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ABSTRACT 

Users in virtual environments often find navigation n1ore difficult 
than in the real world, Our new locomotion interface, Redirected 
Free Exploration with Distractors (RFED), enables users to \Valk 
in larger-than-tracked space VEs without predefined \Vaypoints. 
RFED uses the concept of a distractor~an object, sound, or com
bination of object and sound in the VE that the user focuses on 
while the VE rotates, reducing perception of the rotation, and thus 
reducing the likelihood of a break in presence { 11 ]. 

\Ve co1npared RFED to the current best interface, really walk
ing, by conducting a user study 1neasuring navigational ability. Our 
results show that RFED users can really \Valk through VEs that are 
larger than the tracked space and can.point to targets and conlplete 
1naps of VEs no worse than when really \Valking. 

1 INTRODUCTION 

The results presented \Vere originally presented in [I I] and [12]. 
Navigation 1 is i1nportant for virtual environnlent (VE) training 

applications where spatial understanding of the VE 1nust transfer to 
the real world. People navigate every day in the real world \Vithout 
problem, ho\vever users often become disoriented and frustrated in 
VEs and find it challenging to transfer spatial kno\vledgc acquired 
in the VE to the real \Vorld (6, 13, 5, 7]. Additionally, navigation is 
required for any large VE such as exploring virtual cities, training 
ground troops, or visiting houses. Development of locomotion in
terfaces that support navigation will improve VE training-transfer 
applications and reduce user disorientation. 

Previous research suggests that locomotion interfaces that pro
vide users \Vith vestibular and proprioceptive feedback improve 
user navigation perfonnance and are less likely to cause si1nula
tor sickness than locomotion interfaces that do not stimulate both 
the proprioceptive and vestibular systems [2, 17]. VE locomotion2 

interfaces such as \valking~in-place, omni-directional treadmills, or 
bicycles (8, 3] use physical-user input, however they do not stim
ulate both the proprioceptive and vestibular systems in the same 
way that really walking does. Recent research suggests that users 
navigate best in VEs \Vith real-\valking locomotion interfaces [17). 

Although real-walking loco1notion interfaces enable better user 
navigation, the user must be tracked, restricting the VE size 
to the size of the tracked space. Current interfaces that en
able real-walking in larger-than-lab-space VEs include Redirected
\Valking {15, 16, 14], scaled-translational-gain [19, 20], seven 
league boots(9], and Motion Co1npression ( 10, 18]. Each of these 
interfaces transform the VE or user motion by rotating the environ
ment or scaling user 1notion. \Vhile transformations enable large
scale real-\valking in VEs, the effect of transformations on naviga
tional ability is unkno\vn. 
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Figure 1; A participant's real and virtual path using RFED (12}. The 
blue box is the tracked space and the red box is the VE. The left 
most image is lhe subject's real path over time. The right most im
age is the subject's virtual path over time. The start of the subject's 
real and virtual paths are dark and the ends are light. The center 
image is the final composite of the left and right images with the final 
transformation applied to the VE and user's virtual path. 

Additionally, for unrestricted \Valking in the large-scale, real
walking locon1otion interfaces above, users may atten1pt to walk 
out of the tracked space and a reorientation technique must be used 
(11]. Reorientation techniques stop the user and rotate the VE 
around the user to place the desired user path inside the tracked 
space. Previous research suggests that distractors, virtual objects 
or sounds in the VE, are pro1nising reorientation technique because 
they are natural and preferred by users, and do not reduce presence 
[I I]. 

2 REORIENTATION TECHNIQUES AND DISTRACTORS 

This work \Vas originally presented in (I I] 
Each of these large-area walking VE methods mentioned relies 

on a reorientation technique (Raf) to handle the case \Vhen the 
technique fails and the user is close lo walking out of the tracked 
space. When such an event happens, ROfs n1ust stop the user and 
rotate the VE around her current virtual location, placing the imnle
diatcly expected user path back \Vithin the tracked space. The user 
must also reorient herself by turning around in the real environment 
so she can follow her desired path in the newly-rotated VE. 

Redirected walking ({ 15, 16, 14]) uses a ROT \Vith a loudspeaker 
in the VE that asks the user to stop, tum her head back and forth, 

1Navigation is the combinalion of wayfinding and locomotion, is both 
cognitive and physical. \Vay finding is the cognitive aspect of navigation and 
does not itl\'olve movement. Instead, wayfinding is the building and main
taining of a cognitive map, the mental representation of the environment, 
and is used to determine how to get from one location to another. Locomo
tion, the physical aspect of navigation, is defined as moving, physically or 
virtually, between two locations {4]. 

2In virtual environments, the term 'trnvel' instead of 'locomote' is of
ten used to describe movement between two virtual locations, since some 
movement systems do nol enable real-world user-physical move1nent [1]. 
\Ve will use 'travel' lo describe movement for systems that do not enable 
physical-user input, and 'locomote' for.systems that do enable user-physical 
movement, to move between two virtual locations. 



and continue walking in the same direction. Razzaque determined 
that a user is least likely to notice extra rotation while she is turn
ing her head because of the iinprecision of human self-motion per
ception. Redirected walking rotates the VE during such mon1ents, 
moving the user's path so that it falls within the tracked environ
n1ent. \Vhile the user is rotating her head to follow the distractor, 
the VE is rotated around her. This is sin1ilar to a 1nethod imple
mented by Kohli ([?]), and exploits the i1nprecision of vestibular 
perception suggested by Razzaque ([14]). 

The ROT used in motion compression ([JO, 18]) is built into the 
motion compression algorithm: as the user approaches the edge 
of the tracked space, the VE rotates the predicted user path into 
the tracked area without warning (following the computed arc of 
minimum curvature) causing the user to feel that the VE is spinning 
around. 

\Villiams et al. explored three "resetting" n1ethods for manipulat
ing the VE \Yhen the user nears the edge of the tracked space ([20]). 
The "resetting" techniques attempt to interfere with virtual experi
ence as minimally as possible. One technique involves turning the 
HMD off, instructing the user to walk backwards to the 1niddle of 
the lab, and then turning the HMO back on. The user will then find 
herself in the saine place in the VE but \Viii no longer be near the 
edge of the tracked space. The second technique turns the HMO 
off, asks the user to turn in place, and then turns the HMO back on, 
The user will then find herself facing the same direction in the VE, 
but facing a different direction in the tracked space. Prelin1inary 
research ((20]) suggests that the 1nost pron1ising of the three tech
niques uses an audio \varning to ask the user to stop and tum 360°. 
The VE rotates at twice the speed of the user and stops rotating after 
180°. The user is supposed to reorient herself by turning only 180° 
but should think she has turned 360°. This ROT attempts to trick 
the user into not noticing the extra rotation. 

Current techniques have characteristics that \VC believe are likely 
to cause breaks in presence: audio instructions (unrelated to the 
content of the VE) and unexpected large rotations of the VE. Our 
method differs from the current methods in that it does not unex
pectedly rotate the VE or use unnatural audio cues. We distract the 
user \Vith a moving audial, visual, or audial and visual object in the 
VE. \Vhile the user is rotating her head to follo\v the distractor, the 
VE is rotated around her. This is si1nilar to a method in1plemented 
by Kohli [?], and exploits the imprecision of vestibular perception 
suggested by Razzaque. \Ve hypothesize that the visual distraction 
\viii 1nake the rotation of the VE less noticeable to the user and will 
not detract from the in1mersive virtual experience. \Ve conducted 
a user study to evaluate our method and compare it to Rars sug
gested by Razzaque, Williams, and Nitzsche. Based on the results, 
\VC in1proved our distractor and conducted two foJIO\V on studies to 
evaluate our improved distractors against the n1ost pro1nising ROT's 
determined by previous evaluation. 

2.1 Methods 

\Ve conducted three University of North Carolina IRB approved 
\Vithin-subjects user studies to evaluate ROTs and compare dis
tractors to current ROTs. Experiment I showed that of the cur
rent ROTs, users preferred our 1ncthod as well as the method sug
gested by Razzaque ( 14]. \Ve 1nodified our distractor technique 
based on user feedback from the first study and then conducted 
a follow-on study co1nparing the improved distractor ROT to our 
original 1nethod and to the method suggested by Razzaque [14]. 
The thRFEO study explored i1nproving the visual quality of the 
distractor as \Veil as adding natural audio to a visual distractor and 
using audio alone as a distractor. 

2.2 Equipment 

Each participant wore a Virtual Research Systen1s VS head
rnounted display (640 x 480 resolution) tracked using a 3rdTech 

HiBall 3000. Participants \Vere pern1itted to walk in an 8111 x 6m 
tracked space. The environment used in experiments 2 and 3 is 
sho\vn in Figure ?? . A sin1ilar environment was used in experin1ent 
I. All environ1nents \Vere rendered in stereo at 60 fps on a Pentium 
D dual-core 2.8GHz processor machine \Vith an NVIDIA GeForce 
6800 GPU with 2GB of RAM. 

Figure 2: HummingbRFED used in Experiment 3 

2.3 Participants 
T\velve participants, 1nost graduate students and researchers (7 nlen 
and 5 women), \Vith ages ranging from 23 to 50, and an average age 
of 32. Each subject visited the laboratory once for a session lasting 
approximately I hour and received 57 .50 for participation during 
the \Veek and SI0.00 for \Veekend participation. All subjects had 
normal or corrected to normal vision and were naive to the purpose 
of the study. Participants \Vere not informed about ROTs and were 
initially una\vare that the VE \Vould rotate. 

2.4 Experimental Design 
The experiment consisted of two parts, both taking place in 
the san1e VE. The VE was the saine as Experiment 2 \Vith a 
180-meter straight wooden path \Vith square 1narkers placed 5 
1neters apart along the path. Subjects were instructed to walk along 
the designated path in the environn1ent and to stop at each marker 
along the path. Once a subject had reached a marker, the subject 
experienced one of three reorientation techniques: 

Distracto1; Visual (DV). A realistic hun1mingbRFED flies 
into the scene to the subject, and then !lies in a horizontal arc in 
front of the subject. The subject continues \Valking along the path 
once the hu1nn1ingbRFEO flies a\vay. The hurnn1ingbRFEO has 
sinusoidal velocity \Vith frequency I Htz and amplitude 1/2111. 
\Vhile the user is \Vatching the hununingbRFEO the VE rotates 
0.5 times faster than the user's head until the VE has rotated 180°. 
The distractor moves at approximately 2° per second. The user 
reorients herself by rotating 180° in the real world. 

Distractor, Visual and Audio (DVA). A realistic hu1nming
bRFED flies into the scene lo the subject, an<l then llics in a 
horizontal arc in front of the subject. The hummingbRFEO is 
accon1panied by spatialized audio of hu1nmingbRFED \vings 
flapping, presented via headphones. The humn1inghRFED has 
sinusoidal velocity \Vith frequency I Htz and amplitude l/2111. The 
subject continues walking along the path once the hu1n1ningbRFEO 
flies away. \Vhile the user is \vatching the hun1minghRFED the VE 
rotates 0.5 times faster than the user's head until the VE has rotated 
180°. The distractor n1oves at approxi1nately 2° per second. The 



user reorients herself by rotating 180° in the real \Vorld. 

Distractor, Audio (DA). A sound of hummingbRFED wings 
Happing flies into the scene to the subject, and then spatially 
1noves in a horizontal arc in front of the subject. The sound has 
sinusoidal velocity with frequency J Htz and amplitude I /2111. 
There is no visual hun1mingbRFED to acco1npany the sound. The 
subject continues \Valking along the path once the sound of the 
humn1ingbRFED flies away. \Vhilc the user is listening to the 
hummingbRFED the VE rotates 0.5 times faster than the user's 
head until the VE has rotated 180°. The audio distractor moves at 
approxiinately 2° per second. The user reorients herself by rotating 
180° in the real world. 

Experiment 3 has the same experin1ental design as Experiment 
2. Part I of the experiment assessed the users subjective sense 
of presence, how aware the user was of turning around, and 
how aware the user was of the VE rotation. Part I consisted of 
three trials, each using one reorientation technique. The order of 
the trials \Vas counterbalanced among subjects. Each trial was 
co1nprised of eight sub-trials requiring the subject to \Valk along 
the virtual path to the next 1narker along the path. Once the subject 
reached a marker a RITT would stop the subject and rotate the VE. 
Each trial consisted of \valking to eight markers, experiencing the 
san1e reorientation technique eight ti1nes. Subjects then removed 
the HMO and filled out the .SUS presence questionnaire. In 
addition to the presence questionnaire, subjects also answered the 
follo\ving question: · 

Did you notice anything unnatural or odd during your vir
tual experience? Please rate the following on a scale from 0 to 7. 
0 =did not notice or happen, 7 = very obvious and took a\vay from 
my virtual experience. 

__ _I felt like I \Vas turning around 
_ _I sa\V the virtual world get sn1aller or larger 
___ f was the virtual world flicker 
__ _J sa\v the virtual world rotating 
___ I felt like I was getting bigger or smaller 
__ J sa\v the virtual \vorld get brighter or dimmer 

We imbedded questions of concern about the VE rotating and the 
subject turning and analyzed only the results from these answers. 

Part II consisted of 6 trials, each with l\vo reorientation tech
niques. Trials \Vere counterbalanced and every ROT was compared 
to every other RITT t\vice with order reversed to remove the possi
bility of order effects. Each trial required the subject to \Valk to a 
marker, experience an RITT, and then \Valk to the next 1narker and 
experience a different ROT. The subject then made a forced-choice 
decision as to which ROT they preferred and \vhich ROT \Vas most 
natural. Subjects were also asked to explain why they chose one 
ROT over another. 

At the end of the experiment, subjects filled out an exit survey 
and ranked the three ROTs based on naturalness and preference. 

DY - Distractor, visual 
DY A - Distractor, visual and audio 
DA - Distractor, audio 

Figure 3: Experiment 3-legend 

Table 1: Experimenl 3 - Mean HIGH scores on SUS Presence Ques
tionnaire 

Raf .i 
DV 0.77780 
DA 0.62500 

DVA 0.69444 

Table 2: Experiment 3 - Results of Logistic Regression of SUS Pres· 
ence Questionnaire 

Contrast ·x2(1) p(a ~ 0.05) 

DVvs. DA 6.23 I 0.0126 I 
DVvs. OVA 1.60 0.2060 
OVA vs. DA 1.99 0.1581 

Table 3: Experiments 2 and 3 - Results of Logistic Regression of 
SUS Presence Questionnaire 

Contrast X2(1) p( a= 0 05) . -
DV vs. ID 6.18 0.0129 

DV vs. 0 10.73 0.0011 

DV vs. HT 10.44 0.0012 
OVA vs. ID 3.29 0.0699 

OVA vs. D 

OVA vs. HT 
DA vs. ID 

DA vs. D 

DA vs. HT 

7.76 

9.06 
1.09 

3.84 

6.60 

0.0053 

0.0026 
0.2969 

0.0500 

0.0102 
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Figure 4: Experiments 2 and 3-User raling - Mean HIGH scores on 
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Figure 5: Experiment 3-User rating - fll felt like I was turning around" 

2.5 Results 

Figures 3 through 9 sho\V our results fro1n Experiinent 3. The anal
ysis of the SUS presence scores was done in the same 1nanner as 
reported in Section 3.2.3. Tables 1 and 2 sho\v the proportion of 
HIGH responses for each of the three conditions and the results of 
the pairwise contrasts of conditions. \Ve found users statistically 
felt more present in DV than DA, X2 (1) ~ 6.23,p < 0.05. 

\Ve compared presence scores between Experiment 2 and Ex
periment 3 because users perforn1ed the sa1ne number of trials in 
the same environ1nent for all of the ROTs tested in in the two ex
periments. Table 3 and Figure 4 sho\v the proportion of HIGH re
sponses for each of the three conditions and the results of the pair
wise contrasts of conditions. \Ve found users statistically felt more 
present inDV than!D,D, and HT, x2(1) ~ 6.18,p < 0.05, X2(1) ~ 
I0.73, p < 0.01, x'( I)~ 10.44,p < 0.01 respectively. Users statis
tically felt more present in DVA than D and HT, x2 (I) = 7.761 p < 
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Figure 7: Experiment 3-User rated preference scores from 1 (most 
preferred) 10 3 (leas! preferred). Standard box-and-whisker plots with 
the median in red. 
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Figure 8: Experiment 3-User rated naturalness scores from 1 (most 
natural} 10 3 (least na1ural). Standard box-and-whisker plots wilh the 
median in red. 

0.01, x2 ( 1) = 9.06,p < 0.01, respectively, and a trend suggests that 
users feel 1nore present in DVA than JD, x2 (J) = 3.29,p = 0.0699. 
Users also statistically felt 1nore present in DA than D and HT, 
x2(1) ~ 3.84,p ~ 0.0500, X2(1) ~ 6.60,p < 0.05, respectively. 

Figure 5 sho\vs average user scores by ROT of response to the 
question about feeling like they were turning around. \Ve analysed 
the data using Friedn1ans ANOVA and found no significant differ
ences between ROTs: x2(2) ~ 0.712,p = 0.514. 

Using Fried1uans ANOVA \Ve found no significant difference be· 
tween ROTs and subjects noticing that the VE (Figure 6) was rotat
ing x2(2) = 1.372,p = .298. 

Figures (Figure 7) and (Figure ??) sho\V subject ranked prefer
ence and naturalness of ROTs \Vith 1 being the highest rank and 3 
being the lo,vest. \Ve found si~nificant differences bel\veen ROTs 
of subject ranked preference, X (2) = 16.875, p < 0.05 and subject 
ranked naturalness x2(2) = 102.308,p < 0.001. \Vilcoxon tests 
\Vere used to followffup this finding. A Bonferroni correction was 
applied and all effects are reported al a .025 level of significance . 
Subjects significantly preferred DVA to DV and DA, T = 66.00, r = 
.352, and T = 75.50, r = .433 respectivly. and a trend was found 
\Vith subjects preferred DV to DA, T = 62.00, r = .306. Subjects 
ranked DVA to be more natural than DV and DA, T = 66.00, r = 
.387, and T = 72.00, r = .342 respectivly. 

Figure 9 shows user preference and user-ranked naturalness of 
paired ROTs, The frequency at which a subject preferred one ROT 
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Figure 9: Experiment 3-User comparisons of preference and nalu· 
ralness across ROTs 

over another was compared to random choice, a frequency of .50 
using \Vilcoxon tests. Subjects preferred DVA to both DV and DA, 
T = 55.00, r = .575, and T = 55.00, r = .575 respectively. Subjects 
also preferred DV to DA, T = 60.00, r = .45. Subjects ranked DVA 
to to be more natural than both DV and DA, T = 55.00, r = .575, 
and T = 54.00, r = .352 respectively. 

2.6 Discussion 
The results from Experlinent 3 suggest that users are 1nore present 
\Vith a realistic visual distractor than using only audio as a distrac
tor. Ho\vever, contrasts between Experiment 2 and Experinient 3 
suggest that i1nproving the visual quality of the distractor increases 
the user's feeling of presence. Adding natural audio to a visual dis
tractor does not appear to effect the presence score, ho\vever users 
prefer audio cues in addition to the visual distractor and rind the 
audio with visual to be 1nore natural than visual or audio alone. 

Using natural audio as a distractor wilhout a visual distractor 
produces a higher sense of presence than using an unnatural dis
tractor, the red sphere from Experi1nent 2. The ability to use just 
audio as a distractor allows distractors to be used in VEs where au
dio naturally fits into the environ1ncnt and where a visual distractor 
n1ay not. In addition, audio distractors can be easier to program 
because natural ani1nation and modeling is not required. One user 
con1mented that the audio distractor \Vas hard to track and \Vhile he 
\Vas searching to find the hummingbRFED he was n1uch less aware 
of the VE rotating. Other users found the audio frustrating because 
they had a hard time detennining where the hummingbRFED was 
located. This n1ay be the reason that user's ranked the audio distrac· 
tor lower than the distractors \Vith a visual humn1ingbRFED. Users 
may prefer natural distractors \Vith audio to audio distractors but 
audio distractors 1nay still be effective. 

2.7 Conclusion 
In [ 11] I successfully implemented and tested three previous ROTs 
and five novel ROTs using distractors-objects in the VE that the 
user focuses on while the VE rotates-to minimize the observed ro
tation of a VE during reorientation. In addition to reducing ob
served rotation of the VE, ROTs using distractors were preferred 
and ranked 1nore natural by users than currently available ROTs 
that do not use distractors. I also found subjects were less a\vare of 
physically turning around in the VE \Vhen reorienting using distrac
tors. 

Based on user feedback, ROTs should be realistic and the user 
should not notice the rotation of the VE. Unlike non-distractor 
ROTs, distractors can be realistic and our results suggest distrac
tors reduce the likelihood of perceiving VE rotation during reorien
tation. Distractors should also exhibit smooth 1noven1ents that are 
easy and interesting to watch. Improving the realis1n of the distrac
tor increases a user's feeling of presence and adding natural audio 

to a visual distractor is preferred and considered more natural to 
users than using a visual or audio distractor alone. 

An audio distractor doesn't produce as high a feeling of pres
ence as a natural audio-visual distractor, ho\vever it does produce 
a higher feeling of presence than an unnatural distractor without 
audio. Audio distractors can be easier to implement than visual dis· 
tractors as they require so model changes. Audio distractors may 
also be useful for VEs in \Vhich the addition of visual distractors 
1nay be unnatural or detract from the VE experience. 

I believe that optimal distractors arc YE-dependent and should 
be designed to be as natural as possible to the YE. Possible im
plementations of distractors include: exploring a virtual house and 
having a dog run by, walking through a virtual art 1nuseum and hav
ing a docent point you in a ne\v direction, and training dismounted 
infantry to successfully navigate enemy territory \vhile snipers are 
heard in the distance. 

Distractors allow users to move by really walking in VEs that 
are larger than the tracked lab space; however, further investiga
tion is needed to detennine the potential effects of using distrac· 
tors. Potential future \Vork includes examining cognitive load ef
fects that 1nay hinder training applications, and exploring speed, ap
pearance, and motion paths of distractors. Other areas of research 
include co1nparing really walking \Vith distractors to other virtual 
locomotion-systems such as walking-in-place and flying that also 
allo\v users to explore large virtual spaces. 

3 REDIRECTED FREE EXPLORATION WITH DISTRACTORS 
(RFED) . 

This \Vork was originally presented in [ 12] 
\Ve designed and built Redirected Free Exploration \Vith Dis

tractors (RFED), a locomotion interface that enables users to re· 
ally \Valk in larger-than-tracked-space VEs. Our locomotion inter
face imperceptibly rotates the VE around the user, as in Redirected 
\Valking [14], while eli1ninating the need for predefined waypoints 
by using distractors to stop the user \vhen rotating the predicted user 
path back toward the center of the tracked space [ l l ]. 

\Vith RFED, the VE continuously and i1nperceptibly rotates 
around the user, attempting to keep the user's immediate future 
path \vi thin the tracked space. The amount of in1perceptible rotation 
added to the syste1n is based on the angular speed of the user's head 
tum, h. \Ve rotate the scene based on head tum rate because user 
perception of rotation is most inaccurate during head turns [ 14]. We 
increase the total rotation of the VE based on a percentage of the 
user's angular head turn speed, where our increased-rotation value, 
r, is based on previous work[?, ?]: 3% increase when rotating with 
head tum and I% \Vhen rotating against head turn. This impercepti
ble increase in rotation is applied every frame. The direction of VE 
rotation is based on a steer-to-center algorithm in which the pre
dicted user path (based average on user heading direction over the 
past second) is continuously steered tO\Vard the center of the tracked 
space [14]. 

\Ve use distractors to keep users from walking out of the tracked 
space and redirect the user's current path toward the center of the 
tracked space. \Vhen the user approaches the edge of the tracked 
space, a distractor appears, signaling the user to stop. The distractor 
1noves back and forth in front of the user. Users have previously 
been instructed to turn their heads back and forth while watching 
the distractor. As the user is turning her head, the predicted path is 
rotated toward the center of the lab. Previous results suggest that 
users are Jess aware of increased rotation when focussing on visual 
distractors, therefore the percentage of increased rotation rate r is 
doubled \Vhen distractors are in use fl l]. 

3.1 Experiment 
\Ve investigated the effect of RFED on navigation abilities compar
ing RFED to real walking (R\V) in a between- subjects study. One 



of our study 1nazes is shown in Figure 11. The mazes were 8111 x 8111 
and fit completely \vithin our 9111 x 91n tracked space. Participants 
in the RW condition really walked through the mazes \Vithout ex· 
periencing VE rotation or distractors. Participants in the RFED 
condition were restricted lo \valking in a physical space that was 
6.5111 x 6.5111, and experienced continuous VE rotation and distrac· 
tors. 

\Ve measured the distance participants walked, the angle be· 
tween where participants pointed and the correct direction to the 
current target, and correctness of map target placement. Evaluation 
of RFED is based on being "no \Vorse" than RW using 95% con· 
fidence interval equivalence testing. For each n1easure, if the 95o/o 
confidence intervals of the n1ean difference behvcen RFED and R\V 
falls \Vithin ± our predefined acceptable value of the difference, 
then RFED is no worse than R\V [?]. 

3.2 Participants 

1\venty·two participants, J 8 men and 4 \Vomen, with average age 
26, participated in the IRB·approved experiment. Nine men and 
hvo women were assigned the RW condition, and eight men and 
hvo wo1nen the RFED condition. One participant's data \Vas not 
used because the participant appeared to not be trying. Not all 
participants \Vere nai've to RFED, therefore alJ participants in the 
RFED condition were infonned about the locomotion interface. 

3.3 Equipment 

Participants wore an nVisor SX HMO display (J280xl024 resolu· 
lion, 60° diagonal FOY). The tracker was a 3rdTech HiBall 3000. 
The environment was rendered on a Pentiu1n D dual·core 2.8GHz 
processor machine with an NVIDIA GeForce GTX 280 GPU with 
4GB of RAM. The application was imple1nented in our loca11y· 
developed EVEIL library that con1municates \Vith the Gamebryo@ 
software game engine fro1n E1nergent Technologies. The Virtual 
Reality Peripheral Net\vork (VRPN) was used for tracker com1nu· 
nication. 

3.4 Study Design 

The experiment used three virtual environments: a training envi· 
ronment and two testing environments (Figure 11 ). The environ· 
ments are 8nt x 8111 mazes \Vith uniquely colored and numbered tar· 
gets placed at specified locations, and have the same wall and floor 
textures. The location and nu1nber of targets change between en· 
vironn1ents. To increase complexity and remove orientation cues, 
some \Valls in the Part 2 1naze are at angles other than 90°. To ac· 
count for training effects, participants completed trials in the same 
order. Participants \Vere randomly assigned to RW or RFED condi· 
lions, and completed all experiment parts, including training, within 
the assigned condition. Participants read written instructions before 
beginning each section of the expcrin1ent and \Vere advised to ask 
questions if they were unclear of tasks. Participants in the RFED 
condition were reminded that a ghost distractor might appear within 
the environ1nent. If the ghost appeared, they \Vere to take one step 
backward and turn their head to watch the ghost. Participants were 
allowed to continue \Valking once the ghost disappeared. 

3.4.1 Training 

The training task was a directed search in which participants used a 
hand·held tracked device lo select four targets in the maze. \Vhen 
a target was selected, a ring appeared around it and audio feedback 
was played to signify that the target had been found (Figure 10). 
Once participants had found the four targets, they \Vere asked to 
stand inside a circle on the floor and practice pointing at a target 
I .5nt in front of then1. The training session ended when the partici· 
pant successfully pointed \Vi thin 6cn1 of the center of the target. 

After completing the training n1azc, participants removed the 
HMD filled in the missing targets on a l6c111 x I6c111 overhead view 

Figure 1 O: The virlual avatar hand selecling target 1, Iha red large!. 

Figure 11: Part 2: Primed search. An overhead view of the maze 
and target locations of the maze used in Part 2. Participants slarled 
in the bottom left corner of the maze. 

of the 1naze. The starting location was indicated and maps \Vere 
presented such that the initial starting direction was a\vay fron1 the 
user. Participants placed a dot at the location corresponding to each 
target, and labeled each dot with the targets number or color. Par· 
ticipants were not given performance feedback during any part of 
the cxperin1cnt. 

3.4.2 Part 1: Naive Search 

For Part I, narvc search, participants \Vere instn1ctcd to find and 
remember the location of the six targets within the 1naze. As soon as 
participants found all targets, the virtual environment faded to white 
and participants \Vere instructed to re1nove the J-IMD. Participants 
then completed a map in the same manner as in the training part of 
the experi1nent. 

3.4.3 Part 2: Primed Search 

The maze and target locations for Part 2, primed search, can be seen 
in Figure 11. Participants first follo\ved a directed pritning path that 
led to each of the six targets. After participants reached the end of 
the priming path, they ren1oved the HMD and nloved, in the real 
world, to the starting point. 

Participants put the HMO back on and were asked to walk, as di· 
rectly as possible, to one of the targets in the maze. Once the spec· 
iticd target was reached, they were instructed to point to each o!hcr 
target in tum. After participants pointed to each target, they were 
instructed to walk to another target and to repeat the pointing task. 
If a participant could not find a target within three n1inutes arrows 
appeared directing them to the target. Once the participant reached 
the target, the experiment continued with the participant pointing 



to all other targets. After completing the search and pointing tasks, 
participants removed the HMD and con1pleted a map. 

3.5 Results and Discussion 

Our hypothesis is that for large VEs, navigational and \Vayfinding 
abilities are no \vorse when using RFED than R\V. \Ve measured 
navigation by na"ive and primed search, and by distance walked be
t\veen targets. Wayfinding was measured by a point-to-target task 
and map completion. 

3.5.1 Part 1: Naive Search 

We measured total distance traveled, and a trend suggests that par
ticipants \valked greater distances using RFED than RW, t( 19) = 
4.08, p = 0.0577. Walking longer distances n1ay suggest that par
ticipants in RFED were more lost, however participants in RFED 
had to re-walk parts of the n1aze when distractors appeared because 
they had to take one step backward, which may also explain this 
effect. One RFED participant's path through Part 1 can be seen in 
Figure 1. 

Placement of a dot on a map was scored as correct if placed 
within 2c111 of the correct location, and on the correct side of walls. 
A correctly placed-and-labeled target had to be correctly placed, 
based on the rules above, and had to be labeled \Vith the correct 
nu1nber or color. Scores were calculated as the percentage correct 
out of the number of targets in the 1naze. 

We defined an acceptable variation between RFED and R\V to 
be answering within one question, our sn1allest measurable unit, 
or 16.7%. The 95o/o confidence interval (CI) of the mcaii difference 
between percentage of correclly placed targets was (-4.6%, 27.7%), 
J; = 11.5%, SE= 7.7%. Based on equivalence testing[?], as our 
predefined acceptable variation, 16.7%, is greater than the absolute 
value of our lower bound of the mean difference CI, \Ve clai1n that, 
\Vhen performing a na'ivc search, participants in RFED are no \Vorse 
than R\V participants at placing targets on a map. That is, \Vith 
95% confidence, participants in the RFED score no n1ore than 4.6% 
lo\ver (-4.6%) on the placement of targets than RW participants. 

The 95% CI of the mean difference between conditions of the 
percentage of correct placing-and-labeling targets was, (-21.4% and 
38.9%), .\' = 8.63%, SE= 14.3%. With 95% confidence, partici
pants in RFED correctly place no fewer than 21.4% and no greater 
than 38.9% of the targets. Since 21.4% is greater than 16.7% we 
1nake no claim about user ability of placing-and-labeling w.rgets 
between conditions when perfonning a na'ive search. 

When performing a nai've search, participants in RFED traveled 
longer distances to find targets but were no worse than participants 
in the RW condition at correctly placing targets on a 1nap. 

3.5.2 Part 2: Primed Search 

The pri1ning path wm; the same for all participants, so we con1pared 
priming path distance between RFED and R\V. \Ve found partic
ipants traveled significantly greater distances, approximately 20% 
longer, in RFED when traveling the saine virtual path, t(l9) = 6.07, 
p = 0.023. That is, our RFED algorithm increases the total distance 
participants travel when following identical routes. This result also 
suggests that even though participants travel greater distances in 
RFED, they are not necessarily making \vrong turns or revisiting 
corridors, and are not 1nore necessarily more lost. We believe an 
improved steering algorithm \Viii reduce the number of distractors 
and thus reduce the difference in distance traveled between RFED 
and R\V. Further evaluation of participant routes may reveal insight 
into user navigation. 

\Ve evaluated the difference in distance traveled to each of the 
six targets. Based on average smn of the shortest paths bet\veen 
targets, and the difference in the pri111i11g path distance, we decided 
that if participants using RFED traveled no more than 2111 compared 
to R\V, then RFED performance was no \Vorse than R\V. Using a 

Figure 12: The composite data of angular difference between point· 
ing direction and target. The white angle lines are ±30~. 

Mixed Model ANOVA for distance measures between targets, \VC 
found the 95% CI of the 1nean difference between RFED and RW 
wns ( -0.451111, 3.66111), .r = 2.055, SE = 0.809. With 95% confi
dence, we found that participants using RFED \Viii travel no more 
than 3.66rn further co1npared to R\V, which is greater than 2111. We 
make no clai1n about distances traveled between RFED and RW. 

The composite results of all pointing data are shown in Figure 12. 
Results from [7] suggest that in the real world people point \Vithin 
33° of a target, and 66° when in a VE. Based on the difference of 
these results, \Ve predetennined that RFED is no \Vorse than RW if 
participants \Vere able to point within 15° of those in R\V. We eval
uated the absolute angular difference between pointing and target 
location using a Mixed Model ANOVA. Results show that the 95% 
CI of the mean difference between participant pointing is (-8.074°, 
8.165°), .\'= 0.045, SE= 4.133. With 95% confidence, participants 
will point no less than -8.074° and no more than 8.165° \Vhen us
ing RFED compared to RW. Since -8.074° > -15° and 8.165° < 
15°, \Ve conclude that pointing ability is equivalent between RFED 
and R\V. 

The total time participants took to point to targets can be seen 
in Figure 13. Since audio instruction tin1e was greater than ls, we 
predetermined that if participants could point \Vithin ls, RFED \Vas 
no worse than RW. We used a Mixed Model ANOVA and found 
the 95% CI bet\veen condition pointing time was (-1.l53s, 0.81 ls), 
.t = -0.156, SE = 0.492. \Vith 9590 confidence, participants using 
RFED will take no more than 0.81 ls to }X>int to a target. Since 
0.81 ls is less than ls, \Ve claiin that RFED is no \Vorse than R\V for 
ti1ne taken to point to targets. 

Map data was calculated in the smne way as in Part I. The mean 
difference behveen percentage of correctly placed targets \Vas 95% 
Cl (-35.2%, 36.4%), .t = 0.6%, SE= 017.1%. Since 35.2% is 
greater than 16.7%, we 1nake no claim claim about target place-
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Figure 13: Composite total poinling time between condilions. 

ment. The mean difference bet\veen conditions of the percentage 
of correct placing-and-labeling of targets was, 95% CI (-7.0% and 
21.0%), .i = 7.0, SE= 6.9. With 95% confidence, participants in 
the RFED score no 1nore than 7.0% lo\ver on the placement of tar
gets than R\V participants. Since 7.0% is less than 16.7%, \Ve claim 
that participants performed no worse in RFED than RW when plac
ing and labeling targets on maps. 

3.6 Conclusion 

We have introduced a ne\v large-scale real \Valking locomotion in
terface, RFED, and shown that users can navigate no \Vorse \Vhen 
using RFED compared to the current best technique, real walking. 
\Ve evaluated RFED by comparing it to real-walking, measuring 
user navigational ability. 

For 1nap co1npletion, a wayfinding 1netric, our results show that 
users are no worse using RFED than RW when placing targets on 
a map after a na'ive search and when placing and labeling targets 
on a map after a prin1ed search. \Ve also found that.participants in 
RFED can accurately point to previously seen targets \Vi thin± 8° of 
participants using R\V. Also, participants using RFED do not take 
longer to point to previously seen targets. This implies that, even 
\vi th continuous imperceptible rotation of VEs, users can navigate 
no worse in RFED than R\V. 

A problem with RFED is that participants travel further when 
walking the same path co1npared to R,V. This is due in part to the 
current distractor implcn1entation. In1proving the distractor algo
rithm to elin1inate the extra step, and improving the steering algo
ritlun should reduce participant \Valking distance in RFED. 

We believe our results suggest that RFED is a promising inter
face for large-scale VE applications requiring user navigation. 

4 SUMMATIVE STUDY COMPARING RFED TO WALKING·IN· 
PLACE AND JOYSTICK INTERFACES 

To further evaluate RFED, I have designed a sumrnative study co1n
paring RFED to walking-in-place and joystick, two common loco
n1otion interfaces used to loco1note large-scale VEs. The purpose 
of this study is to evaluate differences in user navigational ability 
between interfaces. 'Ve hypothesis that RFED \Viii better support 
user navigation over walking-in-place and joystick interfaces be
cause RFED enables real~walking which stimulates both the pro
prioceptive and vestibular systems. RFED will enable people to 
really-walking through large-scale VEs while supporting user nav
igation which may improve VE training-transfer applications and 
reduce user disorientation. 
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