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Abstract

Redirected walking provides a compelling solution to explore large virtual environments in a natural way. How-
ever, research literature provides few guidelines regarding trade-offs involved in selecting size and layout for
physical tracked space. We designed a rigorously controlled benchmarking framework and conducted two simu-
lated user experiments to systematically investigate how the total area and dimensions of the tracked space affect
performance of steer-to-center and steer-to-orbit algorithms. The results indicate that minimum viable size of
physical tracked space for these redirected walking algorithms is approximately 6m x 6m with performance con-
tinuously improving in larger tracked spaces. At the same time, no “optimal” tracked space size can guarantee
the absence of contacts with the boundary. We also found that square tracked spaces enabled best overall perfor-
mance with steer-to-center algorithm also performing well in moderately elongated rectangular spaces. Finally,
we demonstrate that introducing translation gains can provide a useful boost in performance, particularly when
physical space is constrained. We conclude with the discussion of potential applications of our benchmarking
toolkit to other problems related to performance of redirected walking platforms.

Categories and Subject Descriptors (according to ACM CCS): Information Interfaces and Presentation [H.5.1]: Mul-
timedia Information Systems—Artificial, augmented, and virtual realities; Computer Graphics [1.3.6]: Method-
ology and Techniques—Interaction techniques; Computer Graphics [I.3.7]: Three-Dimensional Graphics and
Realism—Virtual reality

1. Introduction

Creating a compelling experience of exploring arbitrarily
large virtual environments using limited physical space is
a critical challenge for virtual reality systems. The most
promising solution to this problem is Redirected Walking
(RDW) [RKWO1], which decouples user’s virtual path from
the real-world trajectory (Figure 1). The key principal be-
hind this approach is to leverage unnoticeable perceptual
manipulations such as imperceptibly small visual rotations
(rotation and curvature gains) and translations (translation
gains) to redirect a physically walking user away from the
boundaries of the tracked space. RDW provides the ben-
efits of unconstrained physical walking in virtual environ-
ments such as enhanced sense of presence [UAW*99], ef-
ficient navigation [RL0O9] [SCFW10], and better cognitive
maps of the environment [RVB11] at a limited cost of some
cognitive load on the user [BLS15] and without interfering
with navigation and spatial cognition [HBW11] [SKFB11].
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In order to apply redirected walking in practice, one needs
to understand how the performance of RDW algorithms may
be influenced by external parameters such as size and shape
of the tracked physical space. It is also important to com-
pare the performance of various algorithms relative to each
other. These tasks are non-trivial, because the performance
of the RDW algorithm depends on a variety of interacting
factors including user behavior, tracked space dimensions,
structure of the virtual environment and type of the virtual
path, as well as internal parameters of the algorithm such
as perceptual thresholds and wall-contact resolution (reset)
mechanisms.

A common approach to defining physical space require-
ments for RDW setup is to focus on estimating the area
of the smallest physical tracked space that enables users
to walk along an infinite straight virtual path without ever
reaching the boundaries. However, this approach relies on a
special case scenario (long straight path) that may not accu-
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Figure 1: Principles behind redirected walking: example of
disassociation between user’s path in virtual world (left) and
tracked space (right) moving from the green point to red.
In this example steer-to-center algorithm is combined with
resets that occur at the boundaries of tracked space.

rately represent general RDW behavior. For the same type
of algorithms it produced a wide range of estimates for op-
timal size of tracked space from 30mx30m [RKWOI1], to
35mx35m [HB13], to 40mx40m [SBJ*10], to as much as
60mx60m [FBVO04]. Finaly, it also does not help to under-
stand effectiveness of redirected walking in tracked spaces
that are smaller than the optimal size or have non-square
shape.

The goal of this paper is to systematically evaluate the
physical space requirements for redirected walking while
controlling for the most salient factors that may affect RDW
performance; this is to shed light on the optimal tradeoff be-
tween cost and performance for tracked space requirements.

2. Related Work

Since the concept of redirected walking was first introduced
by Razzaque et al. [RKWO1], there have been a lot of inter-
est in its modification and improvement. Today RDW algo-
rithms can be broadly classified as either reactive or predic-
tive. Reactive algorithms assume no knowledge of the vir-
tual environment or future user direction of travel and rely
only on the current travel direction, speed, and position rel-
ative to the physical tracked space to steer the user. Exam-
ples include widely used Steer-To-Center (S2C) and Steer-
To-Orbit (S20) algorithms initially proposed by Razzaque et
al. and later improved by Hodgson and Bachmann [HB13].
Predictive algorithms [ZWBH13,NHK 14, AYBS14] attempt
to take advantage of the information about the past behav-
ior of the user and the structure of the virtual environment
to forecast user movement into the future and leverage this
prediction to improve effectiveness of redirection. These al-
gorithms typically optimize the choice of steering action by
searching among possible outcomes of applying various op-
tions in a near-term time horizon.

The algorithms above rely on injecting small visual ro-
tations when the user is moving forward (curvature gains)
or rotating (rotation gains) to achieve redirection. Another

mechanism for decoupling visual and physical movement
is scaling the lateral locomotion (translation gains). Trans-
lation gains have been successfully used to explore large
scaled virtual environments [IRA07,XLW*10], though never
formally coupled with other gains as a general reactive algo-
rithm.

In general it is very difficult to guarantee that walking user
will not reach the boundary of the tracked space. One ap-
proach is to allow redirection gains to increase as the user
approaches the boundary [NHS04,Su07]. This is likely to re-
quire increasing gain levels so much that redirection will be-
come obvious. Instead most RDW approaches rely on stop-
ping and reorienting the user as necessary using a reset pro-
cedure. Reset procedures can be administered manually by
calling out instructions for the user to stop moving and turn
away from the boundary [HB13] or in a variety of auto-
mated methods [WNR*07, PFW11, NHK14]. Reset strate-
gies include fixed 360 degrees visual rotation correspond-
ing to a 180 degrees physical one [WNR*07], aligning the
user perpendicular to the virtual walls or to face the center of
the tracked space [PFW11] and orientation towards the far-
thest corner of the tracked space [ZBHW13]. Predictive al-
gorithms can also calculate specific rotation angles to fit their
optimized strategy [NHK14] [AYBS14]. Regardless of im-
plementation details, resets drastically alter real-world user
trajectories and therefore have significant impact on overall
performance. This calls for reset methods to be considered
an integral part of the RDW algorithms. Furthermore, the
work of Peck et al. [PFW11] demonstrates that reset-like pe-
riodic reorientation may be sufficient to explore large virtual
spaces without any other RDW techniques.

In addition to internal factors discussed so far perfor-
mance of RDW algorithms depends on a number of ex-
ternal factors. One of the most obvious external param-
eters affecting the effectiveness of redirected walking al-
gorithms is the layout of physical tracked space. This
not only directly influences end users, but also is ar-
guably the primary practical issue in a RDW setup. Per-
formance of RDW algorithms has been studied in a vari-
ety of settings. Simulated studies considered square-shaped
tracked spaces of Smx5m [Su07], 20mx20m [ZWBH13],
35mx35m [HB13] as well as a circular tracked space
of diameter 60m [FBVO04]. In addition, user studies were
conducted in square-shaped spaces of 4mx4m [NHSO04],
4.3mx4.3m [SCFW10], Smx5m [WNR*07], 6.5mx6.5m
[PEW11], 9mx9m [PFWI11], 11mx11m [SKFB11] and
rectangular tracked spaces ranging between 9.1mx7.6m
[IRAO07], 10mx7m [SBJ*10], 12.6mx6.2m [NHK14], and
45mx25m [HB13]. Despite the great variety of configura-
tions, there are very few studies comparing RDW perfor-
mance across multiple tracked spaces of different size. The
differences in implementation details also make it hard to
generalize the results beyond a specific tracked space used
in a given study. In combination with methodological limi-
tations of estimating the “optimal” size of tracked space dis-
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cussed in section 1, existing research literature does not pro-
vide clear guidance regarding physical space requirements
for a RDW setup.

The type of virtual environment where redirected walk-
ing is applied determines the layout of users’ virtual tra-
jectory and can also significantly affect the algorithm per-
formance. For instance, Hodges and Bachmann [HB13] ini-
tially reported S2C to outperform S20, while a different
choice of virtual environment resulted in S20 to be shown
superior [HBT14]. For reactive algorithms the essence of
the virtual environment is completely captured by the lay-
out of the virtual path taken by the user. It is, therefore,
common to guide the user through the environment using
a series of waypoints to determine the layout of the virtual
path [RKWO1,FBV04, Su07,HB13]. Such a path can be de-
fined manually or generated from elements such as straight
lines, zig-zags, and figure-eights [HB13].

3. Our approach

In this paper we attempt to systematically evaluate physical
tracked space requirements for redirected walking by com-
paring the performance of several RDW algorithms across a
variety of tracked space layouts. We focus on the most com-
monly used reactive algorithms Steer-To-Center (S2C) and
Steer-To-Orbit (S20) since they are generally applicable to
any given virtual environment without making assumptions
about the structure of the environment and the user behavior.
We also investigate the effects of combining rotation, curva-
ture, and translation gains. To that end we introduced a sim-
ple algorithm based on translation gains alone and its com-
binations with S20 and S2C. All of these algorithms used a
common reset method, which stopped users at the boundary
of the tracked space and reoriented them toward the center.

We used the simulated user approach, which allowed us
to exclude between-user variability and enabled experiments
with large numbers of lengthy trials. The experiments were
conducted on a variety of randomized virtual paths that were
generated to represent common types of virtual environ-
ments. To facilitate future user studies we implemented all
redirected walking algorithms used in this paper in Unity 3D
as an interactive framework and then adapted it to run simu-
lated experiments with computer-controlled simulated users
and without rendering the 3D scene.

Our first experiment explores the effect of the overall area
of square tracked space on RDW performance. The sec-
ond experiment looks at the differences between rectangular
tracked spaces that have the same area but differ in dimen-
sions.

4. Experiment 1: What is the optimal tracked space
size?

One might intuitively expect redirected walking algorithms
to perform better as tracked space becomes larger. It is im-
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portant, however, to put this performance improvement into
context. In larger tracked spaces users can travel longer dis-
tances even when no redirected walking techniques are ap-
plied. This subtle point has been often ignored in earlier ex-
periments investigating the effectiveness of redirected walk-
ing algorithms. In this experiment a simulated redirected
walking environment was used to quantify the effects of
tracked space size on the performance of various redirected
walking algorithms.

4.1. Experimental setup
4.1.1. Redirected walking algorithms

The five RDW algorithms used in this experiment are de-
fined as follows:

Steer-To-Center (S2C) The basic heuristic used by S2C
is to inject small visual rotations to steer the user towards the
center of the tracked space. Our implementation was based
on a modification to Razzaque’s original S2C implementa-
tion, introduced in [HB13]. The curvature radius was set
to 7.5 meters, and rotations were scaled by factors between
0.85 and 1.3.

Steer-To-Orbit (S20) This algorithm functions similar to
S2C, but the heuristic is to steer the user to an orbit around
the center of the tracked space. S20 was also implemented
as described in [HB13]. Gain thresholds were the same as
used for S2C.

Center-based Translation Gain (CTG) This algorithm
used translation gains to slow down the user when she was
moving away from the center of the tracked space (i. e. scale
visual translation up relative to physical translation). If the
dot product between the direction to the center and user’s
movement vector was negative, the algorithm applied con-
stant translation gain factor. Based on unnoticeable threshold
estimate by Steinicke et al. [SBJ*10] translation gain was set
to 14 percent.

Combined Algorithms (S2C+CTG and S20+CTG)
Since S2C and S20 both rely exclusively on rotation and
curvature gain, and CTG only controls translation gains, it
is straight forward to combine both S2C or S20 with CTG.
A subtle implementation technicality was to isolate the ef-
fects of user’s actual movement (caused by walking in the
real world) from the user’s overall position and orientation
change influenced by injected visual translations and rota-
tions.

Control condition: No Redirection The performance of
these algorithms was compared to a scenario where sim-
ulated user travelled within the tracked space without any
redirection and was simply reoriented to face the center of
the tracked space every time she reached the boundary. Dur-
ing the simulation this condition was essentially treated as
a sixth algorithm before the data collected in control condi-
tion was folded into the performance measures as described
below in section 4.1.5.
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4.1.2. Virtual Paths

We defined four categories of virtual paths representing typi-
cal virtual environment scenarios used in practice (see Table
1). Note that in all cases the expected length of each path is
1000 meters.

Category D, (meters) | D, (radians) | N,
Office Building unif(2, 8) {—%, % 200
Exploration (small) unif(2, 6) unif(-z, ) 250
Exploration (large) unif(8, 12) unif(-m, ) 100
Long Walk {1000} N/A 1

Table 1: Four categories of virtual paths.

Virtual paths were randomly generated based on distance
sampling distribution Dy, angle sampling distribution D,
and a waypoint count N,,. Given these parameters a virtual
path can be generated by taking the user’s initial configu-
ration, setting a waypoint at distance d; (sampled from the
distance distribution) along the user’s current forward, then
placing the next waypoint at distance d, (sampled from the
distance distribution) such that the user will be required to
rotate angle a; (sampled from the angular distribution) to
face the next waypoint and so on. Therefore in practice, the
user will be required to perform a succession of walk and
turn actions to clear all waypoints.

4.1.3. Simulated walker

A walking user was simulated by an autonomous agent pro-
grammed to traverse the virtual path by walking toward the
next waypoint with constant linear velocity of 1 m/s while
maintaining its heading toward the waypoint (i.e. attempt-
ing to walk on a straight line in the virtual environment).
Upon reaching a waypoint, the simulated walking stopped
(instantly) and turned in place with angular velocity of 90
deg/s to face the next waypoint (as implemented in [HB13]).
Note that for this study no noise was introduced to the simu-
lated user’s translation and rotation. This guarantees the sim-
ulated user will walk along the virtual path defined by the
series of waypoints.

4.1.4. Resets

When the simulated user reached a boundary of the tracked
space, a reset procedure was initiated. The simulation paused
and the simulated user was reoriented to face the center of
the tracked space while maintaining the same orientation in
the virtual environment. This result is equivalent to the re-
sult of the typical reset procedures performed with real users.
Note that a reset was only triggered when the user is facing
towards the boundary in contact (a 180 degree range), not
merely brushing the boundary while still heading to a direc-
tion inside the tracked space.

4.1.5. Performance measures

The most direct way to asses how a successful redirection
algorithm is in keeping the user within the boundaries of the
allocated physical space is the reset count, i.e. the number
of times the user contacted the boundary and a reset proce-
dure was triggered. We define our primary measure - rel-
ative effectiveness - as reduction in reset count relative to
no-redirection under the same conditions:

RnoRedirection — Ralgorithm

ey

RE ygorithm =
8 RN oRedirection

4.1.6. Procedure

At the start of each trial simulated user was placed in the
middle of the tracked space facing “north”(parallel to one
of the tracked space sides). For each tracked space (squares
ranging from 1 to 60 meters in one dimension) and algo-
rithm (six, including No Redirection) pair we generated 10
randomized virtual paths in each of the first 3 virtual path
categories described above and obtained corresponding reset
counts. For the Long Walk path category a single reset count
was obtained for each pair of algorithm (again, including No
Redirection) and area size. We then averaged no redirection
reset counts for each path type and tracked space and used
these values to compute relative effectiveness metric for each
of the 5 algorithms.

4.2. Results

Initial examination of algorithm performance across virtual
path types revealed that performance for Office Building,
Small Exploration, and Large Exploration virtual path cat-
egories was quite similar. Overall, relative effectiveness of
all algorithms increased with tracked space size. In contrast,
Long Walk path resulted in qualitatively different step-like
performance function, where the effectiveness remained rel-
atively flat until tracked space size reached a critical point.
For all tracked spaces above this critical value physical paths
were completely enclosed into the tracked space, which cor-
respond to 100 percent redirection effectiveness. For further
analysis we decided to consider Long Walk Path separately
and combine the results for the first 3 randomized path types.

4.2.1. Long Walk Paths

Figure 2 shows experimental results for effectiveness of redi-
rected walking relative to no redirection for Long Walk
paths. The four algorithms using rotation and curvature gains
to redirect the user (S2C, S2C+CTG, S20, S20+CTG) are
able to achieve 100 percent effectiveness for tracked spaces
sized 31 meters or larger. This happens when redirection
algorithms are able to fully redirect the user onto a circle
trajectory within the tracked space. In addition, S20 and
S20+CTG algorithms achieve a near-perfect effectiveness
of about 98 percent for tracked spaces sized between 22 and
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Figure 2: Relative effectiveness of redirected walking for
Long Walk path type.

30 meters. In practice this means that a reset is required be-
fore the user can be redirected into fully circular trajectory.

The results indicate that both S2C and S20 algorithms are
not very effective in very small tracked spaces. S20 algo-
rithm requires tracked space of at least 15 meters to achieve
at least 10 percent effectiveness relative to no redirection
(and to outperform simple CTG algorithm). S2C algorithm
requires at least 6 meters to achieve 10 percent effective-
ness and to outperform CTG. For intermediate size tracked
spaces between 16 and 31 meters S20 outperforms S2C in
Long Walk path scenario.

CTG algorithm has virtually constant effectiveness of
about 12 percent over the full range of tracked space sizes.
When combined with S2C and S20 algorithms CTG im-
proves effectiveness relatively to original versions by ap-
proximately the same amount up to tracked space size of
31 meters, where all four algorithms reach 100 percent ef-
fectiveness. For S20 and S20+CTG algorithms the conver-
gence in performance happens at 22 meters.

4.2.2. Randomized path types

To simplify the comparison between algorithms we grouped
tracked space sizes into three categories: up-to 20 meters, 20
to 40 meters, 40 to 60 meters (see Figure 3 (bottom)). We
then performed a 2 way ANOVA with grouped area size and
algorithm as explanatory factors and relative effectiveness
as response variable. The analysis revealed a significant in-
teraction between effects of area size and algorithm type on
relative effectiveness (F(8,8985) =209.326, p < 0.001).

Planned post-hoc comparisons revealed that combination
of translation gains (CTG) with other algorithms resulted
in significantly higher effectiveness for all three groups of
tracked space sizes (all p values below 0.001). In addition,
for tracked spaces up-to 40 meters S2C algorithms was more

(© The Eurographics Association 2015.
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Figure 3: Relative effectiveness of redirected walking algo-
rithms for each tested tracked space size (top) and three ag-
gregate groups of tracked space sizes (bottom). Error bars
represent standard error.

effective than S20 (p values less then 0.001). The same was
true for the modified versions S2C+CTG and S20+CTG.
However, for tracked space sizes between 40 and 60 me-
ters we found no significant differences between S2C and
S20 (p = 0.587) and between S2C+CTG and S20+CTG
(p =0.613).

4.3. Discussion

One very intuitive conclusion from these results is that redi-
rected walking algorithms we considered here have a min-
imal viable tracked space requirement. For a Long Walk
scenario S2C required tracked space of at least 6m x 6m to
achieve 10 percent relative effectiveness, which we consider
minimally viable. Randomized path scenarios produced sim-
ilar results: for Sm x 5m tracked space relative effectiveness
of S2C was 8.6% (95% CI [6.5%, 10.6%]); for 6m x 6m
relative effectiveness was 13.7% (95% CI [11.3%, 16%)).
For S20 algorithm minimally viable tracked space needs to
be larger. Naturally, application of translation gains helps
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to somewhat relax this requirement by effectively making
tracked space “bigger”.

The Long Walk path data suggest that a 31m x 31m
tracked space would be sufficient to achieve infinite straight-
line walking in virtual reality for any of the algorithms we
tested. This result is in line with earlier estimates of 30m by
Razzaque et al. [RKWO01] and 35m by Hodgson and Bach-
mann [HB13].

However, the near perfect performance achieved by S20
in a tracked space as small as 22m x22m indicates that these
results are highly sensible to the initial position and orien-
tation of the user. By strategically placing and orienting the
user to match the desired trajectory from the beginning we
could have achieved “optimal” performance in this smaller
tracked space. Conversely, an unfortunate initial configura-
tion (for example, near the tracked space boundary) is bound
to require at least one reset regardless of available space.
Based on these conclusions, we would argue that the tra-
ditional approach of finding an “optimally sized” tracked
space, which enables an infinitely long straight-line virtual
trajectory is not necessarily a good way to define real-world
space requirements for redirected walking.

The randomized paths results suggest that redirected
walking effectiveness gradually improves as tracked space
area becomes larger (Figure 3, top). Since the rate of per-
formance improvement slows down for for larger tracking
areas, it seems that choice of tracking area size should be
based cost-benefit analysis of potential performance gains
vs. expenses for enlarging the tracked space further.

When comparing S2C and S20 to each other we conclude
that the choice of algorithm does not seem to matter for very
large tracked spaces (40m x 40m and larger). For intermedi-
ate and small tracked spaces S2C seems to be more prefer-
able. It is particularly true for tracked spaces smaller than
approximately 15m x 15m, where relative effectiveness of
S20 algorithm is very small.

In practice most tracked spaces are unlikely to exceed
10m x 10m. It is clear that under such circumstances effec-
tiveness of S2C and S20 algorithms remains limited. As
a consequence the users are bound to experience relatively
large number of resets. Therefore, it is critical to design reset
and reorientation mechanisms to seamlessly integrate into
overall virtual reality experience. Our data also demonstrates
that for such relatively small tracked spaces combining S2C
and S20 algorithms with translation gains provides a sig-
nificant boost in effectiveness. However, further research is
required to fully understand the effects of simultaneous ap-
plication of curvature and translation gains on the moving
user. The primary concern here is that in combination these
two types of gains may become more noticeable.

5. Experiment 2: What shape of tracked space is
optimal?

Physical tracked spaces are not always square. Room lay-
out and hard-to-move physical obstacles may create situa-
tions where the use of rectangular shape may be preferable to
maximize the use of available physical space. It is, however,
unclear how shape of the tracked space may impact perfor-
mance of redirected walking algorithms. For example, when
comparing 8mx9m vs. 6mx 12m tracked spaces, it is not
apparent which of the two would perform best. Experiment
2 was designed to investigate the impact of tracked space
shape on effectiveness of redirected walking algorithms.

5.1. Experimental setup

We compared performance of the five redirected walking al-
gorithms (CTG, S2C, S20, S2C+CTG, S20+CTG) intro-
duced in experiment 1 (section 4.1.1) in square and rectan-
gular tracked spaces. The shape of the tracked space was de-
termined by the ratio of its longer side length to the shorter
side length. The shape ratios tested were 1.0, 1.5, and 2.0. To
ensure fair comparison total area was constant at 400 square
meters. The algorithms were tested using three types of ran-
domized virtual paths — "Office", "Large Exploration", and
"Small Exploration" (see section 4.1.2).

Figure 4: [llustration of tracked space shape changing with
fixed area size (ratios 1, 1.5 and 2).

Overall experimental setup was similar to that used in
experiment 1. At the start of each trial simulated user was
placed in the center of the tracked space. To control for
possible effects of initial user orientation, the experiment
contained equal number of trials where user started going
"North" (along the short side of the rectangle), "East"(along
the long side of the rectangle) and "North-East" (towards
the corner). For each path type and initial heading direction
combination there were 10 trials (90 for each algorithm at
each of the tracked spaces for a total of 1350 trials).

Similar to experiment 1 our primary measure was rela-
tive effectiveness (section 4.1.5) of redirected walking al-
gorithms compared to no-redirection condition. For each
tracked space, path type, and initial heading combination
we estimated the mean number of resets without redirection
(based on 10 trials) and used it to compute relative effective-
ness for each of the five redirected walking algorithms.
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5.2. Results

First, we checked if initial heading of the user affected per-
formance of redirected walking algorithms. We fitted a main
effects linear model with relative effectiveness as depen-
dent variable and algorithm, shape ratio, and initial head-
ing as explanatory factors. The test for type III main ef-
fects suggests that after adjusting for effects of algorithm
type and sides ratio initial heading does not play signif-
icant role in explaining variation of relative effectiveness
(F(2,1341) = 0.848, p = 0.428). As a result we did not in-
clude initial heading in further analysis.

~-CTG -=52C S2C+CTG ==520 ==S20+CTG
100.0%

a 90.0%
g 80.0% -
g 70.0% ,7W4
B 600%
g 50.0% *\+\_‘
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Figure 5: Effects of tracked space shape (sides ratio) on rel-
ative effectiveness of redirected walking algorithms. Error
bars represent standard errors.

Next we analyzed the effects of algorithm and sides ratio
on relative effectiveness using a 2-way ANOVA model. We
found a significant two-way interaction between algorithm
type and sides ratio (F(8,1335) = 3.284,p = 0.001). This
suggests that the effects of the tracked space shape on per-
formance is different for different algorithms as illustrated
by Figure 5.

As might be expected, when comparing effectiveness be-
tween algorithms we found the same pattern as in experi-
ment 1 for 20mx20m tracked space. Therefore, we focused
on comparing performance for different area shapes within
each algorithm. The pairwise comparisons were preformed
using Bonferroni adjustments.

The post-hoc analysis revealed that for S20 algorithm
relative effectiveness significantly decreased for sides ratio
of 1.5 compared to 1.0 (p = 0.019) and further decreased
for sides ratio of 2.0 vs. 1.5 (p < 0.001). Similarly, rela-
tive effectiveness of S20+CTG algorithm decreased for 1.5
vs 1.0 sides ratio (p = 0.003) and for 2.0 vs. 1.5 sided
ratio (p < 0.001). In contrast, we found no evidence that
S2C and S2C+CTG algorithms exhibit significant decrease
in effectiveness when switching from square to moderately
elongated rectangular tracked space with sides ratio of 1.5
(p = 0.788 and p = 0.757 respectively). However, relative
effectiveness of these two algorithms decreased for shape
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ratio of 2.0 as compared to 1.5 (p = 0.001 and p = 0.004
respectively). We did not find a significant change in relative
effectiveness of CTG algorithm (p = 1.0 for shape ratio 1.0
vs. 1.5; p = 0.199 for shape ratio 1.5 vs 2.0; and p = 0.887
for shape ratio 1.0 vs. 2.0).

5.3. Discussion

The results of this experiment demonstrate that sensitiv-
ity to tracked space shape differs between algorithms. Both
S20 and S20+CTG algorithms perform best in square
tracked spaces and have a performance penalty in rectan-
gular spaces. In contrast, CTG algorithm does not appear to
be sensitive to tracked area shape. S2C was somewhat more
robust compared to S20. Both S2C and S2C+CTG algo-
rithms did not experienced significant performance penalty
in moderately elongated tracked spaces (shape ratio 1.5),
but did suffer in more elongated rectangles (shape ratio
2.0). Taken together these observations suggest that square-
shaped tracked space was the best choice across all algo-
rithms. These results also suggest that S2C is a more robust
algorithm compared to S20. Given the robustness of S2C-
based algorithms in moderately elongated tracked spaces we
believe the first priority in planning the layout of the tracked
space should be maximization of the total area. However,
all other things being equal, more elongated tracking spaces
will likely result in higher effectiveness penalty relative to
more square spaces.

6. Conclusions

The results of our study outline a new way of evaluating the
utility of the physical tracked space for redirected walking
setups. There is, unfortunately, no single “optimal” size of
tracked space that can guarantee complete absence of user
contact with the boundary, at least for reactive RDW algo-
rithms such as S2C and S20. Furthermore, in practice the di-
mensions of most tracked spaces are much smaller than pre-
viously estimated “optimal” size of 30m x 30m to 35m x 35m
and are unlikely to exceed 10m x 10m, where reset events are
common. It is, therefore, prudent to concentrate on defining
and achieving an acceptable level of resets and developing
ways for integrating the reset mechanisms as an integral part
of the experience.

In relatively small tracked spaces the effectiveness of us-
ing traditional reactive RDW algorithms that rely only on
rotation and curvature gains is very modest. For tracking
spaces smaller than 6m x 6m effectiveness of original reac-
tive algorithms is unlikely to exceed 10%. Our data demon-
strates, however, that a significant performance boost can
be achieved by combining these techniques with translation
gains. For example, in a 10m x 10m tracked space S2C re-
duces the number of resets vs. no redirection condition by
27% (95% CI [22%,33%]); when combined with our naive
translation gains implementation into S2C+CTG algorithm
it achieves the reduction by 46% (95% CI [41%, 51%]) .
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Shape of the tracked space also affects RDW performance
with square tracked spaces generally being most suitable
for redirection. Our data suggests that moderately elongated
rectangular shapes can also be used without significant per-
formance penalty.

Our findings are based on a benchmarking framework
for assessing redirected walking performance in a system-
atic controlled manner. This approach relies on analysis of
relevant factors to systematically vary the parameters of in-
terest while controlling for all relevant nuisance parameters
for complete and fair performance comparisons. We argue
that exploration of other properties RDW algorithms in gen-
eral requires similar controlled approach to yield results that
are generalizable and that our framework can be suitable for
such studies. In the future we plan to apply this approach
to also study performance of predictive algorithms, which
may be critical to improve redirected walking performance
in tracked spaces of limited size.

Another important avenue for improvement is the devel-
opment of more realistic representation of a walking user
by introducing elements such as noisy movement, gait os-
cillations, random gaze aversion, and assessing the accuracy
of this model with real user experiments. Such changes can
substantially improve the validity of simulated user exper-
iments. While live user studies are critically important to
gauge realistic performance, simulated user studies enable
large scale experiments with multiple trials and long virtual
paths that are impractical for human studies.

Finally, in this study our notion of performance centered
strictly on reducing wall contacts. A more complete under-
standing of redirected walking algorithms would require to
assess the impact on the user in terms of perceptual and cog-
nitive load and levels of simulator sickness. In the future we
plan to include these features in order to be able to predict
user’s comfort level across various algorithms. Ultimately
the goal is to find an optimal compromise between effective
wall contact prevention and user strain reduction.
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