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Figure 1: lllustration of walked paths of the real world (left) and in Virtual Tubingen (right).

ABSTRACT the condition where the dynamic gain controller was applied. This
; ; : ; ; distance increased from approximately 15m for static gains to ap-

Th f Redirected Walk RDW) is to redirect I X ! . O
e aim of Redirected Walking ( )is to redirect a person along proximately 22m for dynamic gains. This did not come at the cost

their path of travel in a Virtual Environment (VE) in order to in- . S ; X
crease the virtual space that can be explored in a given tracked area(.)f an increase in simulator sickness. Applying the avatar controller

Among other techniques, the user is redirected on a curved real-did reveal an effect on walking distance or simulator sickness.
world path while visually walking straight in the VEc|rvature Index Terms: Computer Graphics [1.3.7]: Three-Dimensional
gain). In this paper, we describe two experiments we conducted Graphics and Realism—Virtual Reality

to test and extend RDW techniques. In Experiment 1, we measured
the effect of walking speed on the detection threshold for curvature 1
of the walking path. In a head-mounted display (HMD) VE, we )
found a decreased sensitivity for curvature for the slowest walking When we walk through the world, various sensory systems pro-
speed. When participants walked at 0.75 m/s, their detection thresh-Vide the brain with information concerning our changing position.
old was approximately 0.1th(radius of approximately 10m). In  On the one hand, the vestibular and proprioceptive systems produce

INTRODUCTION & MOTIVATION

Contrast’ for faster Wa|k|ng Speeds :(Om/s), we found a Signi - Signals that arise from within our bOdy At the same time, the visual
cantly lower detection threshold of approximately 0.036radius system provides the brain with information about how our position
of approximately 27m). is changing with respect to our surroundings. Normally, these dif-

In Experiment 2, we implemented many well known redirection ferent sensory S|gnals_are congruent and p_roducc_a the same estimate
techniques into one dynamic RDW application. We integrated a Of self-motion. Sometimes, however, con icts arise and the brain
large virtual city model and investigated RDW for free exploration. has to either combine the con icting signals or choose which sig-
Further, we implemented a dynamic RDW controller which made Nal to use. In such a con ict situation, the visual modality often
use of the results from Experiment 1 by dynamically adjusting the dominates (summarized in [21]). This fact is exploitedRedi-
applied curvature gain depending on the actual walking velocity of rected Walkingin order to increase the size of Virtual Environments
the user. In addition, we investigated the possible role of avatars Which can be explored on foot. In addition, contemporary display
to slow the users down or make them rotate their heads while ex- hardware provides great means of presenting arbitrarily generated
ploring. Both the dynamic curvature gain controller and the avatar images to the user whereas other senses are relatively hard to ma-
controller were evaluated in Experiment 2. We measured the aver-Nipulate.
age distance that was walked before reaching the boundaries of the The aim ofRedirected WalkingRDW, [16]) is to allow users

tracked area. The mean walked distance was signi cantly larger in to Walk in virtual worlds which are of greater dimensions than the
real-world space they walk in. The idea behind RDW is to manip-

e-mail: christian.neth@tuebingen.mpg.de ulate the camera movement through the VE compared to the user's
Te-mail: heinrich.buelthoff@tuebingen.mpg.de tracked real movements, hereby decoupling the 1:1 mapping of the
*e-mail: betty.mohler@tuebingen.mpg.de user's position and orientation. This leads to a redirection of the ac-

tual walked path from the corresponding, intended virtual walking
trajectory. Thus, virtual worlds of greater extents than the operative
area of the tracking system can be explored by walking. Among
other means of manipulation, there is the possibility to introduce



a small rotation to the virtual camera with respect to the forward 2.1 Redirected Walking setups
motion of the user. By trying to correct this deviation, the user
walks on a curved path in the real world while walking straight in
the VE (see gure 2). As long as the induced curvature is small

Redirected Walkingas rst been described by [16]. In this experi-
ment, a re drill was modelled which led the user through a room in
a zig-zag path. By applying rotational redirection, this path could
be bent into a back-and-forth path. The gained knowledge could
successfully be used to prevent users of a CAVE system to see the
(missing) back wall [17].

Interrante et al. [7] evaluated different locomotion metaphors
using translational gain. Subject to this evaluation were four differ-
ent ways to move through a virtual world: Firstly, regular walking
which mapped the real-world locomotion 1:1. Secondly, 10x ampli-
ed walking which ampli es virtual translation by the factor 10 in
any direction. Thirdly, the so-calleSeven League Bootsetaphor
which only ampli es the forward movement by the factor 10, and
fourthly a joystick which does not involve real-world walking at all.
They found that users prefer teven League Boatsetaphor.

The idea ofRedirected Walkingvas later formalized by [23].
Thresholds of suitable gains have been examined [22, 23]. In nite
walking using RDW methods was made possible by [4] who mod-
elled the rst dynamic redirection controller. They presented the
participants a predetermined, meandering path through the virtual
world. Walking on this path, the users could be redirected suc-
cessfully by applying rotational gain. The amount of applied gain
was determined dynamically based on the real-world position of the
user. Through these means, the straight meandering path of the vir-
tual world was altered into a circular meandering path in the real
world. See section 4 for a formulation of techniques used.

2.2 Reorientation Techniques and Avatars

Figure 2: The principle of Redirected Walking As it is not always feasible to either use predetermined paths
or make in nite walking possible by applying tremendous gains,

enough, this manipulation is not noticed by the users. Related work Mmethods to turn the users around once they reach the borders of the
[4, 29] has successfully used RDW to allow users to walk arbitrarily tracked area have been developed [29)], the so-cRletientation
far through virtual worlds of greater dimensions than the available Technique¢ROT). The basic principle of these methods is to phys-
tracking area. Yet whereas the primary methods of RDW are basedically turn the user around while maintaining the virtual orientation
on manipulating the mapping between real and virtual world, there Y applying rotational gain. Peck, Whitton & Fuchs [15] have done
recently have been approaches to manipulate the user's walking be-an evaluation of different ROTs and found that ROTs using mov-
haviour by changing the virtual world (e.g., [25] changed the loca- ing dlstraptors in combination with rotational gains are preferred to
tion of doors in a virtual room exploiting the phenomena of change ROTSs which use e.g. verbal commands.
blindness). In addition, it was found that people maintain sevemgs of

In this paper, we present two separate experiments which inves-distance limits in interpersonal space ([6], summarized in [10]). Ac-
tigated RDW. First, in a psychophysical experiment, we investi- cording to this, there exist four rings of interpersonal space: public,
gated the sensitivity of humans to walking on a curved path using Social, personal and intimate, with distances between the people
an HMD virtual world. Then, we implemented many of the com-  fanging from 7.5m to 15cm. This principle is callgatoxemics
monly used techniques for redirection in virtual worlds, extending Concerning virtual worlds, [1] and [10] found that these personal
these algorithms for free exploration in a large virtual city. spaces hold true in virtual worlds as well as in real surroundings.

In our second experiment we investigated the usefulness of the Fu_rthermore, it was found that an increase in anxiety (measured by
results from our rst experiment, and we also further extended the SKin Conductance Respons&CH occurred when a single avatar
idea of using distractors [15] to additionally redirect the user by was considered too close and this eff_ect was even stronger for sev-
using avatars to manipulate their walking behaviour. As it was eral avatars [10]. Therefore, avatars in VEs might be a very usefu

shown that people feel uncomfortable when avatars approach toodlstractor, since the interpersonal space rules for humans are well-

close [10, 1], we aim to use avatarsrepel users when approach- !<n0\t/)vn| and f"m'lar rulels dhe}[ve bee:nhshown to a||c()jpl)|/| In \f/Eih By go-
ing physicai obstacles. ing below interpersonal distances the user would allow for the given

virtual environment, the user might be redirected by re-establishing
comfortable interspace.
2 RELATED WORK

In order to understand the motivation for our two experiments, we 2.3 Research on curvature sensitivity

must discuss both the understanding of human sensitivity to walk- The sensitivity to walking on a curve, both in real and virtual sur-
ing straight, and the current state-of-the-art for redirected walk- roundings, has been the focus of previous work [2, 22], especially
ing algorithms. Therefore, rst we introduce existing RDW tech- veering onto a curved path when trying to walk straight without vi-
niques. Then, we introduce reorientation techniques (ROTSs), usedsion [8, 18]. Cratty and Williams [2] used different curved curbs
when RDW algorithms are not suf cient, and speci cally introduce to guide blind walkers. It was the task of the participant to detect
avatars as potentially useful distractors while being redirected. Fi- whether the followed curb was curved. The experiment showed
nally, we introduce related research on curvature sensitivity and the that the correctness of their responses only rose above chance level
role that velocity may have for curvature sensitivity while walking. for radiuses smaller than 10 feet (approximately 3m). Participants



in this study stated that they had the feeling of walking in a more was kept approximately constant (varying between 6 and 7s) for the
stable way when walking faster. three different walking speeds. With this duration, all trajectories

The veering behaviour of blind and blindfolded people when still t in our tracking area (11x12m). By randomizing the dura-
walking along a straight line was measured by [8]. In one of their tion, time was not a strong cue to walking speed. See gure 3 for
experiments, participants were guided on a curved path using a hap-a graph of the walked curvatures at the maximum speed of 1.25m/s
tic guiding cart and gave a 2-alternative forced-choice (2AFC) feed- with the average walking duration of 6.5 seconds. Per test series,
back. The results showed a detection threshold of approximately

20m radius. 2r
Souman et al. [18] conducted an experiment in which partici-

pants were instructed to walk straight in suf ciently large, at areas 15|

with sight (in areas with homogeneous structures like a sandy desert

or a dense forest) or blindfolded (on an air eld). It was found that 1l

people tend to walk in circles when external cues to direction (e.g.,
the sun) are absent. When blindfolded, participants walked in cir-
cles with a radius as small as 10m, without noticing.

In the context oRedirected Walking22] have investigated cur-
vature sensitivity in a VE without regard to walking velocity. Par-
ticipants walked along a straight path for a few meters and were
then guided on a curved path. From a 2AFC response, a curvature
detection threshold of approximately 22m radius was estimated.

Also, several studies have investigated walking velocity in vir-
tual environments. It was found [12, 19, 24] that people tend to
walk slower in virtual reality. Furthermore, [20] found the visual 5 r
stimulus of virtual walking is perceived as the most natural by the
users when scaled up by approximately 20% compared to their ac- 2 . . ‘ , ‘ . ‘ .
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3 EXPERIMENT 1: PSYCHOPHYSICS OF RDW Figure 3: Walked curves (starting at [0,0]) at 1.25m/s and 6.5s dura-

The results of several research studies [2, 8, 23] suggest thele mig tion. Note that since the average walking duration was kept constant

be an in uence of a person's Walk”'lg Speed on their Sens|t|v|ty to for differe-nt Walklng Speed_s, pal’ticipar_lts walked different |engthS on
walking on a curved path. To our knowledge, this in uence has these trajectories for the different walking speeds.

not yet been researched in detail, so our rst experiment aimed to

investigate whether there is an effect of walking speed on curva- we repeated each of the tested curvatures 10x in randomized order,
ture detection. In contrast to other work [2, 8], we did not have each 5x to the left and to the right. Within each of these experiment
the participants walk blindfolded but used the optical guidance of a conditions, we kept the walking velocities constant. To average out
HMD-VE to both guide people on a curve and control their walking a potential learning effect, we repeated the three experiment condi-
velocity. The virtual world was rotated with the visual target, so the tions in reversed order on a different day. We ran each of the six sets
participants had the impression they were always walking straight of possible condition orders twice, thus requiring 12 participants.

in the virtual world. Hence, curvature detection had to be based on  All participants lled out an initial questionnaire before the ex-

body cues (proprioception and inertial cues). periment, asking about their experience with immersive VE. Be-
fore and after the experiment, tBémulator Sickness Questionnaire
3.1 Method (SSQ) of Kennedy et al. [9] was lled out. After the experiment,

To measure the curvature detection thresholds of the participants,@ Presence questionnaire was lled out by all participants about
we had them walk on different curved paths. We measured detec-the experienced virtual presence, as well as an experiment-speci
tion thresholds for three different walking speeds. To control both guestionnaire about the general experience of the test runs.
curvature and walking speed, we modelled a oating sphere in the )

virtual world. The participants were instructed to follow this sphere 3-2 Experimental setup

at a given distance. They were given feedback on the proper dis-The participant's head position and orientation were optically
tance to the sphere via its colour. When the actual distance wastracked using 16/icon MX-13cameras, providing a planar spatial
correct, the sphere was green. If the distance was either too smallresolution of the tracked object ofLlmm at a frequency of 120Hz.

or too great, the sphere rst turned yellow and, for worse distance, Rigid body tracking was done byicon IQ 2.5 The scene was ren-
later red. dered on &ell Inspirion XPS Gen hotebook computer, which

After each trial, the participants were asked whether they had was carried by the experimenter during the test runs to lighten the
the impression they had walked on a left-hand or a right-hand curve load for the participants. So the participants henceforth only had
and had to press corresponding buttons on a game pad. The correctto carry the tracking helmet, noise-cancelling headphones playing
ness of the response was recorded. Furthermore, the position andvhite noise to cover ambient noise, a game pad and the HMD (see
orientation of both the sphere and the participant were recorded at gure 4). We used areMagin 2800 3D VisoHMD which could
a frequency of 60 Hz throughout the trial for subsequent walking display the scene with a resolution of 800x600 pixels at a refresh
analysis. rate of 60 Hz. The eld of view (FOV) of this HMD is approx-

In a pilot study, we determined a range of tested curvatures from imately 32x24. The HMD was built into a pair of ski goggles,
0.005m! to 0.05n, equalling corresponding circular arcs be- so the participants could not see their real-world surroundings. To
tween 200m and 20m radius. The lowest curvature almost equalledavoid the potential in uence of a rich virtual environment, we used
a straight path, while the highest curvature was very distinct. Since a sparse virtual environment. Before the start of a test run, the
users tend to walk slower in virtual environments than they would sphere, two coloured cylinders and a white line on the oor were
walk in the real world [12, 19], we determined the tested walk- presented in the virtual world to allow the participants to properly
ing velocities of 0.75, 1.00 and 1.25m/s. The duration of the trials position themselves. The oor was textured with noise. The partic-



Figure 4: Participant wearing a HMD; his view (target sphere above
textured ground plane) is indicated in the inset.

ipants were instructed to walk into the rst, semi-transparent cylin-
der and orient themselves in the direction of the white line. The
second cylinder was displayed in some distance, giving feedback
by its colour on the proper positioning within the rst cylinder (see
gure 5). During the test run itself, these auxiliary means were re-
moved so that only a level oor, a plain blue sky and the oating
sphere were present (see inset of gure 4).

Figure 5: The participant's view while standing in a semi-transparent
cylinder; A line on the ground, a sphere and a cylinder for alignment
purposes are visible before the start of each test run. During the trial,
only the sphere is visible.

As the participants could not see the game pad due to the HMD,
a picture of the game pad was displayed in the corner of the visual
eld when user interaction was necessary, with the keys they could
press highlighted (see gure 5).

3.3 Results

The experiment was performed by 12 participants @ , age 21
—29, 24.3). During the test runs, we discontinued the experiment
for four participants (two due to inability to follow instructions, one

participants. One participant's data was excluded from analysis as
an outlier due to her detection thresholds and PSEs being greater
than three standard deviations above the mean.

We ltered out "bad” test runs based on the sideward deviation
from the ideal trajectory. With a Iter limit of 20cm on the average
deviation, 138 (2.09%) of the test runs had to be removed from the
data. We checked whether our participants were able to keep the
targeted velocity and designated distance to the sphere correctly
and found them to be able to keep both velocity¢.3% congru-
ence, see gure 6) and distan@}ye;=0.45m,d=0.48m) very close
to the ideal values. Using the periodic variation in height of the
tracked position of the participants' head, we determined the loca-
tion and time stamps of individual footfalls [26, 27]. Based on that
data, we conducted a step analysis and found a linear increase for
step length, step velocity and step frequency for increased walking
velocities (see gure 6). This pattern is consistent through all test
runs of all participants. This is consistent with the biomechanics of
natural walking. As the participants had to choose between the re-

First session (random order) Second session (reversed order)
T T T T T T

step frequency
(Hz)
o

step length

(m/s)

step velocity

.25
walking velocity

Figure 6: Step analysis (all 6 conditions) for 11 participants. Bars
denote one standard error of the mean.

sponses "Left” or "Right” (2AFC), we received high correctness fo
very distinctive curvatures but chance level for very low curvatures
For the data analysis, we inverted the correctness of the right-hand
curves in order to obtain a sigmoid distribution of the data. The
resulting data semantically describes the probability of a positive
response if we would have asked the question "Did you have the
impression you walked on a left-hand curve?”. We determined the
ratio of positive responses and tted a psychometric function to the
results using the psigni t toolbox [28] for each walking velocity
(see gure 7). This was done separately for the data of each partic-
ipant.

For the overall results, we determined the participant's detection
threshold and point of subjective equality (PSE) for each velocity.
The detection threshold is represented by the value at which partic-
ipants are on average able to recognize the direction of the walked
curve correct in 75% of the test runs. The PSE represents the calcu-
lated value where participants perceive the middle between the two
alternatives of an experiment. In this case, the middle of left-hand
and right-hand curves is a straight line. If there was no bias of the
participants to careen to a speci ¢ side, the calculated PSE value
should be at zero curvature for 50% response correctness.

We performed a repeated-measures ANOVA (Greenhouse-
Geisser corrected for aspherity) with PSE and threshold. For the
PSE values, we found no signi cant deviation from zero, F(1.088,
10.877)=0.865, p=0.382, indicating that there was no bias of the
participants to a speci c side. As the main measurement of the
experiment, we analysed the detection thresholds and found a sig-
ni cantly higher detection threshold for the slowest tested walking

due to loss of interest, one went abroad and could not complete thevelocity, F(1.053,10.532)=13.573, p=0.004. The results foraH p
second session). These participants were replaced by 4 additionaticipants are plotted in gure 8. For 0.75 m/s, we found a detection



' moeEm 4 IMPLEMENTATION OF A DYNAMIC RDW GAIN CON-
0o | ot TROLLER FOR FREE EXPLORATION
We used the gained knowledge from Experiment 1 and modelled a
o8y K RDW controller extending the controller described by [4] and [20].
o7l o e We implemented most of the redirection techniques that were de-
K scribed but did not make use of time-dependent translational gain
806 - o o+ /o o 4~ and displacement gain (cf. [20]) to avoid direct translational shifts
s ," Lo - without corresponding translational user movement.
_9-U3 051 ° o, B ° The head rotation was scaled up or down with respect to the spa-
'§ e —;f tial position and head orientation of the participant (see section 4.3)
= ° LTy ° The translational movement was scaled up by a factor of 2. As
Soal - omme /" wo ° related work has shown [22, 7], this gain represents only a mod-
& g (== 075mis | erate manipulation to improve redirection. Also, we implemented
Szl A ° O 0.75mis a curvature gain controller which introduces rotation to the virtual
o 122 m camera with respect to the translational movement of the user. The
01 8 o 8 o125 s curvature gain was also in uenced by tResitional overall gain
Pt o 1.25mis (see section 4.3) and was either based on a static factor or dynam-
.1 008 006 BoaT 002 S0 002z 004 006 008 04 ically adjusted depending on the actual walking speed (see section
<-- right-hand curves Test curvature (m ) 1 left-hand curves --> 4.1). Moreover, we implemented a time-dependent rotational gain,
which constantly rotated the virtual world by/$ and thus allowed
Figure 7: Fitted psychometric functions (lines) and actual data (dots) for a small, yet constant redirectthn We extended this state-of-
for one participant's data the-art controller by four modi cations which are depicted in detalil
in the following four sections.
0.12
= oL i 4.1 Static and dynamic curvature adjustment
3 o1l | For our dynamic and static curvature adjustment, we chose a cur-
2 ’ vature gain which is higher than what was perceptually noticeable
< 000 i in Experiment 1. In Experiment 2, we used a rich realistic world
o and hypothesized that we could apply higher gains than in a sparse
S 408 i virtual world. As our static gain value, we chose 0.13 niThis
S curvature gain in combination with our positional controller (cf.
‘g 0.07} 1 4.3) resulted in an average curvature gain which was close to our
g curvature detection thresholds found in Experiment 1, and also is
o 006 ] suggested by previous research [22]. For our dynamic curvature
E adjustment, we applied higher gains for lower walking velocities
g 005 1 (v< 0.75m/s, curvature gain = 0.2 and applied lower gains for
3 o004 | highe_r_velocities (¥ 1.25m/s, curvature gain = 0.13H). For
' velocities between 0.75 and 1.00 m/s, we used the following for-
0.03 ‘ ‘ ‘ ‘ ‘ mula: f(v)=-0.2v+0.35. For velocities between 1.00 and 1.25m/s,
0.7 08 09 - il 12 13 we used f(v)=-0.04v+0.09. These formulas were motivated by the
Walking velocity (m/s) results from Experiment 1. The dynamic curvature gain calculation
in combination with the positional controller for normal walking
Figure 8: Curvature detection thresholds for all participants (corre- should also result in curvature gains close to our curvature detec-
sponding radius in boxes, bars denote standard error) tion thresholds found in Experiment 1.

threshold of approximately 0.095m which represents a circular 4.2 Reorientation technique

arc of 10.5m radius. In contrast to this, we found higher sensitiv- \We agree with [4] that it is theoretically impossible to completely

ity for faster walking velocities, approximately O.Qlﬂn(radius of redirect users to stay within the given walking area when allowing
23.8m) for 1.00m/s and approximately 0.038rradius of 27.0m)  free walking. There is always the possibility that a user ignores
for 1.25m/s. the given distractors, shows a walking behaviour that is particularly

The evaluation of the SSQ total scores revealed an increase ofhard to redirect (especially long straight walking with low head ro-
11.53 on average with an interquartile range (IQR) of 5-20. This tation) and takes the wrong turns at the wrong time. So there is
is consistent with literature related on Simulator Sickness in HMD the need to introduce a reorientation technique (ROT) as the ulti-

set-ups ([3]: 12-17, [5]: 14.5 and [11]: 16.6). mate means to prevent users to leave the walking area. Based on
the ndings of [29], we decided to use a ROT that displays a stop
3.4 Discussion sign to the users anfleezeghe virtual world (see gure 9). The

users need to be instructed beforehand to stop walking when the
stop sign is displayed and to turn around until the stop sign disap-
pears. The virtual world is thennfrozenand the user is able to
continue walking in the direction they intended.

In this experiment, we could show that people are signi cantly less
sensitive towards walking on a curved path when walking slower
than they are at faster walking speeds. This could be of great use'
for applications which usRedirected Walkingp extend the walka-

ble space beyond the dimensions of the actual tracking area space,
especially since it has been shown that people walk slower in virtual ~ 1The value of 3 proposed by [16] was subjectively too strong during the
environments [12, 19]. pilot study and thus reduced.




Figure 9: Reorientation technigque using a stop sign

4.3 Gain controller: Position in tracked space

According to the ndings of [4], it is disadvantageous to redirect

the user into corners of the real world area. Therefore, we attempt
to redirect the user to walk on a circle around the centre of the real-
world walking area. To achieve this, we created two functions. The
rst function watches the heading angle of the user with respect to

We created an avatar component for the RDW controller that
makes use of two types of avatar redirection (see gure 11). One
avatar is created to walk in front of the user with its distance de-
pending on the user's walking velocity. For faster velocities, the
avatar is walking closer in front of the user, attempting to slow the
user down and thus allowing higher curvature gains according to
the ndings of the rst experiment. The second avatar algorithm
places an avatar directly outside the user's viewing frustum when
the user is approaching the boundaries of the walking area. By
walking into the scene, hereby intersecting the straight path of the
user, this avatar aims to initiate collision-avoiding behaviour of the
user (see gure 11). This additional movement, especially head
rotation, can potentially be exploited by the underlying RDW al-
gorithms, thus leading to additional redirection. When passing an
avatar, there is the potential that the user turns his head towards the
walking-by avatar, hereby performing rotation which also could be
redirected.

the angle towards the centre of the walking area and penalises non-

tangential heading angles. The second function returresvarall
gain based on the real-world position and orientation of the user.
This function applies higher gains when the user is both close to
andfacing a wall or the centre of the walking area. A graph of the
return values for an exemplary heading angle of &shown in
gure 10; in order to avoid extreme rotational gains, the depicted
raw gain is clipped at 1.5.

/

2 0

Position Y (m) 44 Position X (m)

Figure 10: Position-based gain determination for 45 heading angle

4.4 Avatar distraction and redirection support

As it has been shown that the principles of personal space (cf. sec-

tion 2.2) also hold true in VEs [10, 1] and the limits of the personal

Figure 11: The two avatar concepts (slowing down and intersecting)
which were used for redirection support

5 EXPERIMENT 2: EVALUATION OF DYNAMIC RDW

The aim of the second experiment was twofold. First, we aimed to
evaluate the ndings of the rst experiment in a rich virtual world.
Therefore, we used the described free-walking controller which ad-
justs applied curvature gain with respect to the instantaneous walk-
ing velocity of the user. Second, we aimed to receive rst data for
the newly-created controller for Avatar Redirection and evaluate the
effect it has on the success of redirection.

5.1 Method

To measure the effectiveness of Bgnamic Curvature Gain Con-
troller and theAvatar Redirection Controllerwe had our partici-
pants explore the virtual model of a city while walking around in

a real-world experimental area of 8.6x8.6 meters. In a between-
subject experimental design, we tested the four conditions of both
controllers enabled or not. While walking, we measured the walked
distance which was covered before the participants reached the
boundaries of the experimental area and thus had to be reoriented
using the ROT.

Each participant walked for one kilometer in the VE. A repeti-
tion test run was conducted consecutively after a break in between.
In the same manner as during the rst experiment, all participants
lled out an initial questionnaire, one SSQ each before and after the
experiment, a presence questionnaire and an experiment-speci ¢

space can also be violated by avatars, we suggest it could also bejuestionnaire.

possible to use avatars to support underlying RDW algorithms by
in uencing the participant's walking behaviour. Furthermore, pre-
senting avatars in the virtual world populates the space, leading to
higher realism and potentially increasing the user's experience of
virtual presence.

5.2 Experimental setup

In this experiment, we used anisor SX60HMD with a resolu-
tion of 1280x1024 pixels and a refresh rate of 60Hz. The diagonal
FOV of this HMD is 60 . The notebook computer,2ell Precision



M640Q was again carried by the experimenter to lighten the load of p=0.928. Part of this might originate from the fact that the partici-
the participant. As the optical markers for the tracking system (16 pants walked relatively slow (  0.6m/s). This velocity was below
Vicon MX-13cameras) are attached to the HMD, the participants the action threshold of the slowing down avatar which was virtually
only had to wear the HMD. For this experiment, we used the virtual walking in front of the participants. The slow walking speed could
model of Tubingen, Germarfywhich is approximately 500x150m  have been caused by the accelerated optical ow by the increased
in size. The participants were instructed to walk around in the city translational gain but also by the fact that they were instructed to
freely and to stop as described when seeing the stop sign. just browse through the virtual city instead of having to solve a task
When the avatar controller was enabled, there was one avataras quickly as possible.
walking in front of the user and one intersecting from the side  An one-way ANOVA comparing the SSQ values showed no
(cf. section 4.4). We used four different avatars fremcketBox signi cant increase neither when using the higher dynamic gains,
GmbH (sportive01f, sportive04f, casual09m and casual29m F(1,31)=1.185, p=0.285, nor when showing avatars, F(1,33p8)
with the key-framed animatioridlel andwalk). As the slowing- p=0.483. The SSQ scores of this experiment are similar to the val-
down avatar was constantly visible, its appearance was alwaysues we found in our rst experiment and also can be found in liter-
sportive01f, whereas the appearance of the intersecting avatar wasature [3, 5, 11].
randomized (see gure 11) between the remaining avatars.
53 Results 40 SSQ by avatar condition / curvature gain condition
The experiment was successfully completed by 32 participants 935
(17 , 15 , age 19-51, 27.26). Three additional participants a
(each in different experimental conditions) decided to cancel the 7, 30
experiment due to motion sickness. As the main measuring unit, we §
determined the distances the participants could walk before reach-3
ing the boundaries of the experimental area (seeing the stop sign).? 5q
Furthermore, we determined the number of stop sign occurrences,c_%
the necessary turning angle to overcome the reorientation phase,2 15
the time which was spent for reorientation and the average applied @
gain. As the obverse of applying more gain is a higher probability No avatars Avatars Static Dynamic
of Simulator Sickness, we also evaluated the SSQs.

Figure 13: Total SSQ values for the two tested parameters. Bars
70+ represent the standard error of the mean.

—Median
- =-Maximum I

We checked whether there is an effect on the participant's gen-

601 .
der. We conducted an one-way ANOVA on the stop lengths and
found no signi cance, F(1,31)=1.03, p=0.32. Also, we did not nd
Sor I a difference for the total SSQ value, F(1,31)=1.09, p=0.31.
E ¥
540, 5.4 Discussion
8 In this second experiment, we conducted a validation of our nd-
-g 301 ings in Experiment 1 and found a highly signi cantimprovement on

the distance which could be walked without having to be stopped by

a reorientation technique when using our dynamic gain controller.
20r This did not come at the cost of an increase of SSQ values when

using the higher, dynamically adjusted curvature gain. Although
1

the curvature gains we used in the second experiment were higher
than the detection thresholds we found in the rst experiment, the
participants did not state the curvature redirection when we asked
them about possible explanations for redirection in the experiment-
speci ¢ questionnaire. Partly, this might be explained by the in-
creased visual stimulus of a realistic scene compared to an arti cial
experimental set-up. However, further research would need to be
conducted to investigate their sensitivity in our second experimen-
tal setup.

0 Static Dynamic Static Dynamic
with Avatars with Avatars

Figure 12: Measured free walking distances of 32 participants for the
four conditions. Median and maximum distances are shown, bars
denote standard error.

The results show a highly signi cant difference in the mean
walked distance (see gure 12) between the stop signs for con- L .
ditions with static and dynamic curvature gain. While partici- The newly created concept of avatar redirection did not lead to
pants reached the boundaries of the experimental area after approx2 ﬁ'gn' Cﬁm rise '3 lt(he Wlalclj(able (éllztance So fgr flo‘lt”re wo(rjk we
imately 15m in average for conditions with static curvature gain, Will use the gained knowledge and design a modi ed avatar distrac-
the application of dynamic curvature gain allowed them to walk ' algorithm. As itis described by [10], the effect of avatar prox-

for approximately 22m before reaching these boundaries. We con-€MiCS is increased by multiple avatars. Also, presenting a group
ducted a one-way ANOVA on these distances and found signi - of avatars to the user makes it potentially easier to redirect them
cance, F(1,30)=83.862, p0.001. For the maximal walked dis- into a desired direction or even completely stop them from walking
tances:, the signi cance is even higher, F(1,30)=42.1040 pOL. further, hence potentially being able to avoid non-realistic reorien-
The average maximal walking distance for all participants was ap- [tion techniques (e.g. stop sign).

proximately 42m for static curvature gain and approximately 62m
for dynamic curvature gain. For avatar redirection, the results 6 CONCLUS_|ONS o

show no signi cantimprovement on the stop lengths, F(1,31)=0.08, In a VR experiment, we found that people are signi cantly less sen-
sitive to walking on a curve when walking slower. In the context of
2http://virtual.tuebingen.mpg.de Redirected Walkingthese ndings can be used to achieve higher




redirection for slower walking without the user noticing being redi-
rected more strongly. These ndings lead to the conclusion that
there is a practical value of these results for any RDW application

(10]

that makes use of curvature gain. In addition, we expect these re-[11]
sults to also be interesting to other areas of research (i.e. biome-
chanics, psychology).

We implemented a dynamic curvature gain controller for RDW
which includes reorientation techniques, and therefore provides the
ability to allow the user to freely explore a space for an unlimited
distance without the aid of the experimenter. We used this imple-
mentation in a second experiment in combination with a large vir-
tual city model and validated the usefulness of the dynamic curva-

(12]

(23]

ture gain based on walking speed. We demonstrated this by evalu-
ating the distance walked before requiring a redirection technique [14]

(stop sign) and found that with dynamic curvature gain, participants
on average could walk further. The average walking distance be-

tween reorientations increased from 15m for static curvature gain [15]

to 22m for dynamic curvature gain. The maximal walked distance
rose from 42m to 62m. Most important, this increase in walka-

ble distances did not come at the cost of a signi cantly increase in [16]

simulator sickness. In addition, we made a rst attempt at using

avatars as a distractor. Further research can now be done with out17]

new method of evaluating redirected walking and our dynamic gain
controller with improved virtual characters. This research extends

what is possible in RDW and provides interesting perceptual results 18]

for scientists interested in the sensitivity of humans to walking on a

curved path.
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