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Fig. 1. Snapshot of the user study setup. Participant wearing virtual reality equipment is shown on the left, the user’s perspective in the
virtual world on the right, and in the center a top view showing the real (yellow) and virtual (blue) trajectories influenced by redirection.

Abstract—Developing effective strategies for redirected walking requires extensive evaluations across a variety of factors that influence
performance. Because these large-scale experiments are often not practical with user studies, researchers have instead utilized
simulations to systematically test different algorithm parameters, physical space configurations, and virtual walking paths. Although
simulation offers an efficient way to evaluate redirected walking algorithms, it remains an open question whether this evaluation
methodology is ecologically valid. In this paper, we investigate the interaction between locomotion behavior and redirection gains at a
micro-level (across small path segments) and macro-level (across an entire experience). This examination involves analyzing data
from real users and comparing algorithm performance metrics with a simulated user model. The results identify specific properties of
user locomotion behavior that influence the application of redirected walking gains and resets. Overall, we found that the simulation
provided a conservative estimate of the average performance with real users and observed that performance trends when comparing
two redirected walking algorithms were preserved. In general, these results indicate that simulation is an empirically valid evaluation
methodology for redirected walking algorithms.

Index Terms—Virtual reality, redirected walking, locomotion, simulation
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1 INTRODUCTION

Exploring arbitrarily large virtual environments within a limited physi-
cal space is a critical challenge for virtual reality systems. A promising
solution for this problem is redirected walking, which involves decou-
pling the user’s virtual path from the real world trajectory [31]. The key
principle behind this approach is to leverage unnoticeable perceptual
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manipulations such as imperceptibly small visual rotations (rotation
gain and curvature gain) and translations (translation gain) to redirect
the user away from the boundaries of the physical space. Redirec-
tion provides the benefits of unconstrained physical walking in virtual
environments, such as an enhanced sense of presence [42], efficient nav-
igation [32] [38], and improved cognitive maps of the environment [33]
at a limited cost of some cognitive load on the user [8] and without
interfering with navigation and spatial cognition [15] [39].

In order to effectively utilize redirected walking in a virtual reality
experience, a system needs to employ a redirection strategy that de-
termines the real-time gain levels that are applied over time [1]. The
performance of a redirection strategy may be influenced by numerous
parameters such as the size and shape of the tracked physical space, the
structure of the virtual environment, and the user’s locomotion behav-
ior [3]. Additionally, other factors such as users’ perceptual thresholds
for redirection gains and the selected wall-contact resolution technique
(also known as reorientation or resetting) can also influence perfor-
mance. Thus, systematic evaluation of redirected walking strategies is
often non-trivial and requires comparison of numerous experimental
conditions over many trials. Therefore, researchers frequently make use
of simulation to determine parameters for newly developed algorithms
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and to compare the effectiveness of different redirection strategies.
Although simulation is not a substitute for human studies, it is espe-
cially useful for conducting large-scale evaluations that are otherwise
impractical or impossible to perform with live users.

Simulations provide an efficient and economical methodology for
the evaluation of redirected walking systems. One major advantage is
that simulations allow performance analyses to be conducted rapidly
and efficiently without the overhead and cost of user studies. This
typically occurs during development to determine ideal parameters or
test different variants of a novel algorithm, as well as afterwards to
compare new strategies with previously developed approaches from the
literature. Furthermore, simulation allows the evaluation with lengthy
repeated trials that would be unreasonable to expect from human study
participants and avoids introducing confounding factors that may arise
due to random variability between individual users. Finally, large
or complex physical space configurations can be simulated if the re-
searcher or developer does not have immediate access to a suitable
motion tracking space in the real world. While simulations are a useful
for evaluating redirected walking strategies, this is predicated on the
notion that simulation-based analysis provides a reasonable estimate of
performance with live users.

Simulations are therefore first and foremost an analysis tool, a
method by which we evaluate algorithms. The merits of simulations
may not directly be evident to virtual reality practitioners, but the
insights gained from their use can indirectly benefit all users. For
example, researchers have reported scientific results from simulation
experiments (e.g., [3,5]). Furthermore, the efficient and economical
nature of simulation-based analysis accelerates the overall process of
research, development, and testing of new approaches. However, there
has been limited prior work to empirically validate simulation as an
evaluation methodology for redirected walking systems. This work,
therefore, aims to investigate the validity of this approach by compar-
ing performance metrics computed through simulation with redirected
walking results from live users.

In this paper, we investigate how real users’ locomotion behavior
is affected by redirected walking and conduct empirical comparisons
with simulated user data. To achieve this, we analyze the interaction
between locomotion and redirection gains at the micro and macro level.
From the micro-scale inspection, we understand specific characteristics
of locomotion behavior that cause deviations from simulation while
applying translation gains, curvature gains, rotation gains, and resets.
The macro-inspection evaluates the overall redirected walking system
performance across an entire experience, and we observe that simula-
tions provide conservative estimates for the performance of average
users. Comparative trends across the different strategies were also
preserved, which provides evidence that simulation-based evaluation is
a valid methodology for evaluating redirected walking algorithms.

2 BACKGROUND AND RELATED WORK

Initially proposed by Razzaque [31], redirected walking allows users
to explore virtual environments that are larger than the real space they
walk in. This is accomplished by altering the mapping between the real
and virtual coordinate systems. Redirected walking exploits the fact that
human vision will generally override the vestibular and proprioceptive
systems when these sensory signals are not congruent, so long as the
magnitude of the conflict is kept within manageable levels [21]. There
have been a multitude of developments in redirected walking research
since its inception, and this section aims at only covering those most
relevant to this work. A comprehensive literature review has been
conducted by Nilsson et al. [26].

Redirection gains are the set of techniques used to perform the
alteration of the mapping between real and virtual coordinate systems.
Translation and rotation gains directly scale the user’s translations
and rotation respectively, thus increasing or decreasing the amount of
virtual displacement and/or turning perceived by the user. Curvature
gain causes the user to walk in a curved path by applying imperceptible
virtual rotations when they are moving. Other techniques have been
proposed, such as bending and strafing gains, but are not yet widely
used by the community [19,34,46]. The amount of a gain that can be

applied without users noticing, known as the detection threshold, has
been estimated through empirical experimentation (e.g., [12,17,25,35]).
It is commonly accepted that when applying redirected walking, the
gains should be set to a value within the established limits to avoid
detection by the user.

Because gain values are capped by the detection thresholds, it is
not always possible to prevent the user from leaving the boundary of
the physical tracked space. One potential solution is to temporarily
exceed the gain thresholds [6,22,27,37]. This will likely cause users to
notice the redirection and possibly induce negative reactions such as
cybersickness. Therefore, it is usually preferred to use techniques that
incorporate reorientation events [29]. These events stop the user before
they cross a boundary and require them to perform a reorientation task.
Typically, the virtual experience remains paused until the reorientation
task is complete, which can be disruptive. However, it is possible to
incorporate reorientation events into the experience in a contextually
relevant way that does not break the user’s sense of presence (e.g.,
[11,28]). The reorientation task results in users physically facing a
specific direction, such as the center of the physical space.

Resets are a type of reorientation event in which the task involves
applying rotation gains while a user turns in place [43]. The two
common types of resets are face-center and 2:1-turn, both of which
require the user to rotate 360 degrees in the virtual world. The major
difference between the two is that face-center resets apply rotation gain
such that the user ends up physically facing the center of the tracking
space [43], whereas 2:1-turn resets scale a 180 degree real rotation to
a 360 degree virtual turn [29]. Recently, other types of resets have
also been explored to accommodate for more complex physical space
geometries [41]. In general, reorientation events interrupt the flow of an
experience and should be used as a fail-safe to keep users from leaving
the physical space. For this reason, the number of resets encountered
is the primary metric used to evaluate the performance of redirected
walking algorithms.

2.1 Redirected Walking Algorithms

The primary goal of redirected walking is to maximize the use of the
physical tracked space. This is achieved by the selection of gains,
generally on a frame by frame basis. If these gains are selected in
an intelligent manner, the resulting physical path for a given virtual
path will have fewer resets compared to a naive implementation of
redirection. To achieve this, researchers have defined two categories
of redirected walking algorithms: reactive and predictive The main
difference between the two is whether or not the algorithm has access
to information regarding the future virtual movements of the user.
Reactive algorithms have no such information and have to choose gain
values based only on the current and previous states of the system.
Predictive algorithms have some varying amount of information about
the user’s future movements and can therefore apply gains strategically
to reduce the occurrence of resets. Generally speaking, predictive
algorithms outperform reactive algorithms, but reactive algorithms are
easier to implement and can be used on a greater variety of virtual
environment layouts.

Traditionally, Steer-to-Center (S2C) and Steer-to-Orbit (S20) are
the two most commonly used reactive algorithms [30]. S2C aims to
redirect the user towards the center of the physical space, whereas S20
tries to steer the user into a circular path that has a center at the center
of the physical space. Studies have shown that in most cases S2C
outperforms S20, although S20 does perform well in specific situa-
tions [3, 14]. These algorithms work on a simple heuristic (choosing
gains that steer the user to a specific physical point) and are not suitable
for more complex physical environments that may contain obstacles
such as furniture. Two classes of reactive algorithms have been recently
introduced to handle such situations. The first utilizes artificial poten-
tial fields to create a more complex heuristic [6,9, 10,22,41], and the
second relies on machine learning to optimize for a particular physical
environment [20, 36]. These methods have been shown to outperform
S2C in complex physical environments. However, thus far all reactive
algorithms perform similarly when the physical environment rectan-
gular and free of obstacles. For this reason, and to stay in line with
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the majority of previous literature, this work makes use of the S2C
algorithm in a square and obstacle-free physical environment.
Predictive approaches require some level of knowledge about the
user’s future movements. Planned path algorithms such as COPPER
assume that the complete linear path of the user can be provided before
the experience begins [1]. Although these are the most restrictive type
of redirected walking algorithms, they can produce the best results for
tightly choreographed experiences. Dynamic predictive algorithms can
be deployed in a wider range of virtual environments (e.g. a maze
or an office complex), but still require sufficient structure to create a
model that predicts where the user is likely to move [24,44,47]. If
users deviate from a planned path or do not behave as the prediction
model suggests, a new trajectory must be calculated which may result
in sub-optimal performance. Researchers have investigated methods for
countering “drift” during walking tasks while gains are applied [2, 23].

2.2 Redirected Walking Simulation

One significant challenge in the literature has been gauging the per-
formance of redirected walking algorithms. This is due to the fact
that performance depends on a variety of interacting factors including
user behavior, physical space dimensions, the structure of the virtual
environment, and the type of virtual path. Internal parameters such as
perceptual thresholds and the method used to recover from would-be
collisions can add more complexity and makes comparative evalua-
tion of such algorithms a non-trivial problem. The main way to over-
come these factors is to increase the number of study participants and
number of trials each participant performs. This may often require
experimental designs that are impractical or even impossible to imple-
ment, which has motivated numerous researchers to evaluate redirected
walking algorithms using simulation instead of live human subjects
(e.g. [3,5,6,14,16,22,40,41,44,47]).

Ultimately, the goal of the redirected walking algorithm is to con-
tinuously manipulate the mapping between the coordinate systems of
the real world and the virtual environment such that the user can natu-
rally move through a larger virtual environment in a smaller physical
space. When simulations are employed to compare the efficacy of
two or more algorithms, the user locomotion element is replaced with
synthetic movements generated by the system. Redirection gains are
then applied to the movements of the “simulated user.” Therefore, a
“good” simulation would produce outcomes that are sufficiently similar
to those expected from live users, such that the performance metrics
computed when evaluating different redirected walking strategies can
be considered valid and generalizable.

The main criticism of simulation based redirected walking experi-
ments is the lack of proof to show that results from a simulation based
experiment can be transferred to real world experiences. The crux of
this argument usually concerns how the simulated user, specifically its
locomotion, is modeled. We have identified three main ways in which
human walking can be modeled for simulation based experiments. The
first is to generate a highly realistic model of human locomotion. This
is a non-trivial problem affecting research in many fields including
kinematics, cybernetics, and computer animation (e.g., [7, 13, 45]).
Representing locomotion in this way requires complex modeling of
the biomechanics of human movement and the ability to generate a
broad variety of locomotion behaviors, but would produce outcomes
that closely resemble real user movements at a micro-scale (i.e., at a
granular frame-by-frame and throughout smaller segments of the virtual
path). However, the performance measures for evaluating redirected
walking algorithms, such as the total number of resets, are generally
computed at the macro-scale (i.e., across the entire path taken in a VR
experience). Therefore, complex biomechanical modeling or the labo-
rious task of recording several user’s locomotion of a given path may
not be necessary if a simpler simulation model can reliably produce the
macro-level behaviors and metrics relevant for performance evaluation.

The second approach defines rules for computing the orientation
and position of the simulated user. For example, the simulated user
can be programmed to translate and rotate at predetermined speeds
and precisely follow a given virtual path. Due to the simplicity of
this method, it is used in the vast majority of simulated redirected
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walking experiments. The third method was recently introduced by
Bachmann et al. and uses pre-recorded users’ tracking data as control
for the simulated user [6]. This data-driven method could potentially
incorporate the idiosyncrasies of natural human locomotion without
requiring complex biomechanical modeling. However, it would only
be possible to implement virtual paths for which you already have a
sufficient quantity of recorded tracking data, and gathering this data
can itself be a large undertaking.

3 USER STUuDY DESIGN

This section describes our study that incorporates trials from both the
micro- and macro-scale experiments. Real user locomotion data for this
study was gathered through the virtual reality experience and compared
to data generated from the simulation framework.

Participants. Thirty participants (18 male and 12 female) were
recruited for our study using online postings (Craigslist volunteers
section, Facebook posts and Twitter). Participants were between 18
and 70 years old with a mean age of 38.8 years and a median age
of 40 years and were required to have normal or corrected normal
vision. We did not pre-screen participants for gaming or virtual reality
experience. Participants were paid USD $25 for their efforts. This study
was reviewed and approved by the University’s Institutional Review
Board (IRB).

Apparatus. Participants wore an Oculus Rift CV1 head-mounted
display (HMD) with Ausdom wireless stereo headphones connected
to a Zotac VR GO Backpack PC that was strapped to their shoulders.
The CV1 HMD has a 1080 x 1200 per eye resolution, 90Hz refresh
rate, 110 degree nominal field of view (FOV), and an internal 9 degree
of freedom (9DOF) inertial sensor. The participants were tracked in
an 8 meter by 8 meter space with a PhaseSpace Impulse X2 motion
capture system. To enable 6DOF head tracking by the Impulse X2
system, we attached 6 non-coplanar active LEDs to the CV1. At
run-time, head orientation was tracked using the CV1’s lower latency
internal inertial sensor, while positional information was supplied by
the PhaseSpace system. We also performed periodic orientation drift
correction between trials using orientation data from the Impulse X2
system. Sound cues were provided using a pair of wireless “over the
ear” Ausdom headphones. The virtual reality experience was designed
and rendered using the Unity game engine.

Procedure. After signing the consent form, participants completed
a pre-experiment Simulator Sickness Scale questionnaire [18]. Partic-
ipants were then escorted to the physical space and introduced to the
hardware used for the study. After putting on the equipment (Oculus
HMD, Zotac Backpack, and Ausdom Headphones), they were loaded
into an open-ended virtual environment with beige flooring and a blue
sky (Figure 1). Users verbally verified they could clearly see and hear
the visuals and test music playing and then proceeded with the tutorial.
Instructions were explained through a voice-over heard on the head-
phones that guided them through all the elements of the experimental
task. Participants were then asked to verbally confirm they had under-
stood the tutorial elements and offered a chance to ask questions about
the experience elements. Participants would then immediately begin
the first phase of the study. After the first phase, the equipment would
be taken off, allowing participants to take a S-minute break (or longer
if requested). Then the second phase would begin with the equipment
being mounted again and resuming the virtual experience. With the
second phase completed, the equipment was taken off and users asked
to complete a post-experiment Simulator Sickness Scale questionnaire.
At the end, they were also asked to provide basic demographics in-
formation, such as age and gender. Each of the two phases took 8-12
minutes depending on the participants movement speed. On average,
the entire study took approximately 50 minutes including breaks.

Trials. The study task consisted of 32 interleaved trials, comprising
24 for the micro-level inspection, 4 for the macro-level inspection, and
4 for a counter-deviation experiment that is reported separately in [1].
These trials were randomized and split into two 16-trial phases, each
containing the same number trials from each type.
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Fig. 2. Sample illustration of locomotion behavior causing deviations
during translation gain. The predicted user motion and its expected effect
on the target waypoint (red) is contrasted with the actual results (black).

Task. At the beginning of each trial, the participant was guided
to the initial position and orientation. This was achieved by showing
a directional visual cue pointing towards the trial’s starting platform.
The platform was placed on the floor, shaped as an arrow enclosed
in a circle, pointing in the trials’ starting direction. Once the user
arrived at the platform and aligned their orientation with the arrow,
the platform would be replaced with a starting line, and the first two
segments of the trial’s virtual path would be loaded. The path appeared
as a 1 meter-wide walkway designated by stanchions with ropes. As
the participant would begin to walk along the path, more segments of
the path would appear, with previously cleared portions incrementally
disappearing. This would done to prevent confusion caused by the
virtual path potentially crossing itself since it was created by random
generation. It is important to note that the user would always see the
upcoming two path segments and the last cleared path segments at
all times so that the the user would never be waiting on a segment to
appear to make their navigation choices. Three elements were used to
help with guiding the user along the correct direction: 1) arrows placed
along the virtual path on the floor, 2) a 10 meter trail indicating the
user’s recent trajectory and 3) a “wrong way” sign appearing when the
user faced more than 135 degrees away from the correct direction. To
prevent collisions with the boundary, proximity cues were implemented
using an alert sound and a red screen tint that gradually increased
inversely proportional to the distance from boundary.

In reset trials (belonging to the micro-inspection) and path trials
(belonging to the macro-inspection), occasionally a reset would be
triggered. To initiate the reset, an audio cue was played, and as the
scene faded to black, a stop sign would appear with the caption “Turn
in Place.” After sufficiently rotating in place, the sign would disappear
and the environment would reappear, allowing the user to resume
progression. Resets were triggered at the 3 meter mark in reset trials,
and for path trials, whenever the user’s distance to a boundary dropped
below 1 meter. As an extra measure, to alert the user of her proximity to
hard boundary limits, an alert tone would fade in and the screen would
gradually tint to red with an audio and visual intensity proportional to
boundary proximity. The end of the virtual path was delineated with a
finish line on the floor similar to the starting line. Once the end of the
path was reached, depending on the trials remaining, the user would
either see a directional cue to the next platform or sign indicating that
it was time to take off the headset.

Simulated User. To perform simulated experiments, we used a
modified version of the evaluation platform included in the open-source
Redirected Walking Toolkit [4]. A walking user was simulated by an
autonomous agent programmed to traverse the virtual path by walking
toward the next waypoint with a constant linear velocity of 1 m/s while
maintaining its heading toward the waypoint (i.e. attempting to walk on
a straight line in the virtual environment). Upon reaching a waypoint,
the simulated user stopped and turned in place with angular velocity of
90 deg/s to face the next waypoint. Because physical boundaries prevent
real users from exceeding physical space limits, simulated users must
also be prevented from violating boundary constraints. Resets were
therefore initiated using a safety trigger that was placed 1m from each
side of the physical space boundary. Upon notification of a reset, the
simulated user would decelerate at a constant rate, taking 0.5 seconds
to come to a complete stop before beginning the reset.

For this study, no noise was introduced to the simulated user’s
translation and rotation. This guaranteed the simulated user would
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Fig. 3. lllustration of trajectories and end waypoints for calculating ma-
nipulation/deviation measures. The virtual trajectories for the simulated
(yellow) and real user (green) are shown along with their corresponding
real trajectories (red and blue). W; is the end waypoint’s initial pose at
the beginning of a trial. W4 and Wy are the end waypoint poses for the
real and simulated users, respectively.

walk along the virtual path defined by the series of waypoints. Note
that the simulated user is deterministic, therefore only one trial was run
for each condition of the experiment.

4 EXPERIMENT 1: MICRO-SCALE INSPECTION

The first experiment examines elements of human locomotion that may
influence how gains are applied. The simulated user abstracts a real
person’s movements by making the assumption that people walk in
perfectly straight lines, only face the target direction while walking,
and rotate around their local y-axis without deviating from the initial
pivot point. Our goal with this part of the experiment is to isolate
characteristics of human locomotion that contribute to the deviation
from the expected results of the simulation. In order to control and
accurately study the impact locomotion behavior has on redirection, we
test each redirection technique in isolation. The redirection techniques
that we studied were the three basic gains (translation, rotation, and
curvature) and overt reorientations (resets).

To examine how translation gains are affected, the user walks along
a 5 meter straight path with a fixed gain applied. In this case, we
determine whether small swaying movements cause the user to deviate
from the expected outcome (see Figure 2). We also investigate whether
intermediary motions cancel each other out, causing the overall manip-
ulation to only depend on the user’s net displacement. Similar to the
translation gain case, we will examine curvature gain by having the
user walk along a 5 meter straight virtual path with a fixed curvature
gain applied. For this inspection, we will try to explain variance in ma-
nipulations by the sum distance traveled and the user’s average lateral
distance from the virtual path. For rotation gain, the user traverses a
6 meter L-shaped path with gains only being applied when the user is
transitioning from one leg of the path to the other. More specifically,
rotation gain is enabled when the user completes 2/3rds of the first leg
and disabled after completing the first 1/3rd of the second leg, effec-
tively applying rotation gains within 1 meter before and after the turn.
Finally, to examine resets, the user traverses a 6 meter straight path that
triggers a reset half way through. In this case, we compare the result
from the simulated user reaction model for resets to how a real user
responds, similarly identifying the main aspects explaining deviations.

4.1 Manipulation and Deviation Measures

To analyze the effect of redirection across users, we define two sets of
measures. Manipulation measures aim to gauge the overall effect of
gains in comparison to their absence. Deviation measures compare how
the effect of gains for a real user differ from that of a simulated user.
We use Figure 3 as a sample trial for illustrating how these measures
are calculated. The virtual trajectories of the simulated and real users
are shown in yellow and green respectively, as they walk towards the
square-shaped target end waypoint in the path. The corresponding real
trajectories for the simulated and real users are shown in red and blue
respectively, along with the resulting pose of the end waypoint.
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Fig. 4. lllustration of key points in the user’s trajectory for estimating turn
point error and turn radius. The first time the user’s virtual angle with the
target direction reaches 70, 45, and 20 degrees is marked.

To perform a fair and accurate comparison of the effect of gains
across trials, we need to formulate measures that express the influence
of redirection. To achieve this, we compare the pose of the end way-
point in the virtual world to its corresponding pose in the real world by
the end of the trial (the blue and black squares in Figure 3). When no
gains are applied, these waypoints will always be aligned, regardless of
the user’s end pose. However, after redirection, the user’s motions inter-
acting with the gains will cause the end waypoint’s pose to translate and
rotate relative to its initial pose at the beginning of the trial. When the
user reaches the end of the trial, the overall influence of redirection can
be interpreted by the changes in the reference pose. Our reference for
no gains applied is therefore W;, which is essentially the end waypoint’s
initial pose at the beginning of the trial. The actual waypoint W4 and
the simulation waypoint Ws are the end waypoint poses for the real and
simulated users respectively. To measure the overall manipulation, we
compare W4 and Wy, and to measure deviation, we compare Wy and Wg.
The distance between poses are compared to calculate positional ma-
nipulation/deviation, and the magnitude of angular difference between
the poses is calculated to obtain rotational manipulation/deviation.

4.2 Hypotheses

For the micro-scale inspection, we hypothesize that the user’s loco-
motion behavior determines the variance in overall manipulation. But
more importantly, we hypothesize that the variance in manipulations
among users along with the deviations from observed redirection results
can be explained by measurable characteristics of locomotion behavior.
This means that for each gain, factors can be identified that would
explain variance. We suspect that for same gains, values throughout the
trajectory would matter, for some, the overall change would only matter
(effects of intermediate values would cancel out), and some variables
would have little effect on the outcome.

4.3

The independent variables for micro-inspection are essentially the ex-
planatory factors for the variance in redirection results. The following
lists the independent variables for each gain type:

(i) Translation Gain

(a) translation gain (amount of constant translation gain ap-
plied during trial)

(b) net translation (amount of overall displacement between
start and end of trial)

(ii) Curvature Gain

(a) curvature gain (amount of constant curvature gain applied
during trial)

(b) sum distance traveled (sum of magnitude of user displace-
ment between frames from start to end of trial)

(c) average lateral distance from virtual path (distance be-
tween user and expected virtual path, averaged throughout
the trial)

(iii) Rotation Gain

(a) rotation gain (amount of constant rotation gain applied

during trial)

Independent and Dependent Variables
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Fig. 5. End waypoint pose visualization for translation gain trials. The
real pose of the end waypoints are shown for the real user trials (blue),
depicting how they shift away from the expected end waypoint pose of
the simulation (red). We observe an overall symmetric variance in the
deviations for these trials. The icon to the left communicates the trial
type and condition. The grey arrow indicates the virtual path traversed,
while the black arrow shows the real path influenced by the gain.

(b) average lateral distance from virtual path (distance be-
tween user and expected virtual path)

(c) turn point error (distance between between turn waypoint
and user’s position when reaching a 45 degree angle with
the target direction, indicating how far off the user was from
the expected turn point when half of the 90 degree rotation
was completed, Figure 4)

(d) turn radius (approximated user turn radius measured by
inspecting the two points along the path where the user’s
angle with the target direction reached 70 and 20 degrees,
Figure 4).

(e) net turn angle (overall change in rotation before and after
turn area (the 1-meter proximity of the turn waypoint)

(iv) Resets

(a) displacement in reset (overall change in position during
the trial)

(b) mid-reset point error (distance between mid-reset point
(point where the reset task’s overall virtual rotation reached
180 degrees) and the simulated user’s reset task stopping
point)

(c) end-reset point error (distance between end-reset point
(point where the reset task’s overall virtual rotation reached
360 degrees) and the simulated user’s reset task stopping
point)

(d) mid-reset point distance to trigger (distance between
mid-reset point and where the user was when the reset
was triggered)

(e) end-reset point distance to trigger (distance between the
end-reset point and where the user was when the reset was
triggered)

(f) reset turn diameter (approximated diameter of the circu-
lar trajectory of the user turning in place as measured by
accounting for mid-reset and end-reset positions)

The dependent variables included the amounts of positional manip-
ulation, positional deviation, and rotational manipulation. Note that
rotational manipulation is only measured when relevant (translation
gain does not introduce rotational manipulation, and a 2:1-turn reset af-
fects orientation uniformly for all users). Additionally, since rotational
deviation can be derived from rotational manipulation (by subtracting
the simulated user’s rotational manipulation from the user’s rotational
deviation), modeling rotational deviation would be redundant and is
therefore not included.

4.4 Trials

The 24 trials in this category consisted of 10 walk trials, 12 turn trials,
and 2 reset trials. The 10 walk trial conditions were g; = 1, g = 1.2,
g =0.86, g, =7.63, g = —7.63, each being tested twice. The 12 turn
trial conditions were in the form of {+90, -90} degree turns with a
rotation gain of g, = {0.8, 1,1.49}, each being tested twice. The gain
levels were selected based on internal pilot testing and to be within
the upper and lower bounds of perceptual sensitivity observed in prior
studies (e.g., [35]). The 2 reset trials both used a 2:1-Turn reset.
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Fig. 6. End waypoint pose visualization for curvature gain trials. The real pose of the end waypoints are shown for the real user trials (blue), depicting
how they shift away from the expected end waypoint pose of the simulation (red). We observe an over-application of curvature gain for real users in
contrast to simulation. The icon to the left communicates the trial condition. The grey arrow indicates the virtual path traversed, while the black arrow

shows the real path influenced by the gain.

4.5 Results
45.1

Figure 5 compares end waypoint poses for all translation gain trials for
real and simulated users. To examine how positional manipulation is af-
fected by applied translation gain and net displacement, we constructed
a multiple linear regression model (TG1). The model had a good fit
(R =0.99). We treated translation gain as a two-level factor and net
displacement as a continuous predictor variable. The model shows that
both variables were significant predictors of positional manipulation
(see Table 1). Positional manipulation increased by 0.19 +0.01m for
each meter of net displacement. On average, positional manipulation
for human participants was 0.81m (SE = 0.00016) for g; = 0.86 and
1.03m (SE = 0.00024) for g; = 1.26.

We also constructed a multiple linear regression model to explore
how positional deviation is affected by translation gain and net displace-
ment as main effects (TG2). The model had a good fit (R%2=0.99). The
models shows that both variables significantly affect positional devia-
tion. Positional deviation increased by 0.18 £ 0.01m for each meter of
net displacement. The average positional deviation was 0.009m (SE =
0.00069) for g; = 0.86 and 0.012m (SE = 0.0011) for g; = 1.26.

Translation Gain

Discussion. The results indicate that effect of translation gain can
be explained by the net displacement, which implies that the shape of
the virtual trajectory is not a factor and the gains essentially cancel each
other out throughout the path. Although it can be argued that translation
gain has a small impact on deviation when applied in isolation, it can
however play a part in increasing deviation when combined with other
gains. For instance, the user’s lateral motions along the virtual path can
cause intermediary deviations that can shift the pivot point of applied
rotations, which can in turn magnify deviations.

4.5.2 Curvature Gain

Figure 6 compares end waypoint poses for curvature gain trials for
real and simulated users. To examine how positional manipulation is
affected by sum distance traveled and average lateral distance from the
virtual path, we constructed a multiple linear regression model (CG1).
We treated both sum distance traveled and average lateral distance
from the virtual path as continuous predictor variables. The model
shows that both variables were significant predictors (see Table 1).
Positional manipulation increased by 0.32 & 0.01m for each meter of
sum distance traveled and decreased by 0.17 £ 0.01m for each meter of
average lateral distance from the virtual path. On average, positional
manipulation for human participants was 1.68m (SE = 0.011) for g, =
—7.63 and 1.69m (SE = 0.013) for g, = 7.63.

We constructed a multiple linear regression model to explore how
positional deviation is affected by these variables as main effects (CG2).
The model shows that both were significant predictors. Positional

Analysis | Factor Regression Sig.
TG1 translation gain | F(1,117) = 2256535 < .01
displacement F(1,117) =364.31 < .01

TG2 translation gain | F(1,117) =136.16 < .01
displacement F(1,117) = 364.31 <.01

CGl1 distance traveled | F(1,117)=1523.00 < .01
lateral distance F(1,117) = 5.61 .02

CG2 distance traveled | F(1,117) = 1444.31 < .01
lateral distance F(1,117) =31.64 <.01

CG3 distance traveled | F(1,117) =1563.35 <.01
lateral distance F(1,117) = 0.003 .10

Table 1. Statistical results for the multiple linear regression analyses of
translation gain and curvature gain trials.

deviation increased by 0.32 + 0.01m for each meter of sum distance
traveled and decreased by 0.41 £0.01m for each meter of average
lateral distance from the virtual path. On average, positional deviation
for human participants was 0.078m (SE = 0.011) for g. = —7.63 and
0.082m (SE = 0.013) for g. = 7.63.

We also constructed a multiple linear regression model to explore
how rotational manipulation is affected by these variables as main
effects (CG3). The model shows that sum distance traveled was a sig-
nificant predictor of rotational manipulation, however average lateral
distance from the virtual path was not significant. Rotational manipula-
tion increased by 7.65 & 0.01° for each meter of sum distance traveled.
On average, rotational manipulation for human participants was 39.37°
(SE=0.21) for g, = —7.63 and 39.63° (SE = 0.33) for g. = 7.63. For
rotational deviation the average was 1.30° (SE =0.21) for g, = —7.63
and 1.56° (SE = 0.33) for g, = 7.63.

Discussion. Based on the results, we can see that the sum distance
traveled is the main factor for explaining how much curvature gain is
applied. Therefore, a real user’s excess lateral motions, in comparison
to the simulated user, cause an increase in injected rotation gain. The
user’s lateral distance from the virtual path, which can be caused by
both lateral motions and simply not walking along the middle of the
path, affect the pivot point for applying the rotations of curvature gain.
The variance in pivot point influences the positional measures, but since
the amount of curvature gain applied is not affected, the rotational
measures are not influenced.

4.5.3 Rotation Gain

Figure 7 compares end waypoint poses for rotation gain trials for real
and simulated users. For each trial, we measured the user’s virtual
position when the angle between their orientation and the target turn
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Fig. 7. End waypoint pose visualization for rotation gain trials. The
real pose of the end waypoints are shown for the real user trials (blue),
depicting how they shift away from the expected end waypoint pose of
the simulation (red). We observe an under-application of rotation gain for
real users in contrast to simulation. The icon to the left communicates
the trial condition. The grey arrow indicates the virtual path traversed,
while the black arrow shows the real path influenced by the gain.

orientation reached 70, 45 and 20 degrees. The distance between
between the turn waypoint and user’s position at 45 degrees was defined
as the rurn point error, indicating how far off the user was from the
expected turn point when half of the 90 degree rotation was completed.
The distance between the 70 degree and 20 degree marks was also used
to approximate the turn radius. The net turn angle was also calculated
as the overall change in rotation before and after the turn area (the 1
meter proximity of the turn waypoint).

To examine how positional manipulation is affected by rotation gain,
turn point error, turn radius, net turn angle, and average lateral distance
from the virtual path, we constructed a multiple linear regression model
(RG1). We treated rotation gain as a two-level factor and all other
factors as continuous predictor variables. The model shows that all
variables except turn radius were significant predictors (see Table 2).
Positional manipulation increased by 0.01 £ 0.01m for each degree of
net turn angle, decreased by 0.66 & 0.01m for each meter of average
lateral distance from the virtual path, and increased by 0.08 £0.01m
for each meter of turn point error. On average, positional manipulation
for human participants was 0.98m (SE = 0.020) for g, = 0.8 and 1.26m
(SE =0.034) for g, = 1.49.

We also constructed a multiple linear regression model to explore
how positional deviation is affected by these variables as main effects
(RG2). The model shows that all variables except turn radius were
significant. Positional deviation decreased by 0.009 & 0.001m for each
degree of net turn angle, increased by 0.57 £ 0.01m for each meter
of average lateral distance from the virtual path, and increased by
0.14 £0.01m for each meter of turn point error. On average, positional
deviation for human participants was 0.23m (SE = 0.019) for g, = 0.8
and 0.32m (SE = 0.029) for g, = 1.49.

We also constructed a multiple linear regression model to explore
how rotational manipulation is affected by these variables as main
effects (RG3). The model shows that all were significant. Rotational
manipulation increased by 0.31 = 0.01° for each degree of net turn
angle, decreased by 2.53 £0.01° for each meter of average lateral
distance from the virtual path, increased by 0.814-0.01° for each meter
of turn point error and increased by 0.55 £ 0.01° for each meter of turn
radius. On average, rotational manipulation for human participants was
20.18° (SE =0.41) for g, = 0.8 and 25.11° (SE = 0.70) for g, = 1.49.
The average rotational deviation was 2.57° (SE = 0.36) for g, = —7.63
and 4.57° (SE = 0.66) for g, = 7.63.

Discussion. Overall, among the three gain types, we see that rota-
tion gain has the largest impact on deviations. The amount of applied
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Factor RG1 RG2 RG3
rotation gain 1211.73** 10.63* 4096.17+**
turn point error 4.32% 16.97** 4.49*
turn radius 3.31 0.46 7.70%*
net turn angle 705.80%* 418.47** | 3728.88**
lateral distance 34.71%%* 30.92%* 5.20%

Table 2. Statistical results for the multiple linear regression analyses of
rotation gain trials. Scores are F(1,111), *p < .05, **p < .01.

rotation gain can primarily be explained by the net turn angle. There-
fore, similar to translation gain, rotation gains can cancel each other out
when the user turns side to side, and only the overall change in heading
is what determines the amount of rotation that is injected. For rotation
gain trials, we observe that overall less rotation is injected compared
to simulation, which is the opposite case in contrast to curvature gain.
Upon further inspection, we noticed that this is due to the fact that
users begin slightly facing towards the waypoint after the current target
waypoint, even before reaching a 1 meter distance from their current
target waypoint. Also, in some cases, users wouldn’t fully turn towards
the next waypoint. As a result, the net turn angle would be less than
expected; thus, less rotation gain would be injected.

Similar to curvature gain, pivot points heavily influence positional
deviations for rotational gains, and this is also captured by the other
factors (average lateral distance from the virtual path and turn point
error). Upon further inspection, we noticed users tend to cut corners,
essentially completing a turn segment without getting very close to
the turn waypoint. This causes the rotation to be injected along points
that differ from the turn waypoint, which is where the simulated user
performs the turn. In the future, this turning behavior can potentially be
modelled in simulated users to better resemble the average user, which
should reduce the overall deviations along turns.

It is important to point out the fundamental difference between in-
jecting translations (via translation gains) and rotations (via curvature
and rotation gains). Only the vector of net translation influences the
translation gain applied, regardless of the origin and where the trans-
lation took place. For rotations on the other hand, the specific place
where the rotation is injected (the pivot point) matters, and variance in
this pivot point manifests in positional deviations. Furthermore, with
injecting rotations, small variances in rotation can result in positional
deviations of great magnitude. Therefore, injecting rotations play a
greater part in causing deviations. The magnitude of rotations involved
with rotation gain is substantially greater than curvature gains, making
rotation gain responsible for the majority of deviation as well.

454 Resets

Figure 8 compares end waypoint poses for rotation gain trials for real
and simulated users. For each trial we measured the reset displacement,
which is the overall change in position during the reset task. We also
marked the user’s mid-reset and end-reset positions in the real world,
signifying when the reset task’s overall virtual rotation had reached 180
and 360 degrees, respectively. These positions were compared to the
point where the reset was triggered. We also measured mid-reset and
end-reset point error by measuring the distance of these points to the
simulated user’s reset task stopping point. The reset turn diameter was
also approximated by the distance between the mid-reset and end-reset
positions.

A multiple linear regression model was calculated to predict posi-
tional manipulation based on displacement in reset, mid-reset point
distance to trigger, end-reset point distance to trigger, and reset turn
diameter as main effects (RST1). The model shows that all variables
except reset displacement were significant (see Table 3). The aver-
age positional manipulation was 4.92m (SE = 0.071). It increased
by 1.20£0.20m for every meter of reset turn diameter, decreased by
0.56 £0.18m for every meter in mid reset point distance, and decreased
by 1.53 +0.57m for every meter in end reset point distance.

Similarly, a multiple linear regression model was calculated to pre-
dict positional deviation based on main effects of these variables (RS2).
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Fig. 8. End waypoint pose visualization for reset trials. The real pose of
the end waypoints are shown for the real user trials (blue), depicting how
they shift away from the expected end waypoint pose of the simulation
(red). We observe translational deviations in both forward and backward
directions. The icon to the left communicates the trial condition. The grey
arrow indicates the virtual path traversed, while the black arrow shows
the real path influenced by the reset.

The model shows that mid-reset point error and displacement in reset
were significant factors. The average positional deviation was 0.66m
(SE =0.047). It increased by 1.424-0.16m for every meter of mid-reset
error and decreased by 0.36 £ 0.10m for every meter of displacement.

Discussion. Reset trials are somewhat comparable to rotation gain
trials in that they both involve injecting rotation gains. However, in
a 2:1-turn reset, the injected rotation is always 180 degrees, meaning
the rotational measures are the same across users. On the other hand,
the broad variations in how users react to resets substantially influence
the pivot points for injecting the rotation, and thus results in variation
in positional measure that is much greater than rotation gain trials.
There is not a consistent overshooting or undershooting as we observed
with curvature and rotation gain respectively, but rather early and late
reactions can result in a decrease or increase in positional manipulation.
It is also important to note that users begin rotating before coming to a
full stop, which has a similar effect to an early reaction to reset. This
explains the majority of end poses appearing lower than the simulated
end pose in Figure 8. In general, the variation in pivot points for
injecting rotation during the reset and their distance from the expected
pivot point from the simulation explain the positional deviation, which
is captured by the explaining factors.

The measured reset displacement is an important factor in deter-
mining the appropriate reset buffer distance, which dictates at what
proximity to a boundary a reset must be triggered to keep users safe.
Although the median reset displacement for real users is 0.76m (simi-
lar to 0.78m for the simulated users), this value greatly varies across
users, which in turn explains variation in positional deviation. The 10th
percentile for reset displacement was 0.46m and the 90th percentile
was 1.21m. Based on the data, a 1.21m reset buffer distance may be
suitable. However, given the relatively high average age for our study
population, a lower value such as 1 meter would probable be suffi-
cient for the average user. Furthermore, the reset buffer distance can
generally be adjusted for each user with a calibration process to both
ensure safety for users with slower reactions and make better use of the
physical space for those with quicker reflexes.

5 EXPERIMENT 2: MACRO-SCALE INSPECTION

The second experiment examines how human locomotion behavior
influences and affects the overall performance of redirection. Although
our simulation may not perfectly replicate exactly how a real person
would traverse a virtual path segment, it may be able to provide a useful
high-level performance metric for estimating how different redirected

Analysis | Factor Regression Sig.
RST1 reset displacement F(1,54)=0.52 .81
mid-reset point distance | F(1,54) =9.96 < .01

end-reset point distance | F(1,54) =7.22 < .01

reset turn diameter F(1,54)=37.78 | <.01

RST2 reset displacement F(1,54)=13.23 | <.01
mid-reset point error F(1,54)=81.22 | <.01

end-reset point error F(1,54)=2.17 15

reset turn diameter F(1,54) =247 12

Table 3. Results for the multiple linear regression analyses of reset trials.

walking approaches can be expected to perform on a potential path
or environment layout. This examination will explore whether user
locomotion behavior causes deviations that will either ultimately im-
pact the efficacy of redirection or cancel out over time. Additionally,
this part of the study will compare the results for real users with the
simulation in order to determine two other features. First, the com-
parison will identify and estimate systematic error of our simulation
platform. Furthermore, the juxtaposition of real and simulated data will
help us determine if relative performance trends are preserved. In other
words, if the simulation expects a specific configuration to out-perform
another, will this prediction will also hold true for real users?

For this examination, the user traverses a random, procedurally
generated virtual path made up of straight segments connected by
randomly selected 90 degree left or right turns. Each path comprised
20 waypoints over total walking distance of 100 meters. The length of
the straight portions of the path were uniformly distributed between
2 to 8 meters, inclusively. Gains are applied along the path according
to the chosen redirection strategy and resets are used to ensure that
the user remains in the physical space. The performance metric used
to compare the results is the reset count, which is a critical factor in
measuring the efficacy of redirected walking. Additionally, it captures
the overall impact of locomotion manipulation variability across users.

5.1 Hypotheses

For the macro-scale inspection, we hypothesize that results from sim-
ulation will preserve the performance trends observed with real user
data. In this experiment, this will be investigated by testing if one strat-
egy outperforms another based on real user data, and then evaluating
whether with this relationship also holds true within the simulation
platform. More generally, we are interested in evaluating whether the
average overall redirection performance for real users at a macro-scale
is similar to results when using simulated users.

5.2

This experiment examined the following independent variables:
(a) wuser (the set of real users is contrasted against a single determin-
istic simulated user)
(b) redirection strategy (S2C and S20 both paired with a the face-
center reset form the two strategies under study)
(c) virtual path (two procedurally generated random paths with 90-
degree turns)
The performance factor measured as the dependent variable was the
total number of resets triggered in each trial.

Independent and Dependent Variables

5.3 Trials

The 4 trials in this category were 2 different procedurally generated,
random virtual paths, each tested once with the steer-to-center strategy
and once with steer-to-orbit. In all case, a face-center reset was set to be
triggered 1 meter from the boundary. The paths were constructed from
20 waypoints (not including the initial point), with random 90 or -90
degree turns, each placed between 2 to 8 meters (sampled uniformly)
apart, for an expected length of 100 meters.
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5.4 Results

The reset count for each redirection strategy in each path is shown for
real users vs. the simulated user in Figure 9. For path 1 with S2C, using
a one-sample #-test comparing the expected reset count of 11 from the
simulated user compared to real users (M=11.1, SD=1.37) we failed
to reject the null hypothesis (¢(29) = 0.39, p = 0.693). For path 1 with
S20, a one-sample 7-test comparing the expected reset count of 15
from the simulated user compared to real users (M=14.3 , SD=1.17)
was significant (7(29) = —3.25, p = 0.003). For path 2 with S2C, a
one-sample #-test comparing the expected reset count of 12 from the
simulated user compared to real users (M=11.23 , SD=1.00) was also
significant (#(29) = —4.17, p < 0.001). Finally, for path 2 with S20, a
one-sample 7-test comparing the expected reset count of 15 from the
simulated user compared to real users (M=15.2 , SD=1.65) was not
significant (1(29) = 0.88, p = 0.38).

Discussion. The results from our study indicate an overall simi-
larity between redirection performance measured via simulation and
the average performance for real users. Overall, we can argue that
results from simulation can provide a conservative estimate for average
performance with real users. More importantly, results from the simu-
lation preserved the trends present in real user data, specifically S2C
outperforming S20 in both paths across real and simulated users.

The similarity in performance between real and simulated users may
seem to contradict our previous observations that deviations rapidly
manifest in short trials. However, deviation inherently does not entail an
increase or decrease in performance, but rather implies that a real user’s
path is becoming out of sync with the simulated user. The diverging
trajectories can potentially lead to a real user observing a reset earlier
or later than the simulated user, with neither of the two scenarios being
necessarily more likely than the other.

Redirection performing better for some users in comparison to our
simulation can potentially be explained by asymmetric gains. S2C and
S20 are greedy strategies that take the user’s motions at each frame as
an opportunity to get closer to a target objective (the user facing the
center or orbiting around the center). This means real users who exhibit
more motion than a simulated user (such as excess lateral motions
and head motions) have more chances to steer themselves, potentially
improving the performance of the redirection strategy. In contrast to
using symmetric gains, an asymmetric gain approach uses motions
only to improve the user’s state, and will stop injecting motions if
necessary. Therefore, extra motions may not necessarily be conducive
to the success of a planned redirection strategy that uses fixed gains.

While the performance of redirection for some users can be better
than our simulation, in other cases we notice a decline in performance.
We believe that this could be attributed to resets being triggered in
situations where they may not be absolutely necessary. The most
common example of this would be a user brushing against a reset trigger
due to side-to-side lateral motions while walking almost parallel to the
physical space boundary. Another example would be back-to-back
resets triggering when a user struggles with both performing the reset
task and resuming progression in the correct direction. These situations
can be avoided by developing more sophisticated reset techniques.

6 LIMITATIONS AND FUTURE WORK

The results presented in this paper have several limitations. The exper-
iments were designed to evaluate the efficacy of simulations without
addition of “noise” that mimics motion tracking jitter or postural sway
from natural walking. The simulation also used a fixed walking speed,
and the effects of velocity changes on deviations are not yet known.
Future studies to investigate these factors at the micro-scale would
be valuable. The micro-scale inspection can also be extended by ex-
amining how combined gains (such as simultaneous translation and
curvature) can manifest deviations. Furthermore, trials with asymmet-
ric gains can help with identifying alternative locomotion behaviors
that cause deviations and help to further explain the behavior of strate-
gies such as S2C. Another avenue also worth investigating is how the
application of gains influences the virtual trajectory. We would like to
understand whether an observer in the virtual world can tell if gains
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Fig. 9. Reset counts for macro inspection trials across two test virtual
paths and two redirection strategies. Since the simulated user is deter-
ministic, no variations are present in the corresponding data.

are being applied to a user or not, just by observing the user’s walking
behavior.

The macro-scale inspection focused on two common reactive strate-
gies (S2C and S20), and there have been a variety of more advanced
reactive and predictive strategies introduced in recent years. Although
our results generally affirm the validity of simulation-based evaluation,
more research is needed to compare simulation and live users using
a wider variety of redirected walking algorithms, such as approaches
based on artificial potential fields [6,9,10,22,41] and machine learn-
ing [20,36]. It would also be valuable to conduct studies using more
complex physical space configurations, such as those with non-convex
boundaries or interior obstacles, and different types of virtual reality
experiences that use redirected walking, such as those that integrate
passive haptics [40].

7 CONCLUSION

In this work, we investigated how redirection gains interact with user
locomotion behavior to understand how the outcome of redirection can
vary across real and simulated users. By looking at the gains applied at
a micro-scale, we learned that the main sources of deviation are lateral
movements causing increased curvature gains, premature and gradual
turning along with shortcuts influencing rotation gain pivot points, and
variations in reaction to resets, with the most deviation being caused by
the latter two. Looking at gains applied at a macro-scale, we observed
similar average performance between users and our simulated model,
with simulated user results offering a conservative estimate for the
average performance of real users. We observed that though deviations
cause real trajectories to diverge, they did not seem to directly decrease
or increase performance.

The investigation of how deviations manifest and affect performance
sheds light on the differences we can expect from redirection when
applied with real users versus simulation. These findings open the door
to performing simulation-based studies that can help with understanding
redirection performance factors, testing and developing novel strategies
and algorithms, and also performing cost-benefit analyses for a custom
virtual reality configuration. We envision researchers and developers
performing large-scale experiments and prototyping novel approaches
using simulation, rapidly advancing the field of redirected walking.
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