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Fig. 1. An illustration of a user walking on a curved virtual path that is bent to a real path with a different curvature in room-scale VR.
Abstract—Redirected walking (RDW) promises to allow near-natural walking in an infinitely large virtual environment (VE) by subtle
manipulations of the virtual camera. Previous experiments analyzed the human sensitivity to RDW manipulations by focusing on the
worst-case scenario, in which users walk perfectly straight ahead in the VE, whereas they are redirected on a circular path in the real
world. The results showed that a physical radius of at least 22 meters is required for undetectable RDW.
However, users do not always walk exactly straight in a VE. So far, it has not been investigated how much a physical path can be bent
in situations in which users walk a virtual curved path instead of a straight one. Such curved walking paths can be often observed, for
example, when users walk on virtual trails, through bent corridors, or when circling around obstacles. In such situations the question is
not, whether or not the physical path can be bent, but how much the bending of the physical path may vary from the bending of the
virtual path.
In this article, we analyze this question and present redirection by means of bending gains that describe the discrepancy between the
bending of curved paths in the real and virtual environment. Furthermore, we report the psychophysical experiments in which we
analyzed the human sensitivity to these gains. The results reveal encouragingly wider detection thresholds than for straightforward
walking. Based on our findings, we discuss the potential of curved walking and present a first approach to leverage bent paths in a way
that can provide undetectable RDW manipulations even in room-scale VR.
Index Terms—Virtual Reality, Redirected Walking, Room-scale, Bending Gains
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I NTRODUCTION

Walking is usually considered the most natural form of self-motion
in a virtual environment (VE). Perception and cognition research has
shown benefits of traveling through an immersive virtual environment
(IVE) by a natural, multi-modal method like walking compared to other
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place [20, 25]. In particular, real walking has significant advantages in
terms of the user’s sense of presence [34,41], navigational tasks [30,31],
cognitive map building [32], spatial knowledge [27], and cognitive
demands [8]. Hence, real walking is becoming increasingly important
to improve virtual reality (VR) setups. However, realistic simulation
of natural locomotion is difficult to achieve in VEs [45]. Real walking
is based on multi-sensory cues like vestibular, proprioceptive, as well
as visual information that create an inherent perception of self-motion
acceleration, velocity and direction. Basic implementations of real
walking can be realized by mapping position and orientation of a user
one-to-one to the virtual camera. Then, a one meter forward movement
in the real world is mapped to a one meter forward movement in the
virtual world. This provides the user with near-natural sensory feedback
similar to the real world but restricts the accessible virtual space to the
size of the physical workspace. The confined physical workspace of
typical VR setups is nowadays often denoted as room-scale VR, i. e.,
up to approximately 5m × 5m.
Another possibility for near-natural walking in IVEs is redirected
walking (RDW) [29, 35]. This enables users to explore a VE that
is considerably larger than the tracked workspace. It is known from
perceptual and cognitive psychology that vision often dominates pro-

prioception and vestibular sensation when the information from these
senses is in conflict [3, 10]. In perceptual experiments where human
participants can use only vision to judge their motion through a virtual
scene, they can successfully estimate their momentary direction of locomotion, but are worse in perceiving their paths of travel [4,21]. Since
humans tend to compensate for slight visual-proprioceptive inconsistencies during locomotor control while walking, it becomes possible
to guide users in IVEs along paths in the real world which differ from
the paths perceived in the virtual world. Redirection techniques have
been applied in many different application fields such as to control a
remote tele-robot by walking [11], tourism [36], architecture [9], or
video games [1].
One of the most interesting characteristics of redirected walking is
that if the visual-proprioceptive conflicts are small enough, humans
will not even be able to notice that they are manipulated. In recent
years, multiple research groups have focused on identifying thresholds
which indicate just-noticeable differences between vision and proprioception while the user is moving [24, 26, 35]. However, psychophysical
experiments analyzing human sensitivity to walking a curved path in
the real world when walking a straight path in the VE have revealed
that humans detected even small manipulations. Results of such experiments consistently pointed out that the physical workspace in VR
setups needs to cover at least 45m × 45m for unnoticeable real walking
when walking is performed at a natural pace [35] and not artificially
slowed down [23]. Unfortunately, this space requirement exceeds the
space which is available in most existing VR laboratories nowadays,
and furthermore, is incompatible with the above mentioned room-scale
VR setups.
However, when walking through VEs, users do not always follow
an exactly straight path. So far, it has not been investigated how much
the bending of a physical path can vary from the bending of a virtual
path in situations in which users already walk on such a curved virtual
path. While straight paths are considered the most difficult situation
for RDW manipulations, in practical situations, users tend to walk on
curved paths more often than on straight paths, while the curvature
radius can vary from slight to strong and from left to right [37]. During
straightforward walking, any rotation that users perceive in their physical walking path indicates that they are being manipulated. In contrast,
when walking on a curved virtual path, the magnitude of the change in
heading has to be compared between the real and virtual environment
while walking. Razzaque already mentioned that there is a kind of
training effect when users are walking on a curve that becomes tighter
during walking [28], which might be explained by the podokinetic
afterrotation (PKAR) [44]. We hypothesize that users will be much less
aware of the redirection in such situations, so that it might be possible
to leverage such undetectable manipulations even for room-scale VR
setups.
In this article, we introduce a new kind of redirection method which
is based on beding gains that define discrepancies between physical and
virtual paths in situations where both are bent. Furthermore, we present
an experiment in which we analyze the user’s sensitivity to these gains.
Therefore, users walk on a curved path in the VE, while they are guided
on a physical path with a different curvature. Using a psychophysical
measure, we determine the largest amount of discrepancy between the
real and virtual path that is still undetectable by users for different levels
of curvature. Additionally, we suggest a novel method for generalized
redirected walking that makes use of bending gains and enables RDW
in room-scale VR.
In particular, in this article we analyze and discuss:
• the definition and implementation of bending gains,
• the estimation of detection thresholds for these gains, and
• a first approach to leverage curved path layouts for walking in
room-scale VR.
This article is structured as follows: Section 2 discusses related
work in the scope of the article. Section 3 introduces bending gains for
altering the curvature of virtual and real paths. Section 4 describes the

experiment in which we evaluate the sensitivity to different physical
curvatures while walking curved virtual paths. Section 5 discusses
how predefined curved physical paths in a room-scale VR can be used
to allow omnidirectional, infinite and near-natural walking in the VE.
Section 6 concludes the article and gives an overview of future work.
2

R ELATED W ORK

In recent year, several approaches have been introduced to allow
users to explore VEs which are considerably larger than the available tracked real-world space. Numerous hardware-based approaches
exist such as torus-shaped omni-directional treadmills [5, 6], motion
robot tiles [15–17] and motion carpets [33]. In addition, several techniques have been introduced which exploit imperfections in the human perceptual system. Such techniques include different forms of
change blindness techniques [39, 40] or flexible spaces [42, 43] to virtual distractors in the form of virtual agents [27]. To classify these
techniques, Suma et al. presented a taxonomy of different redirection
and reorientation techniques ranging from subtle to overt, and discrete
to continuous [38]. Regarding this taxonomy, the technique introduced
in this article reorients users with continuous subtle manipulations.
For this class of reorientation techniques, camera rotations are usually
injected while the user is walking through a VE [11, 28, 36]. These
small iterative rotations force the user to correct the walking path by
turning in the opposite direction. In general, this leads to a circular path
in the real world, whereas the user believes to walk straight forward
in the VE. While the visual feedback is consistent with movement in
the VE, the proprioceptive and vestibular feedback systems are coupled
to the physical world. When the applied manipulations to the virtual
camera are small enough, the user is not able to detect the redirection
and has the impression of an unrestricted walking experience.
2.1

Detection Thresholds

Razzaque [28] states that a manipulation of 1 deg/s is the detection
threshold under worst-case conditions. Steinicke et al. [35] introduced
another way of describing differences between real and virtual motions.
They formalized RDW manipulations using gains, i. e., ratios between
a user’s movements in the real world and in the VE. Rotation gains are
scaling the user’s rotation while standing, translation gains are scaling
the walked distance and curvature gains are bending a straightforward
path in the VE to a curvature in the real world. Furthermore, they
identified detection thresholds for all gains in different experiments.
These thresholds indicate just-noticeable differences between vision
and proprioception. In order to determine detection thresholds for
path curvature, users walked a straight path in the VE, which was
bent by a curvature gain either to the left or to the right in the real
world. Users had to judge if the physical path was bent left or right in a
two-alternative forced-choice (2AFC) task. According to Steinicke et
al. [35], a straight path in the VE can be turned into a circular arc in the
real world with a radius of at least 22m, for which users are not able to
consciously detect manipulations.
These results have been reproduced and extended in several experiments. For example, it was tested if rotation gains are influenced by the
visual density in the VE [26]. However, the number of visual objects
that were present in the VE did not affect the detection thresholds.
On the other hand, cognitive tasks were shown to have an impact on
redirected walking [8]. Furthermore, it has been shown that walking
velocity has an effect on the estimation of detection thresholds [24].
Doing redirected driving in an electric wheelchair was less effective
than redirected walking [7], what might be related to the special feedback humans gain from walking. Moreover, it was added passive haptic
feedback to a RDW setup [22].
These psychophysical experiments revealed detection thresholds
which provide insight into the ability of users to notice redirected walking manipulations when users walk straight ahead in a VE. However, so
far it is not known how much a physical path can be bent for situations
in which users do not walk straightforward, but walk on a virtual curve.

2.2

Generalized RDW

There are different approaches to bring RDW into VR laboratories
and room-scale VR. For example, Hodgson et al. [14] introduced a
generalized RDW algorithm for gymnasium-sized spaces. But the main
problem is that most facilities do not have the needed space of 45m×
45m for undetectable RDW.
Razzaque proposed three algorithms to redirect the user in a small
tracking space: steer-to-center, steer-to-orbit and steer-to-multipletargets [28]. These techniques are based on the idea to redirect the
user always to a certain point, on a certain orbit, or to multiple certain
points. Hodgson et al. [12] added the steer-to-multiple-centers algorithm, which is an extension of the steer-to-multiple-targets algorithm,
and compared them regarding metrics like number of wall contacts and
maximum distances from tracking area center. In these experiments,
steer-to-center showed the best performance. In another experiment,
where the VE was constrained by virtual walls and the walking directions were therefore limited, steer-to-orbit performed better [13].
Most redirection solutions, e. g., the RDW toolkit [2], make use of a
stop-and-go approach. That means, the user walks, while a curvature
gain is applied, until the boundary of the tracking space is reached.
Then, she will be rotated until there are no obstacles in front of her,
e. g., by using a rotation gain or a distractor [27]. After that, the user
can continue walking in the desired direction.
To reduce the number of reorientation phases in this stop-and-go
approach, Zhang et al. [46, 47] developed heuristics to dynamically
adjust RDW gains for guiding the user in the best direction. It turned
out that the users walked a significantly longer distance between two
reorientation phases when using this method. Another approach to
optimize RDW is to exploit path prediction based on the known virtual
world [48].
Despite this large body of literature, there is no solution for applying
undetectable RDW in small laboratories and room-scale VR without
additional overt reorientation phases.
3

B ENDING G AINS

According to the translation, rotation, and curvature gains, which were
introduced in our previous work [35], we add bending gains gB ∈ R.
Bending gains are similar to curvature gains, as they combine walking
and rotations, but are applied to curved paths instead of straight paths.
In a similar way, this kind of redirection can be achieved by combining
curvature and rotation gains. However, the definition of bending gains
is useful in cases where the curvature of the virtual path is known as in
the applications that we introduce in Section 5. Furthermore, we can
simply use this virtual radius to calculate the camera manipulations,
which is more efficient for the implementation.
1
For curvature gains, Steinicke et al. defined gC := rreal
, where rreal
denotes the radius of the curvature in the real world. Since, this gain
was defined for straightforward paths only, bending gains need to
incorporate the bending of the virtual curve as well. Let this curve in
the VE be part of a circle with the radius rvirtual . Furthermore, during
walking on this virtual path the user is redirected on a different circular
path in the real world with the radius rreal .
Hence, we can specify bending gains by multiplying the curvature
gain with rvirtual , i. e., gB :=rvirtual · gC = rvirtual
rreal . Assuming, this gain is
applied to a curve to the right and rvirtual >rreal , then gB > 1, then the
user’s real-world path is bent to the right, i. e., the user walks physically
right of the virtual path (or on a smaller circle). If rvirtual <rreal then
gB < 1, the user is walking physically left of the virtual path (or on a
larger circle). Figure 2 illustrates this situation. For paths, which are
bent to the left, the situation is the other way around. For cases in which
rvirtual =rreal , then gB = 1 no redirection is applied. Furthermore, for
situations the real walking path of a user is bent in such a way that it
gets a straight path, i. e., rreal =∞, for the bending gain it is gB =0.
Implementation
Redirection by means of a bending gain is implemented by calculating
position and orientation of the user in the VE according to the user’s
position and orientation in the real world (see Figure 2). Let the radii

Fig. 2. Illustration of bending gains applied to a curved path: A gain
smaller than one means that the virtual curvature has a smaller radius
than the real curved path whereas a gain greater than one means that
the virtual curvature has a greater radius. The position and orientation of
the user in the VE (p’) is calculated according to the user’s position and
orientation on the real world path (p). In this case, the x axis corresponds
to the strafe direction of the user and the y axis corresponds to the look
direction. α · rreal denotes the length of the walked path.

rreal and rvirtual as well as the start position s be given as illustrated.
That means, we have to know how much the virtual path is bent and how
much discrepancy between virtual and real path is possible. The first
part requires knowledge about the VE and the second part is evaluated
in the experiment in Section 4. The current position p (as well as the
orientation o) of the user in the real world is provided by the tracking
system.
With these data (s, p, o, rreal and rvirtual ), it is possible to apply a
bending gain and compute the position p0 (as well as the orientation o0 )
of the user in the virtual world. First, we calculate the center points c (of
the real world circle) and c0 (of the virtual world circle) by extending the
orthogonal vector of the user’s view direction from start position s by
rreal and rvirtual , respectively. We calculate also the distance d from c
to p. Then, we can determine the offset, i. e., the deviation of the user’s
position from the real world circle, by offset = d − rreal . If the user
would stand exactly on a point of the real world circle q (which means
the distance from c to p is d = rreal ), it would be offset = d − rreal = 0.
The angle α can be calculated by using the dot product:
cos(α) =

(c − s) · (c − p)
|c − s| · |c − p|

(1)

The actual walked distance on the path is α · rreal according to the
definition of radian. This can be used to calculate the angle β of the
virtual curvature (again according to the definition of radian):
β =α·

rreal
rvirtual

(2)

Now, the position on the virtual circle q0 can be determined by using
sine and cosine:
q0x = (c0x + rvirtual · cos (β )), q0y = (c0y + rvirtual · sin (β ))

(3)

In the end, to get the exact position p0 , we have to add the calculated
offset to q0 .

(a)

(b)

Fig. 3. The experimental setup: (a) a user is walking on a curved path in the VE which has a different radius than the curved path in the real world he
is redirected on, and (b) user’s view to the VE with a curved virtual path.

The virtual orientation of the user o0 is computed accordingly. It is
composed by the tracked orientation in the real world o and a corresponding shift of α − β .
4

P SYCHOPHYSICAL E XPERIMENT

In this section we describe the psychophysical experiment in which we
analyzed how much redirection is noticeable when bending gains are
applied.
4.1

Participants

15 participants (2 female and 13 male, ages 24 − 39, M = 30.5) completed the experiment. The participants were students or members of
the local department of informatics, who obtained class credit for their
participation. All of our participants had normal or corrected-to-normal
vision. Six participants wore glasses during the experiment. None of
our participants reported a disorder of equilibrium. One of our participants reported a strong eye dominance. No other vision disorders have
been reported by our participants. 14 participants had participated in
an experiment involving head-mounted displays (HMDs) before. The
experience of the participants with 3D stereoscopic displays (cinema,
games etc.) in a range of 1 (no experience) to 5 (much experience) was
M = 4.3 (SD = 1.03). Most of them had experiences with 3D computer
games (M = 4.3, SD = 1.25, in a range of 1 = no experience to 5 =
much experience) and they usually played 5.3 hours per week on average (SD = 6.54). The body height of the participants varied between
1.60 − 1.87m (M = 1.77m, SD = .07m). The total time per participant,
including pre-questionnaires, instructions, experiment, breaks, postquestionnaires, and debriefing, was 60 minutes. Participants wore the
HMD for approximately 45 minutes. They were allowed to take breaks
at any time between trials.
4.2

Materials

The experiment took place in a 12m × 6m laboratory room. We instructed the participants to wear an HTC Vive HMD, which provides a
resolution of 1080 × 1200 pixels per eye with an approximately 110◦
diagonal field of view and a refresh rate of 90 hz. Positional tracking
was done 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 (see Figure 3). During the
experiment the room was darkened in order to reduce the participant’s
perception of the real world. The participants received instructions
on slides presented on the HMD. A 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 3.5GHz Core i7 processor, 32GB of main memory and
two Nvidia Geforce GTX 980 graphics card.
The virtual environment was rendered using the Unity3D engine
5.4 and showed a natural forest scene and a curved path in front of
the participant (see Figure 3 inset). The path was computed by first
calculating a circle with a specific radius and then drawing only that
part of the circle that started at the virtual camera position and ended
after 4m. Dependent on the current condition, the path was curved to
the right or to the left. Hence, the center point of the circle was to the
left or to the right of the virtual camera position.
4.3

Methods

We used a 4 × 5 full-factorial within-subjects experimental design. We
tested 4 different curves in the real world (with a radius of 1.25m, 2.5m,
6.25m and 12.5m) and 5 gains for the virtual curves: gB ∈ {1, 2, 3, 4, 5}
for the real world curves of 1.25m and 2.5m and gB ∈ {1, 12 , 13 , 41 , 15 }
for the real world curves of 6.25m and 12.5m. We tested both directions
(left and right) and repeated each condition 2 times. Hence, each gain
was tested 4 times in total. All conditions were randomized. In total,
the participants completed 4 × 5 × 2 × 2 = 80 trials.
Conditions
We decided to use these conditions because the curved paths with
radii of 1.25m and 2.5m would fit into a room-scale VR setup. The
considered curves provide two radii (one is twice as large as the other
one), which both could be used in the room-scale VR application as
introduced in Section 5. Obviously, we are particularly interested in
detection thresholds for bending a curved virtual path towards a curved
real-world path that fits into the room-scale VR setup. The other case,
i. e., how strong a curved virtual path can be straightened in the realworld before users notice, is of less interest because one of the major
goals of our approach is to decrease the space requirements and to
remain in a confined tracking space.
According to the results of several pre-tests, we identified that
bending the real-world path with a gain of gB = 5 could be reliably
detected in most cases. Hence, we applied gains gB ∈ {1, 2, 3, 4, 5}
to the real curves (with radii 1.25m, 2.5m), which resulted in virtual curves with radii of rvirtual ∈ {1.25, 2.5, 3.75, 5, 6.25} meters and
rvirtual ∈ {2.5, 5, 7.5, 10, 12.5} meters, respectively.
While bending these virtual radii towards the real-world target radii
of 1.25m and 2.5m makes sense, a bending towards smaller radii
does not make sense, since users could not follow the paths if the
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Fig. 4. Plotted results of the psychophysical experiment: The x-axis shows the applied bending gains and the y-axis shows the probability of the
participants’ statement that they walked on a greater circle in the real world. The psychometric function shows PSE and lower detection threshold for
bending gains that are applied to (a) rreal = 1.25m and (b) rreal = 2.5m. Results for gB ≤ 1 are applied to (a) rreal = 6.25m and (b) rreal = 12.5m and
are also plotted but of less interest in this experiment, in which we mainly focus on the potential to reduce the circular path radius in the real world.

radii are too small. However, in order to provide an equal number
of increased and decreased bending conditions, we added real-world
curves with radii of 6.25m and 12.5m and applied the corresponding smaller gains gB ∈ {1, 12 , 13 , 14 , 15 } to them. Using these conditions
provide virtual radii of rvirtual ∈ {1.25, 2.5, 3.75, 5, 6.25} meters and
rvirtual ∈ {2.5, 5, 7.5, 10, 12.5} meters, respectively. As a result, participants would experience the same number of increased and decreased
bending conditions.
Procedure
Before the experiment, all participants filled out an informed consent
form and received detailed instructions on how to perform the experimental task. Furthermore, they filled out a demographic questionnaire
after the experiment. Participants completed 5 training trials before the
experiment.
For each trial, participants were instructed to walk along the virtual path, which had a total distance of 4m. While participants were
walking along the virtual path, we applied the different bending gains
as explained in the Section 4.3. After the participant reached the end
of the path, they pressed a button on the controller and the following
question was displayed: ”At which side from the virtual path did you
walk physically in the real world?”. They had the two answer options
”left” and ”right” that could be chosen by using the touchpad of the controller. Afterwards, participants were guided to the next start position
in the laboratory by displaying a 2D compass and distance metrics on
the HMD. By using this method, the participants were kept unaware of
their position and orientation in the real world. So, they could not use
this information to identify the amount of redirection that was applied.
The next trial started once participants reached the new initial position
and indicated that they were ready to start by pressing a button on the
controller.
In pre-tests of the experiment, we found that participants had serious
problems in identifying on which side of the virtual path they physically
walked. During the pre-test, several participants mentioned that they noticed a redirection in terms of “something strange happened”. However,
they could not detect reliably at which side of the path they walked.
The main reason was that participants adapted to the redirection and
walked on the virtual path, which made it hard for them to estimate on
which side of the path they are located in the real world. Therefore, we
explained to them that they needed to focus on the direction in which

the VE turned, which was easier to identify, and provided us with more
conservative detection thresholds.
Two-Alternative Forced-Choice Task
To measure the amount of deviation that is unnoticeable, we used a
standard psychophysical procedure based on the 2AFC task. This
experimental method is a common procedure in RDW research [35].
The participants have to choose between one of two answer possibilities, in our case “left” and “right”. Answers like “I don’t know”
are not allowed. Instead, the participants have to choose one option
randomly and will be correct in 50% of the cases on average. The
bending gain at which the participants respond “left” in 50% of the
trials is taken as the point of subjective equality (PSE), at which the
participants estimate the curvatures in the virtual and in the real world
as identical. As the gain decreases or increases from this value the
ability of the subject to detect the difference between physical and
virtual movement increases, resulting in a psychometric curve for the
discrimination performance. When the participant’s answers converge
to 100% respectively the 0% chance level, it is more likely that they can
detect the redirection reliably. A threshold is the point of intensity at
which participants can just detect a discrepancy between physical and
virtual motion. However, stimuli at values close to thresholds will often
be detectable. Therefore, thresholds are considered to be the gains at
which the manipulation is detected only some proportion of the time.
In psychophysical experiments, usually the point at which the curve
reaches the middle between the chance level and 100% is taken as a
threshold. Therefore, we define the detection threshold (DT) for gains
smaller than the PSE to be the gain at which the participant has 75%
probability of choosing the “left” response correctly and the detection
threshold for gains greater than the PSE to be the gain at which the
subject chooses the “left” response in only 25% of the trials (since the
correct response “right” was then chosen in 75% of the trails).
4.4

Results

Figure 4 shows the pooled results over all participants for the real radii
of 1.25m and 6.25m (see Figure 4(a)) and 2.5m and 12.5m (see Figure 4(b)). In Figure 4(a), the gains gB ≥ 1 were applied to rreal = 1.25m
and the gains gB ≤ 1 were applied to rreal = 6.25m. In Figure 4(b),
the gains gB ≥ 1 were applied to rreal = 2.5m and the gains gB ≤ 1
were applied to rreal = 12.5m. As described in Section 3 we are mainly
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interested in the lower detection thresholds because we focus on gains
that enlarge the virtual space, i. e., gains gB ≥ 1. As stated in Section 4.3, these gains gB < 1 were exclusively set up for the experiment
so that participants would experience the same number of increased
and decreased bending conditions.
The x-axes of the plots in Figure 4 show the applied bending gains
gB ∈ { 51 , 14 , 31 , 12 , 1, 2, 3, 4, 5}. The y-axes show the probability of the
participants’ statements that they walked on a curve with a larger radius
in the real world. For each gain, the mean and standard error bars
are displayed in the plot. Each plot was fitted with a Weibull logistic
psychometric function [18], which determines the PSE and detection
threshold.
The PSE in Figure 4(a) is 0.983 and the lower bound threshold is
determined at 3.25. In Figure 4(b), the PSE is 1.363 and the lower
bound threshold is determined at 4.35.
The results of the experiment show that it is possible to apply bending gains of approximately 3.5 without users being able to reliably
identify discrepancies between the bending of the curve in the real
world and virtual environment. In particular, the detection thresholds
suggest that a virtual curvature can be bent up to 4.35 times its radius
in the real world. This means, a curvature in the real world with a
radius of rreal = 2.5m can be mapped to a virtual curvature with the
radius rvirtual =2.5m ·4.35 = 10.875. And a curvature with a radius
of rreal =1.25m can be mapped to a virtual curvature with the radius
rvirtual =1.25m·3.25=4.0625. In contrast to previous findings described
in [24, 26, 35], these range of gains provide much greater unnoticeable
redirection possibilties than achievable by other subtle and continuous
redirection methods.
Moreover, the results suggest that the greater rreal is the greater gains
can be applied without users being aware of the redirection.
5

R OOM -S CALE VR A PPLICATION

Considering the broader detection thresholds that we observed in the
psychophysical experiment, it becomes reasonable to leverage such

curved walking for much smaller physical workspaces compared to
those suggested in previous work [35]. In this section, we present a
mathematical approach to fit generalized curved paths into a roomscale VR workspace, and we discuss the range of virtual paths that
can be simulated by manipulating curvatures. In order to allow nearnatural omnidirectional walking, our approaches is based on the idea
to use several curved paths with intersections between them. At each
intersection, the user may continue her walk either on the curve or
change the direction by walking on a different curve. Figure 6(a) shows
such a situation in the VE with several curves and intersections between
them.
5.1

Real-World Walking Configuration

In contrast to previous work on RDW, the main idea of our approach
is to provide users with virtual curved paths on which they can walk.
In this section, we describe how we construct a real-world walking
configuration with several curved paths in such a way that users can
walk on them while remaining within a room-scale VR setup. In theory,
numerous configuration could be composed of an infinite number of
arbitrary curves. However, in order to allow ecologically realistic as
well as smooth walking paths, we define the following constraints for
the curves:
• Constraint 1: It must be possible that a user can walk infinitely
on a curved path with the same curvature direction.
• Constraint 2: The curves must provide intersections at joint
points at which users can change their direction. At the joint
points, the curves must satisfy G0 geometric continuity, i. e., the
curves touch in the join point.
• Constraint 3: Two curves at each joint point must satisfy G1 geometric continuity, i. e., curves share a common tangent direction
at the joint points.
• Constraint 4: The curves should provide a minimal bending,
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Fig. 6. Illustration of our approach in a VR-based outdoor application: (a) a virtual pathway in the VE constructed of several curves and intersections
with (b) the corresponding real-world walking configuration consisting of several curve segments in the laboratory. The presented application requires
approximately a tracked real-word space of about 4m × 4m, whereas the VE presents approximately a 25m × 25m large model. The virtual pathways
have been generated according to the detection thresholds identified in Section 4.

and therefore use the maximal possible radius approximating a
straight path in the room-scale VR setup.
Figure 5 shows two different constructions of physical curves, which
follow the constraints described above. Figure 5(a) shows a configuration, which consists of an equilateral Reuleaux triangle and three
overlapping circles. The Reuleaux triangle is formed by connecting up
the vertices of an equilateral triangle with arcs, where the arc between
any two vertices has its center at the third vertex. Hence, the Reuleaux
triangle with a side length of d leads to the radius of the arcs r1 = d,
which is the diameter of the triangle. Next, the three overlapping circles
result in three half circles each providing a radius of r2 .
This configuration fulfills all above mentioned constraints:
• Constraint 1: At each joint point the user can continue walking
in the same direction, i. e., either to the left or to the right. Hence,
it is possible to walk infinitely in the same direction; indeed, the
amount of curvature slightly change at joint points or might lead
to a circle.
• Constraint 2: There are three joint points. At each of these
joint points, the user can continue walking along four possible
directions.
• Constraint 3: At each joint point, there are two curves that share
a common tangent direction, e. g., curve c1 and curve c2 .
• Constraint 4: The curves of the Reuleaux triangle feature a large
radius, but the curves of the three overlapping circles have only a
smaller one due to the other constraints, i. e., providing intersections at joint points.
In order to calculate the radii of the different curves, we need to
ensure that all three circles plus a safety area fit into the tracking space.
Therefore, let all three line segments ranging from the centroid, i. e.,
geometric mean position of all the points in the Reuleaux triangle,
towards the extremes of the circles plus a safety distance ε, fit inside
the tracking space with a length of (x + 2ε).
From the construction of the room-scale walking configuration with
d = 2 · r2 , it follows that
r2 =

x
− h,
2

(4)

√
where h is the in-radius of the equilateral triangle given by r2 / 3.
For these values, we can calculate r2 and r1 by
√
3
x
(5)
r2 = √
· ≈ 0.32 · x
3+1 2
r1 = 2 · r2

(6)

Let us consider one example: Valve’s HTC Vive setup typically
results in a room-scale VR setup with x ≈ 4 and ε ≈ 0.2. According
to equation (5) and equation (6), such a room-scale VR setup results
in r1 ≈ 2.5 and r2 ≈ 1.25. These are the radii that we tested in the
experiment described in Section 4.
Figure 5(b) shows an alternative physical walking configuration,
which consist of four adjacent curve segments and two straight paths
resulting in five joint points.
Again, this configuration fulfills the above mentioned constraints as
well:
• Constraint 1: At each joint point the user can go further in the
same direction. Exception might occur in situations in which the
user moves from path p1 to curve c1 . At this joint point, she could
also choose the other possible and continue walking in the same
direction.
• Constraint 2: The four outer joint points offer three possible
directions, whereas the center joint point offers four directions.
• Constraint 3: At each joint point, there are two curves/paths
that share a common tangent direction, e.g., path p1 , except the
situation described at bullet point 1.
• Constraint 4: The radius of the curves is smaller than in the first
configuration, but it still exploits the whole available space.
In a similar way as described above the radii of the curve segments
can be calculated as follows: Assuming that d = r1 , it follows that
x
(7)
4
According to equation (7), the above described room-scale setup
with x ≈ 4 and ε ≈ 0.2 results in r1 = 1.
r1 = d =

(a)

(b)

Fig. 7. Examples of different implementations of virtual path layouts: (a) footprints in an architectural visualization and (b) curved corridors in a virtual
spacecraft game-like scenario.

Please note, that the first configuration provides larger radii, whereas
the second configuration allows straight paths, which might be beneficial for certain situations.
5.2

• The VE uses a virtual guidance system like a sequence of footprints, which procedurally appear during runtime with respect to
the user’s current position on the walking configuration and the
appearance of the virtual world.

Virtual Path Layout

Assume a given walking configuration with curves as described above
on which a user can walk in the real world. According to the detection
thresholds identified in Section 4, the virtual curves can provide much
larger radii without users being able to identify the discrepancy.
Figure 6 shows an example of some virtual paths with a corresponding real-world walking configuration. The layout of the virtual
path as illustrated in Figure 6(a) was constructed by using detection
thresholds 2 ≤ gB ≤ 4.35. The arrows and numbers at each path show
how virtual and real curves are connected. Starting with path number 1,
the user can decide if she wants to go left (2a) or right (2c) at the first
joint point. The real-world walking configuration (Figure 6(b)) also
offers the possibility to continue straight ahead. However, there is no
corresponding virtual path (2b) in the VE since the designer of the VE
has not implemented this path. Hence, users should not walk in this
direction (cf. Figure 6(a)). In a similar way, when the user walks along
path number 2c there is only one directional option at the next joint
point as she has to follow path number 3. According to constraint 3,
the paths 2c and 3 are directly connected and no turning is required at
the joint point. Although, paths 2c and 3 have different radii in the
real-world configuration, the virtual paths can be adjusted by different
bending gains to seamlessly fit together. Hence, we have to apply a different gain at each joint point depending on the direction the user chose.
Though, we used a visual appearance of the virtual paths, which is
similar to those used in the experiments, the visual representation of
the curves in the VE is not limited to trail-like paths. The described
concept can be applied to curved corridors, hallways, streets, or
footprints on the floor (see Figure 7).
On this basis, it is possible to use procedural generation methods for
these curved path layouts. In general, two approaches are possible:
• The VE includes a virtual path layout that consists of curves,
which fits one of the predefined walking configurations. As illustrated in Figure 6(a), users have to walk on these predefined
paths. The paths could be created manually by hand, by complete
procedural generation, or by using a semi-automatic approach
(the system suggests paths and the VE designer adjusts them and
fine-tunes).

In both approaches, users might leave the predefined paths at certain
points, e. g., to explore a special location without redirection. One has
to ensure that this happens in “safe” areas, such as the inside of the
Reuleaux triangle in Figure 5(a) at which no redirection is required.
5.3 Confirmatory Study
To verify the usability of this application approach, we performed a brief
confirmatory study and gathered qualitative feedback in an application
similar to the one illustrated in Figure 6. The tracked real-world space
had boundaries of 4m × 4m. The distance between each two vertices
of the triangle (cf. Figure 5(a)) was d = 2.5m. Hence, the radii were
r1 = 2.5m and r2 = 1.25m.
We used the VE from Figure 6(a), but the virtual paths were
arranged differently. At each joint point, several paths branched and a
sign showed into one of the four possible directions. The participants
were told to follow the signs. Furthermore, there was one letter on each
sign. To distract the participants from the redirection, they were told to
memorize the letters in correct order. In total, they walked on four path
segments with an overall distance of 14.38m. The participants started
at path (1) (cf. Figure 6(b)). Then, they took the path straight ahead
which would be number (2b). At the next joint point, they went to the
right (2c) and then to the left (1). Finally, the participants stood on
the same real-world position, where they started. However, due to the
redirection they were on a completely different position in the virtual
world. We applied a bending gain of gB = 3 to all curved paths.
In total, 10 participants (1 female and 9 male, ages 26 − 38,
M = 31.7) completed the confirmatory study. The participants were
students or members of the local department of informatics. All participants had normal or corrected-to-normal vision. Three participants
wore glasses during the experiment. One participant reported a disorder
of equilibrium. One participant reported a strong eye dominance and
one reported a color blindness. No other vision disorders have been
reported by the remaining particpants. All participants had participated
in an experiment involving head-mounted displays (HMDs) before.
The experience of the participants with 3D stereoscopic displays
(cinema, games etc.) in a range of 1 (no experience) to 5 (much
experience) was M = 3.7 (SD = 1.42). Most of them had experiences
with 3D computer games (M = 4.2, SD = 1.13, in a range of 1 = no
experience to 5 = much experience) and they usually played 5.5 hours

per week on average (SD = 5.78). The body height of the participants
varied between 1.60 − 1.85m (M = 1.76m, SD = .07m). The total
time per participant, including pre-questionnaires, instructions, study,
post-questionnaires, and debriefing, was 15 minutes. Participants wore
the HMD for approximately 5 minutes.
When standing on the last joint point, we asked the participants
to point at the real-world start position. Only one participant recognized that he was on the position where he started. The others pointed
somewhere near the virtual-world start position (M = 55.8, SD = 24.9,
in degrees), which was orientated 46 degrees from the virtual end
position indicating that they could not reliably detect the redirection.
After the experiment, the participants were asked to sketch the path
that they walked in the VE on a piece of paper. All of them could
roughly reproduce the outlines of the VE. They were asked for the total
distance of the walked paths as well. On average, they estimated the
total distance of the travelled path to be 10.5m (SD = 5.6), which corresponds to an underestimation of approximatly 25%. However, distance
underestimation of this magnitude is often observed in IVEs [19].
These result indicate that most of the participants did not notice the
redirection, and most of them were actually surprised that they did not
walk on the same path as in the VE.
Furthermore, the participants were asked to recall the letters in
correct order. Eight of them could successfully reproduce all letters in
correct order, whereas two forgot only one letter. We measured a mean
SSQ-score of 3.97 (SD = 4.82) before the experiment, and a mean
SSQ-score of 4.91 (SD = 4.87) after the experiment. The mean SUS
score for the sense of feeling present in the VE was 3.38 (SD = 0.23)
on a five-point likert scale. Most of them stated, that it did not feel
uncomfortable. In the interviews, we asked the participants to estimate
whether or not as well as which of the path segments was manipulated.
Six participants stated that the third path segment had an identifiable
redirection. This is interesting since the gain applied to this path was
identical to the one applied to the first and fourth path. Maybe the
third segment was perceived differently because to walk on this path
the participants had to perform a sharp turn to the right first. However,
such dependencies have to be further investigated in future work.
5.4

Limitations

The described approach of leveraging near-natural walking in IVEs
to room-scale VR has some limitations. First, it relies on pre-defined
paths in the VE. The user is not free to walk in any direction at any
time, but she has to stay on the paths most of the time. Probably, there
are solutions to this problem, like turning off the redirection at specific
locations in the virtual world. Then, the user can utilize a regular oneto-one mapping of real to virtual movements. However, we have not
tested such approaches for the bending gains so far.
Furthermore, the paths in the VE are limited to curved paths, at least
when the configuration of Figure 5(a) is used. The configuration in
Figure 5(b) allows straight paths as well. However, in a lot of situations
curved paths are even more appropriate than straight paths. So, this
might be neglected for practical use.
Another limitation is the fact that the distances of all paths in the VE
have to match the distance of the corresponding paths in the real-world
walking configuration. However, it is possible to extend virtual paths
by concatenating several real paths without intersections. Unfortunetly,
this approach will not work the other way around: The distance between
two intersections has to be at least the distance of a path in the realworld walking configuration as long as the user walks on the curves
defined by the layout.
6

C ONCLUSION

In this article, we introduced a new RDW concept, which is based on
guiding users to walk on curved paths. For this purpose, we defined
bending gains, and presented a psychophysical experiment in which
we analyzed the human sensitivity to discrepancies between the bending of curved paths in the real world and a curved path in the virtual

environment. We found that users are less aware of redirection manipulations while walking on curved paths in contrast to traditional
redirected walking with curvature gains, when users walk straight in
the VE. Finally, we presented an application approach for bending
gains in room-scale VR. As we have shown it is possible to construct a
walking configuration in a reasonably small tracking space in such a
way that users are able to walk infinitely on a curved path with the same
curvature direction or change their direction at defined intersections.
As a proof of concept, we derived two different layouts, which fulfill
these constraints. The confirmatory study showed that the introduced
bending gains allow to use RDW in room-scale VR without using interruptions or overt reorientation phases. Indeed, the approach induces
some limitations to the design of a VE as we outlined.
For future work, we will analyze the smallest possible radius for
which our approach will work, and will also consider the amount of
cognitive resources required to walk on a curve in the VE in contrast to
a straight movement. Furthermore, we will test different VEs providing
different kinds of virtual path layouts such as corridors or hallways,
in particular, by using haptic feedback of the corridors as introduced
in [22]. Therefore, we will add further methods for procedural generation of curved path layouts as suggested in Section 5. Another aspects
will be the analysis of different distances of paths and their influence
on the detection thresholds.
Finally, we will publish our algorithms for calculating curved virtual
paths and bending gains as open-source library that will be available
for download1 .
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