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Abstract
We present a new reorientation technique, “hyper-reoriented walking,” which greatly reduces the amount of physical space 
required in virtual reality (VR) applications asking participants to walk along a grid-like path (such as the most common 
layout in department stores). In hyper-reoriented walking, users walk along the gridlines with a virtual speed of twice the 
speed of real walking and perform turns at cross-points on the grid with half the speed of the rotation speed in the physical 
space. The impact of the technique on participants’ sense of orientation and increase in simulator sickness was investigated 
experimentally involving 19 participants walking in a labyrinth of infinite size that included straight corridors and 90° 
T-junctions at the end of the corridors. Walking accuracy was assessed by tracking the position of the head mounted dis-
play, and cyber-sickness was recorded with the simulator sickness questionnaire and with open questions. Walking straight 
forward was found to closely match the ideal path, which is the grid line, but slight errors occasionally occurred when 
participants turned at the T-junctions. A correction algorithm was therefore necessary to bring users back to the gridline. 
For VR experiments in a grid-like labyrinth with paths of 5 m in length, the technique reduces required size of the tracked 
physical walking area to 3 m × 2 m.
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1 Introduction

Exploring environments by moving in space is a common 
task in user studies, for example when studying customer 
behavior inside a store (Doniec et  al. 2020). Similarly, 
usability evaluations of products may force participants to 
move in space, for instance when investigating the ergo-
nomics of entering and exiting passenger vehicles (Lawson 
et al. 2015). There has been a trend toward performing user 
studies in virtual reality (VR) for various reasons, including 
to address safety concerns when research questions require 
confronting users with potentially dangerous situations 
(Shibata et al. 2002), time and cost-effectiveness in stud-
ies requiring a difficult and time-consuming setup (Mottura 
et al. 2003), or ethical issues when humans or animals are 

involved (Balcombe 2004). Furthermore, environmental bias 
is better under control and study settings are fully replica-
ble when user studies are implemented with VR technology 
(Miller 2016). In addition to studies, there is an increasing 
number of use cases where users explore virtual environ-
ments, such as gaming (Zyda 2005), rehabilitation (Meldrum 
et al. 2012), and education (Englund et al. 2017).

When exploring space in VR, there is a need for inter-
faces enabling participants to travel intuitively in virtual 
space. Various techniques have been developed to enable 
easy and efficient locomotion of users in virtual space, such 
as steering-based, selection-based, manipulation-based, and 
walking-based techniques (Al Zayer et al. 2020). The appli-
cability of a specific locomotion technique varies depending 
on the nature of the study and on adverse effects on the par-
ticipants of a study, which are introduced by the technique. 
Altering a user’s virtual position or orientation without 
providing adequate proprioceptive and vestibular stimula-
tion, as with the teleporting repositioning technique, may 
disrupt spatial updating (Cherep et al. 2020) and therefore 
limit the user’s sense of orientation. Similarly, vestibular 
and proprioceptive information gained through locomotion 
by gesture, such as walking in place (Slater et al. 1995; Kim 
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et al. 2021), differs from vestibular and proprioceptive infor-
mation gained when walking in reality and will therefore 
negatively affect the feeling of presence (Usoh et al. 1999).

From a viewpoint of ecological validity, walking in VR 
should be mediated by a technique based on natural walk-
ing (see Cardoso et al. 2019 for an exhaustive survey on 
natural walking techniques in VR). Natural walking in VR 
works well for set-ups in which there is enough physical 
space available to include the simulated virtual space. In 
order to cope with spatial constraints, various walking tech-
niques have been proposed and tested, such as repositioning 
techniques, locomotion using gestures, and redirected walk-
ing (Nilsson et al. 2018). As mentioned above, the first two 
techniques suffer from immense drawbacks such as limiting 
the user’s sense of orientation or generating situations of 
conflicting vestibular and proprioceptive information.

In the beginning of this millennium, Razzaque et al. 
(2001, 2002) introduced the technique of redirected walk-
ing. Redirected walking relies on users’ inability to notice 
small deviations in the virtual representation of the visual 
environment when walking (see Sun et al. 2020 for a sum-
mary of the state-of-art in redirection walking techniques). 
For example, Steinicke et al. (2008, 2010) discovered that 
users can be made to believe that they moved along a straight 
line when in fact they walked in a circle. For the illusion to 
work, the radius of the circle must be at least 22 m, which 
requires a physical space with a floor area of 44 m × 44 m 
or larger. For smaller floor areas, the illusion generates a 
noticeable discrepancy between physical and visual percep-
tion while walking on a long, straight virtual path. Reducing 
the discrepancy by limiting the effect of the illusion, as with 
redirected walking, would cause participants to bump into 
the boundaries of the physical space. This can be avoided 
applying various strategies, such as instructing the users to 
either perform a so-called freeze turn, where they physically 
turn but the visual orientation does not change, or a 2:1 turn, 
where they perform a 180° turn but the visual representa-
tion indicates a full 360° turn (Williams et al. 2007). With 
both methods, users are facing the same direction at the end 
of the turn as they did when they started turning, but their 
body has physically changed orientation and is heading away 
from the boundary of the physical space. Unfortunately, the 
benefit of the 2:1 turning technique is compensated by the 
costs of involving additional cognitive resources (Williams 
et al. 2007). Further, both turning techniques are problematic 
as users are forced to perform a task which not present in 
natural conditions. Consequently, negative effects may break 
the sense of presence of the user.

Negative effects of reorientation techniques based on 
turning are less pronounced if the turns are a natural com-
ponent of the tasks in the virtual environment (Cardoso et al. 
2019). For instance, turns in a store occur at the ends of 
aisles. Situations typically requiring 90° turns at the ends 

of aisles are found in supermarkets and drugstores, where 
displays and aisles typically are arranged in a grid layout 
(Zentes et al. 2017). In such stores, 90° turns are a normal 
part of the walking task and therefore provide favorable con-
ditions for reorientation of the user in the VR environment 
by means of turning techniques. In order to maximize the 
reorientation effect and therefore minimize required dimen-
sions of the physical room, users approaching the boundary 
of the physical space should be forced to physically turn by 
180° so they walk back along the path they used to come. As 
in the case of a virtual store with a grid layout, when users 
are at the end of the aisles they would perform a 180° physi-
cal turn but experience a 90° turn in the VR environment. A 
further room compression could be achieved by also apply-
ing a gain to the speed of walking. We propose a technique 
combining reorientation by turning and applying a gain to 
walking speed, and we called it “hyper-reoriented walking”.

Virtual environments, which could benefit from hyper-
reoriented walking have been reported in the scientific lit-
erature. For instance, in consumer behavior research, grid-
like virtual shops have been used to investigate the effect 
of abnormal looking or perishable fruits and vegetables 
on the perception and purchase behavior (Verhulst et al. 
2017; Lombart et al. 2020), to investigate whether consum-
ers standing in front of a shelf in a real supermarket take 
same decisions as consumers standing in front of a shelf in 
a virtual supermarket (Siegrist et al. 2019), and to inquire 
the consumer behavior when purchasing mass consumption 
products (Quevedo et al. 2018). Grid-like walking paths 
in a virtual environments have also been used in logistics 
research. Reif et al. (2008) used treadmill mediated walking 
through storage shelfs in a virtual warehouse to obtain per-
formance data for planning manual order picking systems.

In this paper, we provide proof of concept for hyper-
reoriented walking in a severely limited space with a floor 
surface of 3 m × 1 m. In our experiment we record walking 
path, motion sickness, perceived orientation and walking 
distance in users exploring an infinitely large VR space. We 
used a labyrinth instead of a store with a square grid layout 
to better give the impression of an infinite space. The laby-
rinth consisted of corridors of equal lengths and ending in 
T-junctions requiring a 90° turn.

2  Related work

A similar reorientation technique as the one we suggest here 
has been proposed by Yu et al. (2018). In the virtual environ-
ment proposed by Yu et al. (2018), users walk along tunnel 
segments. The segments are interconnected at their ends by 
90°. At the end of each tunnel segment, users were required 
to seek a light switch to light up the next tunnel segment. 
While doing so, users were reoriented and physically rotated 
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by 180°. The reorientation was achieved by adding 10% 
rotation speed to the absolute value of the rotation speed 
of the users head, thus added rotations were accumulated 
in the same direction. To achieve the accumulation of rota-
tions, users were motivated to keep turning their head while 
searching for the light switch. The technique proposed by 
Yu et al. (2018) was implemented in a physical space of 
4.6 m × 1.5 m. Their VR environment was experienced by 
dozens of visitors. A couple of impressions reported by the 
visitors are given but the setup of Yu et al. (2018) was not 
assessed by standardized metrics of cyber-sickness, pres-
ence etc.

A redirected walking technique reducing the amount of 
required physical space has been suggested by Langbehn 
et al. (2017). Langehn’s method consists in applying bend-
ing gains (of the order between 2 and 4.35 in an example 
reported in the paper) on several curved physical paths and 
which are intersecting between them. At each intersection, 
users exploring Langbehn’s virtual environment decide 
whether to turn left or right. Given the particular shape of 
the curved paths one of the turns is along the walking direc-
tion and the other forces the user to change the direction 
of walking. As the authors demonstrated (Langbehn et al. 
2017) their technique enables to explore a 25 m × 25 m vir-
tual space within a 5 m × 5 m physical setup.

An early paper investigating the viability of applying 
translational gains to overcome limitations of physical space 
in virtual environments was authored by Williams et al. 
(2006). In their walking experiment Williams et al. (2006) 
assessed the effect of different translational gains (1:1, 2:1, 
10:1) on spatial localization memory. After a learning phase, 
in which users were asked to explore the virtual environment 
by walking and memorize the location of objects, partici-
pants were asked to close their eyes and to point to the object 
randomly selected by the experimenter. As memorization 
performance was not affected by variation in gain, Williams 
et al. (2006) concluded that applying translational gain is 
a feasible technique to use when exploring large virtual 
environments.

Steinicke et al. (2008) investigated the noticeability of 
rotational and translational gains by means of two separate 
psychophysical experiments. In a first experiment partici-
pants were asked to physically turn until they were stopped. 
At the end of the turn participants indicated whether they 
perceived a greater or smaller physical rotation than the 
visually stimulated rotation. Following their results, rota-
tions of 68% more or 10% less than the perceived rotations 
are hardly noticeable. In the second experiment, participants 
were asked to walk a distance of 5 m in a virtual environ-
ment while the physical distance participants were required 
to walk varied between 3 and 7 m. Results of the second 
experiment indicate that with translational gains between 
0.78 and 1.22 virtual and physical translations are perceived 

the same in length. Steinicke et al. (2008) report average 
total SSQ scores for pre and post exposure. Averages were 
computed across all participants in the two studies and there-
fore do not allow to make a difference between the SSQ in 
the two studies.

3  Methods

In our work, we study the feasibility of applying a combina-
tion of the rotational and translational gain in separate sec-
tions of the virtual environment for compressing the required 
physical space. This so called hyper-reorientation technique 
was evaluated in terms of turning and walking accuracy as 
well as its effect on cyber-sickness. For the latter, the SSQ 
by Kennedy et al. (1993) was used.

3.1  Participants

Via mailing lists directed toward bachelor’s and master’s stu-
dents at our university, we recruited a total of 21 participants 
(10 females) with an average [SD] age of 27.6 [4.7] years.

3.2  Instrumentation

We created a dynamically generated virtual labyrinth con-
sisting of corridors and 90° T-junctions with Unity 2018.3.7 
(Unity Technologies, San Francisco, California, USA). The 
labyrinth was presented using an HTC Vive Pro (HTC Cor-
poration, Taiwan) head-mounted display (HMD). With the 
HTC Vive pro it is possible to record the position and orien-
tation of the HMD using two HTC Vive base stations placed 
at fixed locations in space. The accuracy of tracking the 
HTC Vive HMD has been shown to depend on whether the 
state of the HMD is static or dynamic (Borges et al. 2018). 
While the device is in static state, the tracking accuracy, 
expressed in standard deviations (SD) of repeated measures 
of position, is in the submillimeter range. Accuracy when 
the HMD is moving ranges from sub-millimeters to about 
72 mm, with a median SD of 2.2 mm (Borges et al. 2018). 
Position and orientation were tracked at a rate of 10 Hz and 
stored for further processing. After participants completed 
the turn at the T-junction and walked for 25 cm toward the 
next T-junction, the direction of turn (right or left) and the 
rotational error (difference between performed rotation and 
180°) were computed and stored.

The experiment was run in a room with a size of 
4.1  m × 5.6  m. A driving simulator and computers in 
the room limited the usable space for the simulation to 
4.1 m × 3.6 m. After considering safety margins, a walkable 
area of 3 m × 1 m was defined (Fig. 1).

In the VR labyrinth, participants walked along a corridor 
(Fig. 2, left) with a virtual length of 5 m before reaching the 
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next T-junction. The virtual width of the corridor was set 
to 0.7 m. Figure 2 (right) shows a view of two corridors in 
the labyrinth, taken from the T-junction. The reorientation 
illusion was active in the play area starting 25 cm before 
the turning point and on the whole width of the play area 
(1 m). The illusion consisted in rotating the displayed laby-
rinth at half the rotation speed of the user in physical space. 
Therefore, the user was forced to perform a 180° rotation 
in the physical space for a 90° turn in VR. Once a turn was 
completed, the user walked along the next corridor. In some 
cases, users rotated too little or too much, causing a rota-
tional error. Also, users could rotate at a different point than 
at the physical rotation points A or B placing them apart 
of the midline of the next corridor. A correction algorithm 
was applied in order to compensate for the rotational errors 
and the offset from the midline of the next corridor forcing 
the users to walk to the next physical turning point. The 
correction algorithm performed a weighted rotation of the 
labyrinth considering the misalignment angle between the 

midline of the virtual corridor and the orientation of the 
connection between the physical turning points A and B. 
The weighting factor was varied linearly with walking dis-
tance starting from 0 (no correction, starting 25 cm after the 
rotation) to 1 (total compensation of misalignment angle 
at 25 cm before the next physical turning point). Since the 
physical space was limited in walking direction, the virtual 
5 m walking distance was realized by applying a gain of 
two to the longitudinal component of the virtual walking 
speed (parallel to line AB ). Figure 2 summarizes the settings 
applied during the various phases of the walking experiment. 
At each T-junction, participants were free to choose to go 
either right or left by rotating their body either clockwise or 
counter clockwise.

3.3  Procedure

Participants entered the lab and were free to look around. 
Before starting the experiment, participants were screened 
for susceptibility to develop simulator sickness, using the 
short version of the motion sickness susceptibility ques-
tionnaire (MSSQ-short), which includes 18 items (Golding 
1998, 2006). To the best of our knowledge, the literature 
lacks a simple way to compute a threshold of the MSSQ-
short score preventing the development of moderate nausea. 
However, correlations between the MMSQ score for initiat-
ing moderate nausea and the time spent in simulation have 
been reported in the literature and summarized by Golding 
(1998). Summarized data refer to the long version of the 
MSSQ (MSSQ-long), which includes 54 items. Fortunately, 
Golding (1998) showed that the MMSQ-short can directly 
replace the MSSQ-long, and that MSSQ-short scores can 
be converted to MSSQ-long scores simply by multiply-
ing MSSQ-short scores by 2.64. Therefore, it is possible 
to use Golding’s (1998) data about the correlation of the 
MSSQ-long score with exposure duration to determine the 

Fig. 1  Layout of the physical walking area, with turning points A and 
B. Figure created with OmniGraffle 7.17 (The Omni Group, Seattle, 
Washington, USA)

Fig. 2  View along a corridor (left) and from a T-junction (right) 
in the virtual labyrinth Figure created with Unity 2018.3.7 (Unity 
Technologies, San Francisco, California, USA), nVidia Shadowplay 

(Nvidia, Santa Clara, California, USA), and OmniGraffle 7.17 (The 
Omni Group, Seattle, Washington, USA)
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maximum exposure duration for preventing moderate nausea 
in VR when the MSSQ-short score is known.

In our experiment we used an exposure time of 5 min and 
retrieved the corresponding MSSQ-long score from Fig. 3 
in Golding (1998), which is about 120. Then, from Fig. 1 
in Golding (1998), we read that participants with a score of 
120 belong to the 95th percentile. From this, we estimated 
the MSSQ-short score using the mean (± SD) of the MSSQ-
short score for a normative, young population (average age 
26.0 years, SD = 7.5 years), which is 12.9 ± 9.9 (Golding, 
2006). Considering that in a normal standard distribution the 
95th percentile has a z-score of 1.65, the threshold MSSQ-
short score to consider for preventing moderate nausea after 
5 min exposure is then 12.9 + 1.65*9.9 ≈ 30. A different 
way to compute the threshold for MSSQ-short is to divide 
the MSSQ-long threshold of 120 by 2.64, which results in 
a MSSQ-short threshold value of 45. In our screening, we 
used the more conservative value of 30 for MSSQ-short. 
The mean [SD] of the MSSQ-short score in the 21 partici-
pants was 10.06 [8.44]. One participant’s MSSQ-short score 
exceeded 30 (MSSQ-short score 33.00) and a second partici-
pant with an MSSQ-short score of 26.25 aborted the study 
after showing strong cyber-sickness symptoms and did not 
complete the 15 turns. Both were excluded from the study 
and their was not used in the analysis.

The remaining 19 participants (average age of 28.1 
[5.0] years, 8 females, average MSSQ-short score 8.11 
[5.92]) filled in the simulator sickness questionnaire (SSQ; 
Kennedy et al. 1993), a first-time (baseline), before being 
equipped with the HMD. After participants felt comfort-
able with the HMD they were instructed to walk in the 
labyrinth until the T-junction at the end of the corridor 

and then to turn either right or left, as they preferred, and 
walk to the next T-junction, and so forth. Participants 
were instructed to stop immediately if they felt discom-
fort or nausea. In order to keep the participants motivated 
throughout the task, they were informed that after a certain 
amount of time they would be asked a question. Partici-
pants then started walking through the VR labyrinth, and 
were stopped after completing 15 turns. After they had 
stopped, the experimenter asked them about the direc-
tion of their last turn in the labyrinth. Then, participants 
took off the HMD and answered the SSQ a second time. 
After completing the second SSQ, participants’ subjective 
experience while walking in the labyrinth was collected 
with an open question asking: “Was there anything that felt 
strange or awkward while you were walking or turning? If 
so, please describe it in a few words.” The magnitude of 
the reoriented walking illusion was assessed by asking the 
participants to estimate the path in meters in between the 
turns they walked in reality and the degrees they turned in 
reality when they were at the T-junction.

In order to prevent participants from accidentally bump-
ing into walls or other objects, the experimenter followed 
them closely. To overcome disturbances caused by the 
HMD cable while walking, the experimenter held the cable 
at a position above the participant’s head throughout the 
walking task. The entire experiment lasted approximately 
20 min. The study protocol was approved by the ethics 
committee of the local university (Ethics Approval number 
EK 2019-N-140).

3.4  Data analysis

The walking accuracy, which is the agreement of the 
tracked path with the straight line connecting the turning 
points A and B (Fig. 1) was assessed by computing the 
root mean square (RMS) of the lateral deviations of the 
tracked path from the straight line. The participants’ sense 
of orientation was assessed by analyzing the rotational 
error after completing a turn. For each participant, RMS 
values of rotational errors in all turns were computed and 
averaged across participants.

The increase in total SSQ score in in the scores of the 
sub-factors nausea, orientation, and dizziness (Kennedy 
et al. 1993) was analyzed by means of T-tests for depend-
ent samples. Further on, a Pearson correlation was used 
to assess the correlation of the increase in SSQ scores 
(total and sub-factors) with the lateral deviation of the 
tracked path, the rotational error, exposure duration, and 
the MSSQ score. For the above-mentioned analysis, SPSS 
version 26 (IBM Corporation, Armonk, NY, USA) was 
used.

Fig. 3  The four states in which the participant moves through the 
labyrinth. When walking from point A to point B, the translational 
velocity is doubled and the rotational velocity is normal. During a 
rotation at point B, the translational velocity is normal and the rota-
tional velocity is halved. Figure created with OmniGraffle 7.17 (The 
Omni Group, Seattle, Washington, USA)
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4  Results

In total the 19 participants completed 285 turns. On aver-
age they spent 251 s [64 s] in the VR simulation, with a 
minimum of 135 s and a maximum of 394 s. From the start 
of the experiment until the first turn, the average duration 
was 27.3 s [10.0 s]. The inter-turn duration for the rest of 
the turns varied from 4.7 s to 70.5 s, with a 95% confidence 
interval between 5.5 s to 27.6 s, and an average of 11.8 s 
[6.1 s]. Note that the reported times include the time partici-
pants needed to decide which way to turn.

Figure 4 represents an overlay of all paths walked by 
the 19 participants. Curves appear to fluctuate laterally in a 
sinusoidal-like manner along the straight connection of the 
turning points A and B. A visual estimation reveals that turn-
ing at the turning points may cause a longitudinal overshoot 
of up to about 8 cm.

The agreement between the tracked path and the straight 
line, was quantified by computing the root mean square 
(RMS) of the lateral deviations of the tracked path from 
the straight line. On average, the tracked paths of the 19 
participants deviated laterally by 4.6 cm [1.5 cm] from the 
straight line.

After each turn, a rotational error was computed, indicat-
ing the error in heading to the next turning point. For each 
participant an average RMS value was computed, taking into 
account all rotational errors. The average of average RMS 
rotational errors across the 19 participants was 3.5° [1.6°].

Figure 5 reports averages and standard deviations for 
the total SSQ score and for the three SSQ sub-factors 
nausea, orientation and dizziness for the pre (white bars) 
and for the post (grey bars) recording of the SSQ. After 
15 turns in the labyrinth (average walking time of 251 s 
[64 s]), the total SSQ score rose by 11.3 points and the 
increase was found to be significant (paired T-test, two 
sided, T(18) = 4.422, p < 0.001). Also the scores in the 
three sub-factors increased after walking in the laby-
rinth (+ 19.1 for nausea, + 9.6 for orientation, + 30.0 for 

dizziness) and the increase was found to be significant in 
all three sub-factors (T(18) > 3.314, p < 0.005 in all three 
comparisons). A Person correlation was used to analyze 
the interactions between the increases (differences in 
scores after and before the experiment) in the four SSQ 
scores, the MSSQ score, the exposure duration, the RMS 
deviation of the path from the straight line, and the RMS 
error in turns. The increase in total SSQ score (Pearson, 
two sided, r(17) = 0.493, p < 0.05) and the increase in the 
sub-factor orientation (r(17) = 0.481, p < 0.05) were found 
to be positively correlated to the MSSQ score. Therefore, 
the increase in SSQ total score and in the sub-factor ori-
entation is more pronounced in participants with a higher 
MSSQ score than in those with a lower MSSQ score. The 
total path length and the exposure duration turned out to be 
correlated (Pearson, two sided, r(17) = −0.624, p < 0.005). 
No significant correlations were found between the four 
SSQ scores and the duration, the RMS deviation of the 
path from the straight line, and the RMS error in turns.

In subjective estimations of walking parameters, 11 par-
ticipants (58%) reported that they perceived the physical 
rotation to be less than 180°. Only 6 (32%), believed that 
they were walking further than the 2.5 m they moved in 
reality.

From the participants’ verbal feedback we learned 
that the turning felt “tough”, “unstable”, or “wobbly” in 
the beginning, but that they managed to adapt within the 
first few turns, so that walking on a straight line gener-
ally caused no problems. The initial steps after a turn, 
when the labyrinth forces the participants back onto the 
straight line to correct for the rotational error and the offset 
from the midline, were perceived as more difficult. Here 
also, participants managed to get used to the behavior. 
After the experiment, one participant reported having felt 
claustrophobic due to the narrow corridors (70 cm) in the 
simulation.

Fig. 4  Overlay of the head tracking paths of the 20 participants, 
recorded while walking in a labyrinth with a 2.5 m corridor ending at 
turning points A and B. The envelope of overlaid tracking paths has a 
diameter of 12.8 cm. At the turning points, tracked head positions in 
some participants overshoot the turning point by about 8 cm. Figure 
created with OmniGraffle 7.17 (The Omni Group, Seattle, Washing-
ton, USA) and a custom program to visualize the walking paths writ-
ten in Java 8 (Oracle Corporation, Redwood City, California, USA)

Fig. 5  Total SSQ scores and scores for the three sub-factors nausea, 
orientation, and dizziness collected before (pre) and after (post) expo-
sure to the labyrinth task based on hyper-reoriented-walking. Figure 
created with Excel version 16.40 (Microsoft Corporation, Redmond, 
Washington, USA)
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5  Discussion

The present study aimed to show the proof of concept for a 
new redirection technique specifically designed for appli-
cations of virtual reality requiring walking and performed 
in a physical space very limited in size.

How well users are able to navigate through the virtual 
world was assessed on the basis of a user experiment in 
which participants walked in an infinite labyrinth consist-
ing of corridors ending in 90° T-junctions. The evalua-
tion consisted of assessing how closely participants fol-
lowed the ideal path between two turning points, turning 
accuracy, simulator sickness, and subjective estimates of 
experienced exposure to walking in the VR labyrinth. Our 
results revealed a lateral average deviation of the tracked 
path from the required straight path of 4.6 cm [1.5 cm] 
(average of individual RMS averages).

Lateral deviations when walking on a straight path occur 
naturally. Courtine et al. (2003) found an average deviation 
of the center of mass from the required straight path of 
6 cm [1.6 cm]. Although some error in tracking the HMD 
may occur due to a lack in precision of the HMD tracking 
(Borges et al. 2018), tracking the HMD seems to be in good 
agreement with tracking the center of mass of the body, the 
latter being a cardinal point in gait analysis studies.

Turning at the T-junction was associated with an aver-
age rotational error (average of individual RMS averages) 
of 3.5° [1.6°]. After walking a 2.5 m long corridor, a rota-
tion error of 3.5° would cause the participant to arrive 
about 15 cm laterally away from the envisaged turning 
point at the other end of the corridor. Assuming the turn-
ing errors accumulate at each turn, a path offset of 2.3 m 
would appear after 15 turns. Under these conditions the 
lateral dimension of the walking area should be increased, 
e.g., to 2.3 m, in order to avoid users bumping into the side 
wall. With a walking area of 3.3 m × 3 m it would be possi-
ble to attenuate or eliminate the need to introduce a correc-
tion mechanism, which in some users caused discomfort. 
Attenuation or elimination of the correction mechanism 
could therefore reduce the simulator sickness.

Results plotted in Fig.  5 reveal an increase in SSQ 
scores after walking in the labyrinth. The effect of rota-
tional gains on cyber-sickness (SSQ) was investigated in 
the studies by Schmitz et al. (2018) and Hildenbrandt et al. 
(2018). In both studies, participants were asked to walk 
and collect items in a virtual living room while rotational 
gains were applied in both studies. Gains were varied 
dynamically and either gradually increased or decreased in 
steps of 0.03 starting from a gain of 1.0 until participants 
noticed a breakdown in immersion after which a trial was 
terminated. In the study by Schmitz et al. (2018), average 
rotational gains were 0.58 for the decreasing and 1.85 for 

the increasing change of the gain. Based on the description 
of their experiment, this translates to an average of 21.16 
turns each participant performed. Schmitz et al. reported 
an average SSQ total score of 15.28 before and 48.92 after 
exposure to the task. Hildenbrandt et al. (2018) found a 
similar pre to post variation in the average total SSQ score 
(averages pre total SSQ = 16.18, post = 50.05) with prob-
ably a similar range of adopted gains as in the experiment 
of Schmitz et al. (2018). The findings of the two studies 
support our findings as the application of rotational gains 
increases the total SSQ score and the level of the post SSQ 
score is about three times the level of the pre SSQ score. 
Also, our pre score level corresponds to the score level of 
the baseline measurements in Schmitzs’ report, in which 
the task was run with a unity rotational gain with a pre 
score of 7.48 and a post score of 8.31. The pre SSQ scores 
in our study are comparable to Schmitz’ baseline scores. 
However, the levels of the post SSQ scores in our study 
are lower than in Schmitz’ and Hildenbrandt’s studies. 
Among possible factors explaining found differences are 
differences in visual complexity of used test environments 
and the application of a dynamical varying rotational gain. 
Our virtual environment (Fig. 2) is simpler as compared 
to the living room used in the experiments of Schmitz 
and Hildenbrand. As shown by Jaeger et al. (2001) in a 
treadmill walking experiment without any redirection tech-
niques applied, an environment with a lower level of visual 
details was found to produce a lower SSQ score than the 
environment with a higher level of details. Findings by 
Jaeger et al. (2001) reveal pre exposure SSQ total scores 
of 5.11 and 4.74 for the simple and the complex setting, 
respectively. SSQ total scores increased after exposure to 
16.21 for the simple and to 20.07 for the complex environ-
ment, which is about a factor of 3 to 4 as compared to the 
pre exposure levels.

In agreement with others (Luebeck et al. 2015, Benzer-
oual et al. 2013), we found a positive and significant correla-
tion between the MSSQ and the SSQ score. It is therefore 
possible that the MSSQ score in the population studied in 
Schmitz’ and Hildenbrandt’s is higher than in our population 
explaining the higher SSQ scores in their two papers.

The relatively low simulator sickness score shows that 
the new technique of hyper-reoriented walking is a viable 
locomotion technique in VR. It has to be noted, however, 
that the actual setup can only be applied in scenarios 
where participants walk through a labyrinth-like environ-
ment with a 90° turn (either left or right) at the end of each 
corridor (i.e., no four-way intersections). Further, the dis-
tance between all intersections should be constant in order 
to avoid programming a logic to control for the sequence 
of corridor lengths, which is required for keeping the users 
within the physical boundaries. Virtual turns with other 
angles could be implemented with hyper-oriented walking, 
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in analogy to what has been done by Langbehn et  al. 
(2018) in their setup with bent paths. Other angles would 
require adjusting rotational gains in order to force the user 
to walk back and forth on the same line. For instance for 
a virtual turn of 120° a gain of 1.5 and for a turn of 45° a 
gain of 4 is necessary. By using different gains at different 
turning points, also other than grid-like paths could be 
implemented. However, we may assume that varying gains 
at each turning point could irritate the user and make it 
harder to adapt to the illusion.

While only four participants (20%) believed they per-
formed a 90° turn, we were surprised that the illusion of 
rotation worked so well that more than half of the partici-
pants could be tricked into thinking they turned substantially 
less than 180°. Given that all participants were familiar with 
the physical dimensions of the room, it is not surprising that 
the majority (55%) correctly estimated the physical distance 
they walked. Only two people (10%) believed the illusion 
that walked a distance of 5 m between the turns.

6  Conclusion

From our findings, we conclude that, within the scope of the 
limitations mentioned, our modified version of redirected 
walking is a practicable solution for implementing virtual 
environments in which users navigate by a walking tech-
nique performed in the real physical space. In our study, 
participants were able to quickly adapt to the system and 
navigate through the virtual scene. To understand how much 
the size of our relatively small lab in which the experiment 
was conducted affected the participants’ perception of the 
unnatural rotational gain, it would be interesting to run the 
same experiment in a larger room (e.g., a gymnasium) where 
the physical space is far larger than the simulated one.

In future work, we plan to investigate the effect of omis-
sion of the correction mechanism on required play area for 
a safe simulation.
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