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ABSTRACT

We report a user study which compared four virtual environ-
ment travel techniques using a divided attention task. Participants
used either real walking, gaze-directed, pointing-directed, or torso-
directed travel to follow a target through an environment while si-
multaneously responding to auditory stimuli. In addition to travel
technique, we investigated gender as a between-subjects variable
and task difficulty (simple or complex) and task type (single or di-
vided) as within-subjects variables. Real walking allowed superior
performance over the pointing-directed technique on measures of
navigation task performance and recognition of stimuli presented
during navigation. This indicates that participants using real walk-
ing may have had more spare cognitive capacity to process and
encode stimuli than those using pointing-directed travel. We also
found a gender-difficulty interaction where males performed worse
and responded slower to the attention task when the spatial task
was more difficult, but no differences were observed for females
between difficulty levels. While these results may be pertinent for
the design of virtual environments, the nature and goal of the vir-
tual environment tasks must be carefully considered to determine
whether similar effects on performance can be expected under dif-
ferent conditions.

Index Terms: H.5.1 [[Information Interfaces and Presenta-
tion]: Multimedia Information Systems—Artificial, augmented,
and virtual realities; 1.3.6 [Computer Graphics]: Methodology and
Techniques—Interaction techniques; 1.3.7 [Computer Graphics]:
Three-Dimensional Graphics and Realism—Virtual reality

Keywords: virtual environments, locomotion, navigation, user
study

1 INTRODUCTION

Navigation is perhaps the most important and universal task per-
formed when interacting with any 3D user interface [6]. The physi-
cal control of the user’s viewpoint, known as travel, is often dis-
orienting and difficult for novice users in immersive virtual en-
vironments, especially in head-mounted displays when the user’s
physical body is not immediately visible. Of all the techniques that
have been developed to support intuitive travel in virtual environ-
ments, walking is the most natural since it mirrors the way most
people move about in the real world. However, the drawbacks of
this approach make empirical evaluation against cheaper alterna-
tives valuable to justify the potential tradeoffs. Additionally, given
the critical role of navigation for virtual environments and 3D user
interfaces in general, it is vitally important to study the relative ef-
ficacy of different techniques to provide a theoretical groundwork
for the design of these novel interfaces. In this paper, we describe
a user study which compared real walking to three virtual travel
techniques during performance of a divided attention task.
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Real walking allows users to travel by walking through the vir-
tual environment in a natural manner. Consequently, the size of the
virtual environment is restricted by the amount of available walking
space, making this technique impractical for settings with limited
physical workspace. Additionally, real walking requires position
and orientation tracking over areas that are much larger than the
1.5-3 meter diameter spaces typically supported by electromagnetic
tracking technology [30]. Wide-area tracking solutions such as the
Intersense 1S-900 and the 3rdTech Hiball are more expensive than
limited-area trackers, and this cost increases as the tracking area is
expanded. As a result, alternative travel techniques are often used
to avoid the limitations of real walking. Many attempt to replicate
the energy and motions of real locomotion while keeping the user
within a limited physical area. Walking-in-place techniques achieve
this goal by having the user march in a stationary location to travel
through the environment (ex. [14]). Mechanical devices such as
treadmills (ex. [24]) and bicycles (ex. [2]) have also been developed
to simulate real motion when traveling. Alternatively, redirected
walking has also been proposed as a method to overcome the space
limitations of real walking by introducing a rotational discrepancy
between the real and virtual world [21]. Another proposed tech-
nique accomplishes this goal by applying a scaled translation gain
to allow walking over greater virtual distances [13].

Virtual travel refers to a broad class of techniques that do not im-
itate physical movements, instead using some other method, such
as a joystick, to control locomotion. In the context of this paper,
we are concerned with steering techniques, which allow continu-
ous control of the direction of travel [6]. The simplest technique
is gaze-directed steering, which uses the user’s view vector as the
direction of motion. Pointing-directed steering is another common
technique which uses the hand orientation to indicate travel direc-
tion. Torso-directed steering, on the other hand, uses the orienta-
tion of the user’s body. The latter two techniques decouple the view
direction from the travel direction, which allows the user the ad-
vantage of looking around while moving, though the torso-directed
technique is rarely used in practice. While other steering techniques
have been developed which use more complicated props or con-
trollers, this paper concentrates on these three basic steering meth-
ods which rely on the user’s body to specify travel direction.

We conducted a user study which investigated real walking,
gaze-directed, pointing-directed, and torso-directed steering along
with gender and difficulty effects using a divided attention task. In
Section 2, we outline previous work evaluating travel in immersive
virtual environments and describe the novel contributions of our
study. In Section 3, we explain the methodology of our experiment.
We describe the results of the user study in Section 4 and provide
a discussion in Section 5. Finally, in Section 6, we describe future
directions for this work and conclude the paper.

2 PREVIOUS WORK
2.1 Real Walking Studies

Real walking has been shown to support a greater sense of pres-
ence and was reported as subjectively easier than walking-in-place
and pointing-directed travel [28]. In a spatial orientation study, real
walking was also shown to perform better than gaze-directed travel

27



28

Previous Travel Technique Studies

RW!  wip? GD* PD* TD> DESK®
[4] V4

[5] v V4 v

[8]
[15]
[22]
(23]
[25]
[26]
[28]
(31]
[33]

Study

<

L=

v
v

L &
L R
<

v

Table 1: Comparison of previous studies of comparing virtual envi-
ronment travel using 'real walking, 2walking-in-place, 3gaze-directed,
“pointing-directed, >torso-directed, and ®traditional desktop controls.
Selection of technique has been inconsistent across studies, and
only one experiment has evaluated the torso-directed technique.

and traditional joystick control [8]. Ruddle and Lessels found in
two studies that real walking resulted in superior performance over
gaze-directed travel on a navigational search task [22] [23]. Suma et
al. found that real walking allowed fewer collisions and faster com-
pletion times in a virtual maze than pointing-directed travel, though
they did not find any difference between travel techniques on mea-
sures of information gathering [25]. In this context, “information
gathering” refers to performance on tests of memory about envi-
ronment details noticed during exploration. In a study of cognition,
Zanbaka et al. found benefits for real walking over gaze-directed
steering on cognitive measures involving higher mental processes
[33]. However, in a study comparing real world navigation to vir-
tual environment navigation using real walking and gaze-directed
travel, similar cognitive benefits and information gathering differ-
ences were not found between travel techniques, although partici-
pants in the virtual environment conditions performed worse than
in the real world [26]. They did, however, find that quantitative
measurements of navigational behavior did not resemble real world
behavior. Similarly, in a study to characterize task behavior and per-
formance, Whitton et al. found that that walking-in-place and gaze-
directed steering do not correlate well with motions when walking
naturally [31].

2.2 Virtual Steering Technique Studies

In studies that specifically compared virtual steering techniques, it
has been shown that pointing-directed travel has advantages over
gaze-directed for a relative motion task [4]. This is because point-
ing decouples view and travel direction, making it easier to track a
target object while moving. In one information gathering study, no
differences were found between gaze-directed, pointing-directed,
and torso-directed steering, and complexity of the environment was
the only determining factor of performance [5]. In another infor-
mation gathering study, participants gathered less information in a
virtual environment using gaze-directed steering than in an identical
real world environment [15]. Since they did not test real walking in
the virtual environment, it is impossible from their data to conclude
whether this difference was due to travel technique or differences
between the real and virtual environments.

2.3 Summary of Previous Work

In general, studies of travel have been inconsistent in selecting
the travel technique to evaluate, especially among the three vir-
tual steering techniques (see Table 1). Gaze-directed travel was
the most commonly evaluated technique. However, while four out

of 11 studies evaluated pointing-directed travel, only one compared
the torso-directed technique. These three techniques, though sim-
ilar in that they rely on parts of the body to indicate travel direc-
tion, provide very different experiences. Yet, only one study has
evaluated all three together, and none have compared them all with
real walking. Thus, the goal of our study is to comprehensively
evaluate real walking, gaze-directed, pointing-directed, and torso-
directed travel. This experiment will allow us to examine the whole
picture of the relationship between real walking and body-based
steering techniques. Participants were required to divide their at-
tention between two simultaneous tasks: a navigation task which
required pursuit of a moving target and an attention task to measure
the cognitive difficulty of navigation.

Information gathering was investigated by several studies and
presented as a measurement of relative cognitive difficulty between
travel techniques, but none of them found significant differences.
However, this measurement could be confounded by individual dif-
ferences in wayfinding strategy and proficiency of the user. Further-
more, a previous study has found that performance on virtual envi-
ronment navigation tasks depends not only on the technique, but
also on the strategy and sophistication of the user [3]. More specifi-
cally, the resulting differences in the participants’ explorations in
the environment could result in each participant seeing different
stimuli for varying amounts of time. To remedy this problem, our
attention task presented stimuli auditorily as the participant moved
through the environment. Thus, subsequent memory tests of these
stimuli will be less subject to bias from individual differences in
navigation between participants. Additionally, the navigation task
was designed as pursuit of a visible moving target instead of naive
exploration to reduce effects of different wayfinding strategies as
much as possible.

Studying the cognitive difficulty of travel is important since this
can have a strong impact on the user’s experiences and task per-
formance in a virtual environment. For example, in a recent study,
Elmgvist et al. showed a relationship between the cognitive effort
of navigation and the ability of users to build a cognitive map of the
environment [9]. We also investigated gender effects, since they
have been shown to be a strong determining factor of performance
on spatial tasks [29]. Numerous studies have provided evidence for
gender differences in spatial abilities and strategies. For example,
a study comparing spatial updating by self-motion and landmark-
based orientation revealed gender differences in higher level strate-
gies for spatial orientation [17]. Recent work has also investigated
gender differences in abilities to discriminate between real and vir-
tual motions [7]. However, in the context of immersive virtual envi-
ronment travel techniques, gender effects have not been sufficiently
explored, and may be a discriminating factor on the performance of
experimental tasks.

Additionally, we explored several other criteria that could ac-
count for differences in navigation tasks. Several studies have found
that complexity of the environment, and subsequently, difficulty of
travel, is an important factor on the performance of navigation tasks
[3] [5]. Therefore, we designed two levels of difficulty for our spa-
tial navigation task. Additionally, previous studies have suggested
that inconsistent spatial abilities across between-subjects groups
could skew experimental results [25] [26]. Thus, we administer
two common pen-and-paper pre-tests of spatial ability, along with
an immersive virtual reality spatial orientation test, in order to ex-
plore potential confounds of our results.

3 METHODS

3.1 Study Design

The study used a mixed design with participants randomly assigned
to one of the following four between-subjects travel conditions:

1. Real Walking (RW): Participants traveled through the envi-
ronment by walking naturally. Their physical position was



mapped directly to their virtual position.

2. Gaze-Directed (GD): Participants used a handheld controller
for locomotion. The movement direction was determined by
the direction of their head.

3. Pointing-Directed (PD): Participants used a handheld con-
troller for locomotion. The movement direction was deter-
mined by the direction of their hand.

4. Torso-Directed (TD): Participants used a handheld controller
for locomotion. The movement direction was determined by
the direction of their torso.

We also investigated gender as a between-subjects variable. Each
subject experienced four separate trials in the virtual environment,
corresponding to different combinations of the within-subjects vari-
ables of task difficulty (simple or complex) and task type (single
task or divided task). These trials are described in more detail in
Section 3.3. To remove ordering effects, the order of the trials were
balanced across the conditions using a Latin Squares design.

We hypothesized that real walking would allow superior per-
formance over some of the virtual travel techniques, most notably
pointing-directed travel, on a divided attention task. We also hy-
pothesized that gender and task difficulty would be discriminating
factors in performance.

3.2 Participants

A total of 128 people participated in the study (45 male, 83 fe-
male) with 32 participants in each travel condition. Participants
were evenly distributed across the travel conditions with respect to
gender, with 11 males and 21 females per condition. The mean
age of participants was 20.78 (SD = 5.62). They were primarily
recruited from an undergraduate general psychology course, and
were offered a research credit for participating. Participants were
required to have normal or corrected-to-normal vision, use of at
least one hand, good hearing, and the ability to communicate com-
fortably in spoken and written English.

3.3 Environment and Task

The virtual environment was designed as an empty room with six
columns placed to form a grid of corridors (see Figure 1). The
columns were placed as obstacles in order to force participants to
navigate around sharp turns. The environment was designed pre-
cisely to fit within the 14’ x 16’ tracking area. Depending on the
trial, participants were instructed to either perform the primary task
alone or a divided attention task (consisting of both the primary and
secondary tasks) in the virtual environment. Each of the four trials
lasted for 115 seconds.

3.3.1

The participants were told that their primary task was to follow a
moving red sphere through the environment as closely as possible.
This was designed as a guided navigation task in order to focus on
investigating the effects of travel technique on physical locomotion
and avoid introducing bias from individual differences in wayfind-
ing strategy. The sphere was rendered at eye level and moved at a
speed of 18 inches per second. It moved in a straight line and made
90 degree turns around the columns, which forced participants to
stay close to the object to keep it in view. We designed two levels
of difficulty through pilot testing, which we describe as simple and
complex difficulty (relative to each other). For the trials of simple
task difficulty, the sphere performed 18 turns; for the trials of com-
plex task difficulty, it turned twice as often, performing a total of
36 turns. This task allowed us to measure how well participants
were able to navigate around obstacles and follow the target as this
process became more taxing.

Primary Navigation Task

Figure 1: A top-down view of the virtual environment used in this
study.

3.3.2 Secondary Attention Task

In two of the trials, participants performed only the primary nav-
igation task. In the other two trials, participants were also told to
perform a simultaneous secondary task as they followed the target
sphere through the environment. For the secondary task, a word
was played through the headphones every five seconds, and partic-
ipants were instructed before beginning to listen for words that fit
a specific conceptual category. The participant was told to press
a button on their handheld controller when they heard a category
word. Distractor words were also played, and the participants were
instructed to ignore them. The performance on this attention task
allowed us to compare the amount of spare mental resources during
the primary navigation task. Participants were specifically told that
following the target sphere was the more important task.

For the two experiment trials which included the secondary task,
two categories were selected: parts of a house and parts of the
body. These words were originally selected from the Murdock
categorized word pool [19]. From the original 32-word lists, we
eliminated 10 words from each list that were either too lengthy
(greater than two syllables) or were extreme outliers in word fre-
quency according to the Kucera and Francis word pool [11]. We
then divided each list in half, evenly balancing number of syllables
and word frequencies as much as possible, forming four lists of 11
words each. Four lists of 11 randomly selected distractor words
were also constructed with balanced word frequencies that approx-
imately matched the category word lists. For each trial in the ex-
periment, a list of category words and distractors was presented in
random order. The order of the lists selected for the trials were bal-
anced across the entire study to remove order effects introduced by
individual differences in the word lists.

3.4 Experiment Setup

Participants wore a Virtual Research VR1280 head-mounted dis-
play (HMD), which provided a stereoscopic image with a 60 de-
gree diagonal field of view. Each eye was rendered at a resolution of
1280 x 1024 at 60hz. Audio was provided using the HMD’s built-in
stereo headphones. For head tracking, we used the 3rdTech Hiball
3100 wide-area tracking system, which provided highly accurate
six degree-of-freedom measurements within our 14’ x 16’ tracking
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(a) Real Walking (RW)

(b) Gaze-Directed (GD)

1N

(c) Pointing-Directed (PD)

(d) Torso-Directed (TD)

Figure 2: (a) When using the real walking technique, participants could naturally walk about the space. (b-d) When using virtual travel techniques,
physical movement was restricted and movement was controlled using a handheld joystick.

area. One tracker was mounted on top of the HMD to track head
position and orientation. To avoid tripping participants while they
were walking around, all cables descended from a mounting frame
in the ceiling in the center of the tracking area, and the experimenter
manually held the cable so it fell directly down the user’s back to
balance the weight of the HMD. Figure 2 shows the equipment used
during the study.

In the torso-directed condition, it was necessary to track the ori-
entation of a participant’s torso independently of the head. Thus,
participants wore a small nylon gym bag with a lightweight card-
board frame inside to provide a mounting point for a second Hiball
tracker. While this was only necessary for this condition, this back-
pack was worn in all conditions to provide a consistent level of
encumbrance across the experiment conditions. For user input, par-
ticipants held a Nintendo Wii Nunchuk controller in their dominant
hand. The Nunchuk was connected with a wire to a Nintendo Wi-
imote controller in the user’s backpack, which in turn reported input
events wirelessly over Bluetooth. In the pointing-directed condi-
tion, it was also necessary to track the orientation of the user’s hand.
While the Nunchuk has built-in accelerometers for motion sensing,
it lacks a gyroscope, and as such is not sufficient to provide three
degree-of-freedom tracking. To achieve this, we added a mount-
ing frame for the Hiball tracker to the Nunchuk. Participants in
the pointing-directed condition used this modified Nunchuk/Hiball
controller, and all other participants used an unmodified one. Al-
though the modified controller is heavier than the controller used in
the other conditions, we do not believe this will impact our results
since the position of the hand in the other conditions is not relevant
to the study. Locomotion was controlled using the thumb stick on
the Nunchuk, which allowed participants to control velocity along a
continuous spectrum up to a maximum speed of 3 feet per second.
In the pointing-directed condition, an arrow was rendered at the
position and orientation of the participant’s hand to provide visual
feedback of the travel direction.

Participants in the real walking condition were allowed to natu-
rally walk through the environment with the position and orienta-
tion of their head mapped directly to their virtual viewpoint. While
virtual travel could be accomplished without head tracking, the pur-
pose of this study was to evaluate techniques for immersive head-
mounted displays, so head tracking was also used in the virtual
travel conditions (gaze, pointing, and torso-directed) to provide mo-
tion parallax. To simulate the space restrictions typically imposed

by a limited-area tracker, the participant stood in the center of a 4’
x 4° enclosure constructed from PVC pipe. Though it was theoret-
ically possible for participants to walk within this restricted area,
the fact that participants could not see the barriers while wearing
the display and the possibility of collisions served as a disincentive
for walking. In practice, the size of the virtual environment and
fast-paced nature of the pursuit task required participants to use the
controller for navigation. During the experiment, we observed that
most participants in the virtual travel conditions did not attempt to
walk, and instead generally stood in the center of the enclosure and
rotated their bodies in a single location.

Collision detection was used to prevent the participant from trav-
eling through the walls of the virtual environment. In the event
of a collision, the view was rendered from the last valid position
prior to entering the virtual geometry. Since the real walking tech-
nique requires a direct mapping from physical to virtual viewpoint,
this presents a problem for handling collisions. However, previ-
ous research has indicated that collisions with stationary objects
while using the real walking technique are uncommon [26], and this
collision-handling technique was necessary to prevents participants
from “cheating” by walking through virtual obstacles.

The experiment was run on a Dell Pentium 4 3.4 GHz PC run-
ning Windows XP with 2 GB of RAM and an NVIDIA Quadro FX
4500 graphics card. The virtual environment was implemented us-
ing OpenSceneGraph 2.8.0 with graphics rendered at 60 frames per
second and audio provided through OpenAL. Tracker communica-
tion was accomplished using the Virtual Reality Peripheral Network
[27]. For reading input events from the Nintendo Wiimote, we used
the WiiYourself! library [1].

3.5 Measures
3.5.1 Task Performance Measures

To measure performance on the primary navigation and secondary
attention tasks, we collected the following data:

o Target distance: The average distance between the partici-
pant’s viewpoint and the target sphere in inches was recorded
for each of the four trials. This measurement indicates how
well participants were able to perform the primary navigation
task by following the sphere.

e Response score: The response score was calculated for each
of the two divided task trials by subtracting the percentage of



false alarms (responding to distractors) from the percentage
of hits (responding to category words) to correct for guessing.
This indicates how well participants were able to perform the
secondary attention task.

o Response time: The average time in seconds for correct but-
ton presses after hearing a word was recorded for each of the
two divided task trials. This allows us to measure the relative
cognitive demand of navigation using different travel tech-
niques.

3.5.2 Word Recognition Test

Participants were given a computerized word recognition test after
each of the two experiment trials where the divided task were per-
formed. To avoid the recency effect, which would allow them to
automatically recite the last words heard from their working mem-
ory, participants were instructed to count backwards from 50 down
to O prior to starting the test. They were presented with a total of 44
words one at a time in random order, and were asked if to indicate if
the word was played during the experiment. The list consisted of an
equal number of old (played during the experiment) and new (not
played during the experiment) category and distractor words. The
participant responded “yes” or “no”, and was then asked to rate
their confidence on a scale from 1 (not very confident) to 3 (very
confident). To calculate the word recognition score, the percentage
of false alarms (incorrectly responding “yes” to a new word) was
subtracted from the percentage of hits (correctly responding “yes”
an old word) to correct for guessing. The confidence ratings for old
words were combined to provide a 6-point scale (1 = very confident
no, 2 = somewhat confident no, 3 = not very confident no, 4 = not
very confident yes, 5 = somewhat confident yes, 6 = very confident
yes) [10]. The confidence score was calculated as an average of
these ratings.

3.5.3

As travel technique has been previously noted to have an impact
on simulator sickness, this is an important phenomenon to mea-
sure. We used the Kennedy-Lane Simulator Sickness Questionnaire
(SSQ) to measure the change in simulator sickness before and after
the experimental session [16].

3.5.4 Spatial Ability Pre-Tests

We used several tests to evaluate spatial ability. Participants took
the Vandenberg & Kuse Mental Rotations Test (Redrawn Version)
[20] and the Guilford-Zimmerman Aptitude Survey Part 5: Spatial
Orientation [12]. The Vandenberg & Kuse test was administered
in 8 minutes and yielded a score between 0 and 24. The Guilford-
Zimmerman test was shortened to 36 questions administered in 5
minutes [18]. It yielded a score between -9 and 36. In both tests,
higher scores corresponded to better performance.

Previous studies and anecdotal evidence suggests that these pen-
and-paper spatial tests are difficult for some participants, and may
not be always earnestly attempted [25]. Thus, in addition to the
pen-and-paper tests, we also administered a virtual reality spatial
orientation test. Participants wore the head-mounted display and
were placed in a 3D grid of corridors. They were moved through
four series of turns in random directions, then asked to point back
to the direction of their start location. They were given one practice
attempt, followed by five actual trials. The test took approximately
three minutes. The measurement from this test was the average
angular difference between their point direction and the direction
of their actual starting location across all five trials (between 0 and
180), with a lower angle corresponding to better performance.

Simulator Sickness Questionnaire

3.6 Procedure

The experiment was conducted one participant at a time, and took
each participant approximately one hour to complete.

Target Distance Results

Error Bars: 95% Cl
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Figure 3: Mean target distance results (in inches) across travel con-
ditions for all four trials with varying task type (single or divided) and
task difficulty (simple or complex). Overall, the real walking (RW)
technique performed significantly better than the pointing-directed
(PD) technique. No other comparisons were significantly different.

3.6.1

The participants first read an information sheet describing the study
in detail. After being given an opportunity to ask questions, they
then read and signed the informed consent form. After consent had
been obtained, the participants completed the following: (1) a de-
mographic survey, (2) the Vandenberg & Kuse spatial ability test,
(3) the Guilford-Zimmerman spatial ability test, (4) the simulator
sickness pre-test, and (5) the virtual reality spatial ability test.

Pre-Experiment

3.6.2 Experimental Session

After completing the pre-tests, the participants were shown how
to travel in the virtual environment and operate the handheld con-
trollers (if applicable). Prior to entering the experiment virtual en-
vironment, the participant was given a short training session. The
experiment tasks were explained to them, and they were instructed
to follow the sphere as closely as possible. They were then given
the opportunity to practice both tasks for about 40 seconds in order
to familiarize themselves (example words were used). Participants
that were not following the sphere closely enough were corrected
by the experimenter so that all participants maintained a close dis-
tance. After completing the training, the participants completed the
four experiment trials, each lasting 115 seconds. After trials with
a divided task, participants removed the display and completed a
word recognition test on a desktop computer. After trials with only
a single task, the participants were given the option of removing
the display and taking a brief break, if desired. The experimental
session was concluded after completing all four trials.

3.6.3 Post-Experiment

Immediately after completing the experimental session, the partic-
ipants filled out the post-test for simulator sickness. Afterwards,
they were debriefed and the participants were given a final oppor-
tunity to ask questions or provide comments.

4 RESULTS

Unless otherwise noted, all statistical results reported in this paper
use a significance value of « = .05. All analyses used Type III sum
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Response Score Results
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Figure 4: Response scores (between 0 and 1) were calculated by
subtracting the percentage of false alarms (responding to distractors)
from the percentage of hits (responding to category words). Higher
scores corresponding to better performance. Males performed worse
in the complex difficulty than the simple difficulty, but this difference
was not observed for females.

of squares to correct for the uneven gender proportions within each
group.

4.1 Task Performance Measures
4.1.1 Target Distance

The average target distance measurements were treated with
a 4x2x2x2 mixed analysis of variance (ANOVA), testing the
between-subjects effects of travel technique and gender and the
within-subjects effects of task type (single task or divided task) and
task difficulty (simple or complex). The analysis revealed a signifi-
cant main effect for travel technique, F(3,124) = 5.06, p < .01, n;
= .11. None of the other main effects or interaction effects were
significant. Post-hoc analysis with the Tukey HSD test showed that
the real walking technique allowed participants to maintain a closer
average distance to the target than the pointing technique over all
trials, p < .01. However, none of the other comparisons were sig-
nificant.

4.1.2 Response Scores

We excluded one participant from the analysis who did not per-
form the secondary task during the session. The average response
scores were then treated with a 4x2x2 ANOVA, testing the between-
subjects effects of travel technique and gender and the within-
subjects effect of task difficulty. The analysis revealed a significant
interaction effect between difficulty and gender, F(1,119) = 3.87,
p = .05, ng = .03, and significant main effect for task difficulty,

F(1,119) = 4.50, p = .04, 7?,2; = .04. The main effect for gender
was not significant, p = .72, nor were any of the other effects. We
conducted post-hoc analysis of the gender-difficulty interaction us-
ing paired-sample t-tests with a Bonferroni corrected significance
value of ¢ = .025 to reduce error in multiple comparisons. Males
performed worse for complex difficulty (M = .86, SD = .19) than
simple difficulty (M = .93, SD = .11), p = .02. However, the re-
sponse scores for females were not significantly different between
complex difficulty (M = .88, SD = .16) and simple difficulty (M =
.89, SD = .13), p = .92. Figure 4 shows the mean response score
results by gender.

Response Time Results
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Figure 5: Mean response times (in seconds) according to gender and
task difficulty (simple or complex). Lower times correspond to better
performance. Males responded slower in the complex difficulty than
the simple difficulty, but this difference was not observed for females.

4.1.3 Response Times

We trimmed 4 extreme outliers (2 from GD, 2 from PD) which were
greater than 3 standard deviations from the mean to avoid skewing
the results. The average reaction times were treated with a 4x2x2
ANOVA, testing the between-subjects effects of travel technique
and gender and the within-subjects effect of task difficulty. The
analysis revealed a significant interaction effect between difficulty
and gender, F(1,116) = 4.77, p = .03, n‘g = .04, and a significant
main effect for difficulty, F(1,116) = 4.62, p = .03, 775 =.04. The
main effect for gender was not significant, p = .35, nor were any
of the other effects. We conducted post-hoc analysis of the gender-
difficulty interaction using paired-sample #-tests with a Bonferroni
corrected significance value of ¢ = .025. Males reacted slower for
complex difficulty (M = 1.25 sec., SD = 0.29) than simple task dif-
ficulty (M = 1.13 sec., SD = 0.20), #(43) = 2.85, p < .01. However,
the reaction times for females were not significantly different be-
tween complex difficulty (M = 1.15 sec., SD = 0.27) and simple
difficulty (M = 1.15 sec., SD = 0.26), p = .99. Figure 5 shows the
mean response time results by gender.

4.2 Word Recognition Test

Word recognition scores and confidence scores were each treated
with a 4x2x2 mixed ANOVA, testing the between-subjects effects
of travel technique and gender and the within-subjects effect of task
difficulty. For recognition scores, the main effect for travel tech-
nique was significant, F(3,120) = 3.29, p = .02, ng = .08. None
of the other effects were statistically significant. Post-hoc analy-
sis with the Tukey HSD test revealed that scores for real walking
were higher than pointing-directed, p = .01. The analysis for con-
fidence scores was not significant. Figure 6 shows the mean word
recognition scores for each task difficulty across the travel condi-
tions. Table 2 shows the mean and standard deviation results for
the recognition scores and confidence ratings.

4.3 Pre-Tests

The scores from each of the spatial ability pre-tests were treated
with a one-way ANOVA across the four travel conditions, and none
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Figure 6: Mean word recognition test scores (between 0 and 1) ac-
cording to travel technique and difficulty (simple or complex). Higher
numbers correspond to better performance. Overall, the real walk-
ing (RW) technique performed significantly better than the pointing-

directed (PD) technique. No other comparisons were significant.

of the results were statistically significant. For the simulator sick-
ness analysis, we identified an extreme outlier that received a very
high score on the pre-test (greater than 75). This indicates that the
participant was already feeling ill prior to the experiment, so we ex-
cluded this participant from the SSQ analysis to avoid skewing the
results. A 4x2x2 mixed ANOVA was performed on simulator sick-
ness scores, testing the between-subjects effect of travel technique
and gender and the within-subjects effect of time (before and after
the experimental session). We found a significant main effect for
time, F(1,119) =10.50, p < .01, n[% = .08, indicating that simulator
sickness increased from before the experimental session (M =9.72,
SD = 11.68) to afterwards (M = 14.46, SD = 15.04). None of the
other effects were significant.

5 DISCUSSION

Participants that used the real walking technique were able to
perform the primary navigation task better than those using the
pointing-directed technique. These results are consistent with pre-
vious findings which showed that the pointing-directed technique
tends to underperform real walking on measures of navigation task
performance [26]. Additionally, we also found that participants us-
ing real walking performed better on a word recognition test than
those using pointing-directed travel. This is an interesting result,
especially since previous studies of travel techniques with fewer
participants were not able to find differences between these travel
techniques on tests of short term memory [5] [26] [33]. However,
since these previous results were testing memory of objects seen
during exploration of the virtual environment, these previous stud-
ies may have been biased by individual differences in wayfinding
strategy or navigation proficiency. In summary, our word recogni-
tion results indicate that participants in the real walking condition
may have had more spare cognitive capacity to process and encode
stimuli than participants in the pointing-directed condition. This is
most likely due to the fact that in the pointing-directed condition,
the controlling hand was charged with an extra task and participants
needed to visually track and correct their travel direction.
Intuitively, one may suppose real walking would outperform all
the virtual travel techniques. However, there were no significant
differences between real walking, gaze-directed, or torso-directed

Word Recognition and Confidence Scores

Condition Recognition  Confidence
RW  Simple Difficulty 76 (.15) 5.51 (.48)
Complex Difficulty 79 (.114) 5.52 (.43)
GD  Simple Difficulty 72 (.15) 5.37 (.38)
Complex Difficulty .66 (.18) 5.30 (.44)
PD  Simple Difficulty .70 (.15) 5.43 (47)
Complex Difficulty .63 (.23) 5.23 (.60)
TD  Simple Difficulty 71 (.19) 5.36 (.51)
Complex Difficulty 71 (.16) 5.38 (.43)

Table 2: Mean (SD) results for word recognition scores and confi-
dence ratings. The word recognition scores (between 0 and 1) were
calculated by subtracting the percentage of false alarms from the per-
centage of hits. Confidence ratings are measured on a 6-point scale
(1 = very confident no, 2 = somewhat confident no, 3 = not very con-
fident no, 4 = not very confident yes, 5 = somewhat confident yes, 6
= very confident yes).

travel. Previous studies that compared real walking to gaze-directed
travel did not find differences in measures of information gather-
ing [25] [26]. The one study that compared all three virtual travel
techniques (but not real walking) also reported similar findings [5].
Thus, our results are consistent with combined results from exist-
ing literature, and add validity to these findings. Additionally, con-
sidering that torso-directed travel is rarely used in practice, it is
interesting to note that the results for that technique were similar
to gaze-directed travel. It might be possible that the torso-directed
technique could be used to decouple the view and travel direction
without introducing the drawbacks of the pointing-directed tech-
nique, although the additional body tracking requirement may add
additional encumbrance. Ultimately, more evaluation is necessary
to compare the two techniques before conclusions can be drawn.
Though females and males were evenly distributed across the
travel conditions, there was an uneven gender proportion overall
with roughly two females per male. The fact that fewer males were
willing to volunteer may have resulted in lower statistical power to
detect effects in the male population relative to females. Despite
this, we still found that males received lower response scores and
took longer to respond in the complex difficulty trials than sim-
ple difficulty trials; however, neither of these effects were observed
for females. Although gender differences in spatial abilities gen-
erally tend to favor males, this gender-difficulty interaction effect
occurred only on performance of a semantic attention task during a
simultaneous spatial task. These results may be pertinent when de-
signing virtual environments that require multi-tasking, but the im-
pact may be limited only to similar tasks performed under the same
conditions. Thus, the nature and goal of the virtual environment
tasks must be carefully considered to determine whether similar ef-
fects on performance can be expected under different conditions.
An increase in simulator sickness after the experimental session
was expected, since the participants were immersed for the virtual
reality spatial test, training session, and four experimental trials.
Opverall, the increase in reported simulator sickness was very slight.
Additionally, a recent study found that the simulator sickness pre-
test may bias participants towards reporting higher simulator sick-
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ness on the post-test [32], which is another possible explanation for
this small increase.

6 CONCLUSIONS AND FUTURE WORK

In this study, we compared real walking with three virtual travel
techniques using a divided attention task. Real walking allowed su-
perior performance over the pointing-directing technique on mea-
sures of navigation task performance and recognition of stimuli pre-
sented during navigation. These results indicate that real walking
provides better performance on navigation tasks than the pointing-
directed technique. Additionally, real walking also appears to al-
low more spare cognitive capacity for processing and encoding
stimuli than pointing-directed travel. We also found that males re-
sponded slower and performed significantly worse on the attention
task when the spatial task became more difficult; however, this ef-
fect was not observed for females.

In the future, more study is necessary to investigate the dif-
ferences between the torso-directed technique and the pointing-
directed technique. It may be possible to utilize torso-directed
travel to avoid introducing the drawbacks of the pointing-directed
technique when the user’s travel direction needs to be separated
from their view, but this relationship remains unclear from our
data. Additionally, other travel techniques should be comprehen-
sively evaluated, including walking-in-place, gesture-based navi-
gation, and virtual travel techniques which are not steering-based,
such as path drawing and world-in-miniature techniques.
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