the
angle error for target 4 (p = .154).
Target
JS
TP
RDW

RESULTS

Figure 4 shows the results of the pointing task and Table 1 shows the
average angle errors and standard deviations. A Shapiro-Wilk test
did not indicate that the assumption of normality had been violated
for target 1. We analyzed the results with an ANOVA at the 5%
significance level. We found no significant effect of the locomotion

1st Target
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2nd Target

3rd Target

4th Target

JS:

TP:

RDW:

Figure 4: Results of the pointing task for JS (top), TP (middle), and RDW (bottom). The center point of the circle is the
position of the participant and the dotted white line is the
direction to the actual target position. A colored line is the
response of one participant. This is shown for the first (yellow), second (green), third (blue), and fourth (red) target.

1st

2nd

3rd

4th

63.55◦
(SD = 52.68)
45.88◦
(SD = 42.88)
75.81◦
(SD = 52.58)

51.25◦
(SD = 53.59)
16.93◦
(SD = 31.71)
71.33◦
(SD = 65.48)

43.14◦
(SD = 52.57)
46.86◦
(SD = 50.21)
35.67◦
(SD = 48.87)

40.24◦
(SD = 29.53)
17.4◦
(SD = 22.52)
29.54◦
(SD = 22.83)

Table 1: Average angle error and standard deviation of the
pointing task for JS, TP, and RDW.

We analyzed the estimations for width as well as length of
the virtual room. A Shapiro-Wilk test showed that this data is
not normally distributed. Therefore, we analyzed the results with
a Kruskal-Wallis test at the 5% significance level. We found no
significant effect of the locomotion technique on size estimation
for length (p = .54) and for width (p = .95). In general, participants underestimated the size of the room (Ml enдth = 8.62m,
SDl enдth = 4.21m and Mwidth = 7.54m, SDl enдth = 4.31m, while
it was actually 13.9m × 10.4m).
The drawings of the VE (see Figure 7) were judged by an uninvolved person on a scale from 1 (totally wrong) to 10 (perfect). This
judge was neither a participant nor a supervisor of the experiment.
The task for the judge was to compare the drawings to a 2d presentation of the virtual environment. Figure 5 shows the results. A
Shapiro-Wilk test did not indicate that the assumption of normality
had been violated We analyzed the data with an ANOVA at the 5%
significance level. We found no significant main effect of the locomotion technique on the drawing score; F (2, 30) = .45, p = .642.
For the analysis of the arrangement task, we had to exclude 3 participants (one from each group), who did not place all objects. For
the remaining 30 participants, we measured the distances between
the arranged positions of all objects and their actual positions in
the virtual room. Figure 5 (c) shows the results of these measurements. A Shapiro-Wilk test showed that this data is not normally
distributed. We analyzed the data with a Kruskal-Wallis test at the
5% significance level. We found a significant main effect of the
locomotion technique on position judgements (p = .002). Tukey
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6

6
15

Score

Distance

4

Score

4

2

2

0

5

0
JS

TP

RDW

10

0
JS

Technique

TP

RDW

JS

TP

Technique

(a)

RDW

Technique

(b)

(c)

Figure 5: The ratings for the drawing task (a) and the arrangement task (b) as well as the results of the arrangement task (c).
The y-axis shows the scores or distances, respectively, and the x-axis the different locomotion techniques.

post-hoc tests showed significant differences at the 5% significance
level between judgements in conditions for RDW and TP (p = .0037)
and for RDW and JS (p = .0151), but not for TP and JS (p = .8977).
Hence, users in the RDW group performed significantly better in
the spatial arrangement task compared to users from the TP and JS
groups.
Additionally, two uninvolved persons judged all arrangements on
a scale from 1 (completely wrong) to 10 (perfect). These judges were
neither participants nor supervisors of the experiment. The task for
the judges was to compare the arrangements to a 2d presentation of
the virtual environment. Figure 5 shows the results. A Shapiro-Wilk
test showed that this data is not normally distributed. We analyzed
the data with a Kruskal-Wallis test at the 5% significance level. We
found no significant main effect of the locomotion technique on
the arrangement score (p = .1849).
Table 2 shows the mean SSQ-scores (M) and standard deviations
(SD). A Shapiro-Wilk test showed that the data is not normally
distributed. Hence, we analyzed the results with a Wilcoxon test
at the 5% significance level. We found no significant effect of a
change of motion sickness for RDW (p = .5068) and TP (p = .1173).
However, the analysis revealed a significant effect of the increase
of motion sickness for the JS group (p = .03545).
JS*

TP

RDW

M
SD

6.07
6.67

12.15
10.26

5.61
6.96

M
SD

14.73
13.62

7.01
6.38

6.78
6.58

Table 2: Mean SSQ-scores before (top) and after (bottom) the
experiment for JS, TP, and RDW. The increase for the JS
group is statistically significant.

The SUS questionnaire for the sense of feeling present in the VE
consists of six questions and five-point Likert scales [27]. The SUSscore is taken as the number of ′ 4 ′ and ′ 5 ′ responses. Table 3 shows
the mean SUS-scores (M) and standard deviations (SD). A ShapiroWilk test did not indicate that the assumption of normality had

been violated. Therefore, we analyzed the results with an ANOVA
at the 5% significance level. We found no significant effect of the
locomotion technique on SUS-score; F (1, 31) = 2.065, p = .161.

M
SD

JS

TP

RDW

2.82
1.94

3.09
1.81

3.82
1.08

Table 3: Mean SUS-scores for JS, TP, and RDW. No significant
effects.

We measured the time participants needed to complete the task
from the start position to the last target. Table 4 shows the mean
travel time (M) and standard deviations (SD). A Shapiro-Wilk test
did not indicate that the assumption of normality had been violated.
Hence, we analyzed the results with an ANOVA at the 5% significance level. We could not find any significant effect of the locomotion technique on task completation time; F (1, 31) = .115, p = .737.

M
SD

JS

TP

RDW

66.19
21.01

54.89
21.44

63.49
10.22

Table 4: Mean travel time in seconds for JS, TP, and RDW. No
significant effects.

We asked the participants how much they liked the used locomotion technique on a five-point Likert scale (see Figure 6). A
Shapiro-Wilk test showed that this data is not normally distributed.
We analyzed the data with a Kruskal-Wallis test at the 5% significance level. We found a significant main effect of the locomotion
technique on preference (p = .0009). Post-hoc tests using pairwise
comparisons with a Mann-Whitney test with Bonferroni correction
showed significant differences at the 5% significance level between
preferences in conditions for JS and TP (p = .0077) and for JS and
RDW (p = .0031), but not for TP and RDW (p = 1.0). Hence, RDW
and TP techniques were preferred significantly over JS.
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5

4

Score

3

2

1

0
JS

TP

RDW

Technique

Figure 6: The preferences of the participants. The y-axis
shows the score and the x-axis the different locomotion techniques.

6

DISCUSSION

The results revealed some significant effects of the locomotion
techniques. Indeed, regarding the pointing task, we could only find
significant differences between the three groups for one of the four
targets. This suggest that the choice between the three locomotion
techniques does not affect the spatial orientation, especially, when
the participants knew that they were supposed to remember the
position of the targets. However, participants from the RDW group
performed significantly better in recalling the interior of the indoor
VE according to the arrangement task measured distances. This
means that RDW improves the cognitive map building, especially,
for those objects on which the user is not consciously focused.
Moreover, the results also show a significant difference between
RDW and JS; the group who used RDW locomotion technique
performed significantly better compared to participants from the
JS group. This finding suggests that visual self-motion feedback
alone is not sufficient to provide reliable cognitive map building,
but it is important that inner body cues such as the vestibular and
proprioceptive sense are stimulated as well. However, the ratings of
the drawing task and the arrangement task did not show significant
differences between the locomotion techniques. Hence, hypothesis
H1 can be partially accepted since we found significant differences
only in some of the tasks that were related to spatial knowledge.
This might be due to the design of the VE as well as the task in the
VE. It might produce more significant results when using a more
interleaved environment that involves a search task.
The results show that motion sickness significantly increased
for participants from the JS group, which confirms hypothesis H2.
These results can be explained by the larger discrepancy between
visual and vestibular as well as proprioceptive cues, which occur
when users are physically stationary while they navigate and move
with a joystick only. But this might also be related to our specific
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implementation of this technique since speed and FOV affect motion sickness significantly [12]. We could not find any significant
increase of motion sickness for RDW and TP. In the TP group, motion sickness even tends to be decreased after the experiment. This
might be because the user is neither moving virtually nor physically
and is able to recover during the task.
Regarding the subjective feeling of presence, our findings show
that the mean SUS-score for RDW was higher than for the TP
group and for the JS group. However, a significant effect could
not be found, which could be due to the small effect size. Hence,
hypothesis H3 cannot be confirmed. Our results suggest that the
effect is either small and that the time that the users spent in the
VE was too short to reveal such an effect. It might be an interesting
question for future research to explore whether or not an effect can
be found.
We could not find any significant differences regarding the task
completion time. Of course, the actual travel time, i. e. jumping
from one point to another, is lower with TP than with RDW or JS.
However, it turned out that the participants actually required some
time for rebuilding their spatial orientation before they could aim
and activate the next teleport. Furthermore, the arrangement of
the objects in the VE (as illustrated in Figure 3) required several
successive teleportations before users could reach the next target.
We found that participants underestimated the size of the virtual
room. Such underestimation effects are often observed in VEs [15].
At least, our results could not reveal any significant differences in
this effect for the different locomotion techniques.
Finally, in the subjective ratings participants significantly preferred RDW and TP techniques over JS. For instance, participants
commented that JS did not feel like being in the VE since it was not
a presence-enhancing locomotion technique. Another participant
stated that he felt a little bit dizzy when using JS. Actually, one
participant of the RDW group reported that he was aware of the
redirection sometimes but that he did not get sick.
In summary, it can be stated that there are different locomotion
techniques for different purposes. In most of the criteria we tested,
RDW and TP are superior to JS. But there might be application
domains where some of these criteria (e. g. presence) are not important. Hence, the designer of a VR application should choose the
locomotion technique that fits best for their context.

7

CONCLUSION

In this paper, we conducted an experiment to evaluate the effects
of three different locomotion techniques with a focus on cognitive
map building, but we also considered motion sickness, sense of
presence, effectiveness and user preferences. Parts of the results
show that RDW allows users to acquire significantly better spatial
knowledge compared to the TP and JS techniques. Furthermore,
RDW and TP were preferred by most of the participants. Finally,
the JS technique lead to a significant increase of motion sickness
compared to the other locomotion techniques. However, we could
not find any significant effects of the locomotion technique on the
user’s sense of presence or the effectiveness regarding the required
completion time. Summarized, our results suggest that RDW and
TP are techniques with different benefits and drawbacks and should
be preferred over JS.
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(b)

(c)

Figure 7: Illustration of the spatial sketching and arrangement tasks: (a) drawing of the virtual room as sketched by one of
the participants, (b) an empty piece of paper with the outlines of the virtual room and a set of all objects of the room, and (c)
a finished arrangement of the objects in the virtual room as completed by one of the participants.
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