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Abstract

We present a categorization of techniques for first-
person motion control, ortravel, through immersive
virtual environments, as well as &amework for
evaluating the quality oflifferent techniques for specific
virtual environment tasks. Wmnduct three quantitative
experiments within thisframework: a comparison of
different techniques famoving directly to a targetobject
varying in sizeand distance, a comparison dfifferent
techniques for movingelative to areferenceobject,and a
comparison of differentmotion techniquesand their
resulting sense ofdisorientation” in the user. Results
indicate that “pointing” techniques are advantageous
relative to “gaze-directed’steering techniques for relative
motion task,andthat motion techniqueswhich instantly
teleport users to new locations are correlated viridreased
user disorientation.

1. Introduction

Virtual environment (VE) useinterfaces haveot been
the focus of agreatdeal of user testing orquantitative
analysis. Travel by which we mean the control ofer
viewpoint motion through a VE, is an important and
universal userinterface task whichneeds to be better
understoocandimplemented inorder to maximize users’
comfort and productivity in VEBystems. We distinguish
travel from navigation or wayfinding, whicrefer to the

interaction. Secondly, we study only first-perdeavel

techniques, or those in which the user’s view is attached to
the camerapoint in the VE (techniques havebeen

proposed in which the user’s view is temporadétached

from this position for a more global view of the

environment [e.g. 11]). Also, we do nanclude

techniques using physical usaotion, such asreadmills

or adaptedicycles. Finally, weconsideronly techniques

which are predominantly under the control of the user, and

not those in which travel igsarried out automatically or
aided significantly by the system.

The following sections of thigpaper reviewrelated
research in the area of VE traweteraction,and present a
taxonomy of travetechniquesand aframework for their
evaluation. Three relevanexperiments illustratingthis
framework and their results are then described.

2. Related work

A number of researchers have addressedesrelated to
navigation and travel both in immersive virtual
environmentsand in general 3D computer interaction
tasks. It hasbeen asserted[5] that studying and
understandindghuman navigatiorandmotion control is of
great importance founderstandindiow to build effective
virtual environment traveinterfaces[13,19]. Although
we do not directly address tleegnitive issuesurrounding
virtual environment navigation, thiarea has been the
subject of some prior investigation and discussion [3,20].

Various metaphors for viewpoint motion and control in

process of determining a path through an environment to3D environments have been proposed. Ware et al. [17,18]

reach agoal. Our work attempts t@omprehend and
categorizethe techniqueswhich have beemproposed and
implementedand todemonstrate an experimentakethod
which may beused toevaluatethe effectiveness of travel
techniques in a structured and logical way.

There are several restrictions we place on our
consideration of VE travel techniqueg&irst, weexamine
only immersive virtual environments, which us$ead
tracking and head-mounted displaysspatially immersive
displays (SIDs),and use 3D spatial inputdevices for

identify the *“flying,” "eyeball-in-hand,"and "scene-in-
hand"metaphors. A fourth metaphdiray casting,” [6]

has been suggested, which can be used to select targets for
navigation. Others make use of "&orld-in-Miniature"
representation as a device for navigation and locomotion in
immersive virtual environments [11,15].

Numerous implementations of non-immersive 3D
travel techniques have beedescribed. Strommen
compares three different mouse-based interfaceshflairen
to control point-of-view navigation [16]. Mackinlay et al.



describe a generahethod for rapid, controlled movement
through a 3D environment [8].

Mine [10] offers an overview oifmotion specification
interaction techniques. He and others [e.g. 12] discuss
issues concerning theirimplementation in immersive
virtual environments. Several user studiescerning
immersive traveltechniques have beemported in the
literature, such as those comparififierent travel modes
and metaphors for specific virtual environment
applications [2,9]. Physical motiaiechniques have also
been studiedsuch as theeffect of a physical walking
technique orthe sense ofresencd14], andthe use of a
“lean-based” technique [4].

3. Evaluation framework
3.1 Taxonomy

After reducing the space of viewpoint movement
control techniqueghat have been proposed foinmersive
VEs (by applying the restrictiongdescribed in the
Introduction), we are able teategorizethesetechniques in

Note that somebranches ofthe taxonomy may be
combined toform new methods. For examplander
velocity selection, ajesture-based techniqueay also be
adaptive (the user’'s gestumemy cause differentvelocities
in differentsystem states). Also, some combinations of
methods maynot work together at all. Ilrgeneral,
however, a travetechnique isdesigned bychoosing a
method from each of these threebranches of the
taxonomy. For example, in one commtathnique the
user holds a mouse butt@nd moves with constargpeed
in the direction she is looking. In the taxonomyhis
corresponds tayaze-directeddirection selection, constant
velocity, and continuous input conditions.

3.2 Quality factors

Explicit, direct mappings of the varioustravel
techniques to suitable applicatioa® not obvious,given
that applications may have extremely different
requirements fortravel. Instead, we propose kst of
quality factors whichrepresent specificattributes of
effectiveness fowirtual travel techniques. Thedactors

an organized design space (similar to [1]). Figure 1 showsare not necessarilyintended to be aompletelist, and

the high-level entries in our taxonomyThere are three
components in a travel techniqueach of which
corresponds to a design decision timatst bemade by the
implementor. Direction/Target Selection refers to the
method by which the usésteers”the direction of travel,

or selects the goal position of the movement.
Velocity/Acceleration Selectionmethods allow the
user/system to setpeed and/omacceleration. Finally,
Input Conditionsare the ways in which the user or system

specifies the beginning time, duration, and end time of the

travel motion.

r— Gaze-directed steering

— Pointing/gesture steering (including props)
Direction/Target
Selection ] Lists (e.g. menus)
Environmental/direct
targets (objects in the

virtual world)

I— Discrete selection

L— 2D pointing

— Constant velocity/acceleration

[— Gesture-based (including props)
Discrete (1 of N)
Continuous range
[— User/environment scaling

— Automatic/adaptive

Velocity/Acceleration _|

Selection — Explicit selection—l:

— Constant travel/no input

Input Conditions — Continuous input

[ Start and stop inputs

L— Automatic start or stop

Figure 1. travel

techniques

Taxonomy of virtual

some of them may not lrelevant to certain applications
or tasks. Nonetheless, thegre a starting point for
comparing and measuring theutility of various travel
techniques.

An effective travel technique promotes:

Speedappropriate velocity)

Accuracy(proximity to the desired target)

Spatial Awarenes@he user’s implicit knowledge of his

position and orientation within the environmeiuring

and after travel)

Ease of Learnindthe ability of a novice user to use the

technique)

Ease ofUse (the complexity or cognitivdoad of the

technique from the user’s point of view)

. Information Gathering (the user’sability to actively
obtain information from the environment during travel)

. Presence(the user's sense of immersion Wreing

within” the environment)

1.
2.
3.

4.

5.

The quality factorsallow a level of indirection in
mapping specific travetechniques to particulawirtual
environment applications. Ourmethod involves
experiments which map a travelchnique toone ormore
quality factors, rather than to a specific applicatiomask.
Application developers carthen specify what levels of
each of the quality factors are important for their
application,and choose atechniquewhich comes closest
to that specification.

For example, in ararchitectural walkthrough, high
levels of spatialawareness, ease afse, and presence
might be required, whereashigh speeds might be
unimportant. On the othdrand, in an actiogame, one
might want to maximizespeed, accuracyndease ofuse,
with little attention to information gathering.Because



applications have sucliverse needs, we find imost and accuraccharacteristics. Two of thmost common
efficient to relate experimentaksults first to specific techniques used in VEapplications are gaze-directed
quality factorsandthen allowdesigners to determine their steering and hand-directed steering“@@inting”) [10]. In

own requirements and weighted importance for each qualitygaze-directed steering, the userisw vector (typically the

factor. orientation of theheadtracker) is used athe direction of
. motion, whereaghe direction is obtainedrom the user’s
4. Experiments hand orientation in the pointing technique. Our first set of

experiments compares these two techniques in the absolute

Even considering thaforementionedonstraints on the  and relative motion tasks.
techniques ware studying, ourspace of travelechniques . .
is still large. ltwould be difficult totestevery technique 4.2 Absolute motion experiment
against every other technique foreach quality factor. )
Therefore, we present three examm&periments to Our study of absolute motion compared these
produce preliminaryesultsandillustrate theexperimental ~ techniques fothe task of travelinglirectly to anexplicit
method which may besedfor such evaluations.These  target object in the environment. Subjestsre immersed
experimentswere chosenbecause oftheir relevance and  in a sparse virtual environment containiogly a target
relate to travel techniques whielnebeing implemented in ~ sphere. A trialconsisted of traveling from the start
some contemporary immersive virtual environments. ThePosition to the interior of the spherand remaininginside
first two testscomparetwo directionselectiontechniques it for 0.5 seconds. Theadius of the sphereand the
for absolute motion (travel to an explicit target object) and distance tothe targetwere varied,and subjects’ time to
relative motion (travel to a targefocated relative to a  reach the target was recorded.
“reference”object). The third experiment measures the Besidesvarying the traveltechnique betweergaze-

Spatia| awareness of auser after using a Variety of directedsteeringand pointing, we alsostudied another
velocity/acceleration techniques. factor: constraineds. unconstrainednotion. In half of

In each of these experiments, the subjectsere the trials, usersould move about the environment with
undergraduate and graduateidents, with immersive VE  Six degrees of freedom. In tieenstrainedrials, however,
experienceranging from none to extensive. A Virtual the user was noallowed to move vertically (thetarget
ResearchVR4 head-mounteddisplay, Polhemudsotrak  Sphereappeared orthe horizontal plane in all trials).
trackers, and a custom-built 3-button 3D mouse wsegl. Thus, there were four travel technlques tested in all.

The test applicationsvere run on an SGI Crimson We  hypothesizedthat gaze-directedtechniques and
workstation with RealityEngine graphicandframe rates  constrained techniques would produce lotirres, because
were heldconstant at 3drames per secondTimes were these techniques should be more accurate than pointing and

measured to within 0.001 second accuracy. unconstrainednethods. It isclearthat the 2D constraint
should produce more accuracy, because theege fewer
4.1 Comparing steering techniques degrees of freedom toontrol. It may not be as obvious

that gaze-directedsteering should be moraccuratethan

Perhaps the most basic of tiyality factors listed  pointing, but consider two comparisons:

above are speed andiccuracy. Theseare simple to First, gaze-directedsteering uses the muscles of the
measure, genera”ynportant in most app”ca’[ions, and neck, while pointing uses the arm and wrist muscles. The
vary widely among different VE travel techniques. When a neck muscles seem more stable than the arm or wrist
user wishes to move to a specific target location, it is notmuscles; thereforeone can holdthe head in a fixed
acceptable tanove thereslowly or inaccurately. Users ~ Position easier than the arm loand. Secondyith gaze-

can quickly become fatiguefiom holding inputdevices directed steering, there is a moredirect feedback loop
steady, pressinputtons, or looking in @ertain direction ~ betweenthe sensorydevice (the eyes) and the steering

for a lengthy period of time. device(the head). The user looks in direction and sees
Clearly, the fastest and most accurate techniques will beravel in that direction. With pointing, the user magk
those which allow the user to specify exactly pusition in one direction and travel in another. More interpretation

to move to,andthen automaticallandimmediatelytake ~ of the visual input mustoccur to pick the correct
the user to that location. For example, in our taxonomy,direction, and the hand must bemade to point in that
the direction/target selectiotechniquemight be discrete ~ direction.
selection from a list or usinglirect targets (select an Subjects performed 80trials with each of the four
object to move to that object). Listepwever,require techniques. Theravere four values of thesphereradius
that the destinations be known amwvance,while direct ~ (0.4, 0.8, 1.5,and 2.5 meters)and four targetdistances
targets only allow movement to objects, notamitrary (10, 20, 50,and100 meters); subjects thyserformed 5
positions. trials with each of these 16 combinations within a
Therefore, amore general direction/target selection techniqueblock. The travel velocity was kept constant,

technique isneededthat still maintainsacceptablespeed ~ and amouse button wassed to effecttravel (using a
continuous inputechnique). Eight subjectsparticipated,



and there were four different orderingsfor the travel
techniques used, sdhat the effect of ordering was
counterbalanced.

The time requiredfor the subject to satisfy the goal
condition was measured for eatrlal, andthe resultswere
analyzedusing a standard3-factor analysis of variance
(ANOVA). The traveltechniquewas shown to beon-
significant for the experimental conditions, whilerget
distance and target size were significant (0.€1). These
resultswere somewhat surprising, since wepothesized
that gaze-directedsteering and 2D constraints would
produce lower responsdimes due to greater accuracy.
Figure 2 comparesthe times obtained by the four
techniques at different distanceghile figure 3plots time
against the target radius.
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One possiblereason forthe lack of a statistically
significant differencebetweengaze-directedechniques and
pointing techniques inthis experiment is thatmany
subjects emulated gaze-directed steering during the
pointing trials. That is, they botgazed ancpointed in
the desireddirection, so that theithead motions were
mimicked by theirhand motions. Also, because the
desiredtrajectory in the experimentafials was always a
straight line, with no obstacles, it was fairgasy for
subjects to quicklyfind the rightdirection and lock their
handposition. More significantdifferencesbetween the
techniguesnight befoundwith a more complexsteering
task.

Overall, this experiment suggestethat both gaze-
directed steering and pointing coydcbduce accuracy in an
absolute motion scenario.  With thadvantages of
pointing that we will show in theecondexperiment of
this set, wehave strong evidencethat it is a useful,
general technique for direction/targetiection wherspeed
and accuracy are important.

The use of 2D constraintiid not show a statistically
significant performancegain in this experiment, but we
still believe constrainedmotion to be an important
technique formany applicationsvhere users do noneed
the extrafreedom ofmotion. It allows users to bmore
lazy in their direction specification, so that more attention
can be paid tahe other tasks ofeatures ofthe virtual
environment.  Although thigeducedcognitive loading
was not afactor in this experimentdue tothe sparseness
of the environmenand simplicity of the task, itwould
prove interesting to studperformance of constrained vs.
unconstrainedmotion in a densevirtual environment,
perhaps with the addition of distractor tasks.

4.3 Relative motion experiment

In the second ofthis set of experiments, wagain
contrastedjaze-directedteering withpointing. Subjects
were asked tdravel from the startingposition to a point
in space agiven distance and direction awayfrom a
referenceobject in the environment. This task was
designed to measure the effectivenestheftechniques for
traveling relative to another object in the environment.

This task is actually frequently used in such
applications asarchitecturalwalkthrough. For example,
suppose the user wishes to obtaitead-onview of a
bookshelf which fills her field of view. There is no object
to explicitly indicatethe user’'s destination; rather, the
user is moving relative to the bookshelf.

The environment for this experiment again consisted of
a single object, in thizase a three-dimensionpbinter
(see figure 4). This pointer defined a line in spacel the
subject’s goal was to travel to @osition on that line
which is areferencedistance awayrom the pointer. In
order to help the useilearn this distance, which was
constant for each trial, there were five init@bcticetrials
at the beginning oéachset in which asphere waplaced
at the targeposition (as in the figure). During normal



trials, thesphere wasot visible. The trialendedwhen
the subjecthad reachedhe targetpoint, within a small
radius. Aftereachtrial, the pointermoved to a new
position and orientation in space for the succeeding trial.

The capability of traveling irreversewas added as a
second factor inthis experiment. By pressing a mouse
button, the user toggled betwefamward modeand reverse
mode. Inreversemode, the usetraveled inthe opposite
direction (the direction obtained hegatingeachvalue in
the direction vector) from the orspecified bythe head or
hand position. Eachtrial began inforward mode, and
subjects were free to useverse mode asften or adittle
as they liked. In total, then, wiested fourtechniques:
gaze-directed steering wimd without reversalcapability,
and pointing with and without reversal capability.

Nine subjectsparticipated inthe experiment. Each
subject completed fourblocks of trials.  Within each
block, there were four sets, corresponding tothe four
travel techniques, and easht consisted of 2Qrials. The
sets were ordered differently within each block for
counterbalancingpurposes.  Since weanticipated a
significant learningeffect for this difficult task, only the
last 5 trialswere counted towarthe overalltime. Travel
time wasmeasuredrom the moment the subjeititiated
motion to the moment when the task was completed. Fo
eachtrial, the distancefrom the starting position to the
target was either 510, 15, or 20 meters. As in the
absolute motion experiment, constant velocity and
continuous input conditionsvere used. Median travel
times collected in the experiment are shown in table 1.

Relative motion environment

Figure 4.

A standard single-factor ANOVAvas performed on the
median times of each of the subjectsatmlyzethe results
of this experiment.Mediantimes were used here iorder
to minimize theeffect of very short or verylong times.
Short trialscould occur ifthe subject simply “gotucky”
in hitting the targetand long trials occurredwhen the

subjectmadeseveralpasses at the target, missing it by a
little each time. Since we were interested in the normative
case, weldid not wish thesevery small or large times to
have a large influence on the dependent measure.

The analysishowedthat the travetechnique used did
indeedhave a significaneffect ontime (p < 0.025), and
further analysis of theindividual means (usingduncan’s
test for comparison of mean®vealedthat both pointing
techniques wersignificantly fasterthan each ofthe gaze-
directedtechniques (p <0.05). There were ncignificant
differencesbetweengaze-directedteeringand gaze-directed
steering withreversal, or betweepointing and pointing
with reversal.

Without reverse With reverge
Gaze-directed 12.36 12.15
Pointing 9.60 9.7%
Table 1. Relative motion experiment

median times by technique (in seconds)

The reasorthat pointing techniques wereuperior for
this task is clear both theoreticalgndfrom observation.
In order tomove relative to an object, especially timis
'sparse environment, the subject needs to look abtfest
while traveling. Therefore, except inhe case where the
subject is already on the line connecting the taagetthe

object, gaze-directed steering requires this cycle of actions:

Look at the reference object

Determine direction toward target

Look in this direction

Move in this direction for an estimated amount
of time

If the target has not been reached, repeat

PoNhE

5.

On the othehand,with pointing techniques, one can
look at the object while travel is taking place, making
directional corrections“on the fly.” Most subjects
discoveredhis right away,and would often point off to
the side while gazing straight ahead at the object.

Gaze-directedteering becomes especially painfiien
the subject gets too close to the objdeicausehen each
check ofthe objectrequiresthat thehead beturned 180
degrees as the user travels out along the reference line.

This situation shows the utility of theaeversal
capability. Subjects oftecomplainedabout the physical
difficulty of the gaze-directed technique, sincestfjuired so
much headmotion, but theydid not complain when the
reversalcapability wasadded. However, thedirectional
accuracy of most subjecssifferedgreatly when inreverse
mode. Reversenode requiresisers to turn thénead or
hand tothe left in order toback up tothe right; thefact
that the virtual environment allows travel ithree
dimensionsadds tothe complexity. Afew usersbecame
expert atthis, butoverall it did not improve timesover
simple gaze-directed steering.



In the same way, thaddition ofthe reversal capability
to pointing addedcognitive load and complexity to the
technique. It is somewhat useful (less usdifiain with
gaze-directedsteering, though), since goingpackwards
with simple pointing requiresthat the arm bepointed
straight back or that the wrist beturned completely
around, both of which are physically difficult. The gain in
ease of use, however, is not significant.

This experiment highlights the advantages that
pointing techniques have ovelgaze-directed steering;
pointing is clearly superior for relativenotion. Since
pointing and gaze-directedteeringshowed nosignificant
difference in the absolute motion task, wevould
recommend pointing as a direction/target selection
technique foralmost all general purpose applications
which require speedndaccuracy. This is not to say that
gaze-directedsteering shouldnever be used. It has
significant advantages iiits ease ofuseandlearning, and
its direct coupling of the steering mechaniandthe user
view. Table 2 outlines some of the maguivantages and
disadvantages of the two techniques that we havelssén
in controlled experimentsand observation of VE
application users.

Gaze-Directed Steering

Advantages Disadvantages
esteering and view are  erequires much head
coupled motion

less comfortable
ecan'’t look at object &
move another direction

sease of use/learning

eeasier to travel in a
straight line

eslightly more accurate

Pointing

Advantages Disadvantages

euser's head can stay  ecan lead to
relatively still overcorrection

emore comfortable
ecan look and move in
different directions

*more cognitive load
*harder to learn for most
users
«slightly less accurate

Table 2. Comparison of two direction

selection techniques

4.4 Directional disorientation due to velocity and
acceleration

Our final experimentealswith another of thequality
factors,spatial awarenessFor travel, wedefinethis term
to mean the ability of the user to retain amareness of
her surroundings duringndaftertravel. The opposite of
spatial awareness would bdisorientation due to travel.
Users may become disoriented because of impnoyion
cues, lack of control over travel, or exposure lacge
velocities or accelerations.

For this experiment, wibcused ornthe second branch
of our taxonomy, velocity/accelerationselection. We
investigated theeffect of various velocityand acceleration
techniques on the spatial awareness of users. Specifically,
we were interested imnfinite velocity techniqueswhich
we will refer to as‘jumping,” since the usejumps from
one position in the virtual environment to another. Our
previous experiencewith VE applicationshad led us to
believe that suclechniques could be quitisorienting to
the user. Jumpindechniquesare often paired with a
discretetarget selection technique, such as whies user
picks a location from a list oselects an object in the
environment to which he wishes to travel.

To test the user's spatial awareness, we creasadle
environment consisting o$everal cubes of contrasting
colors (see figure 5). The subject was instructed to form a
“mental map” of the environment from the starting
position, and to reinforcethat map as thesxperimental
session continued. For each trial, the user was taken to a
new location via a straight-line pathsing one of the
velocity/acceleration techniquesUpon arrival, acolored
stimulus (seen in theorner offigure 5) corresponding to
one of the cubes wasresented tahe user. Theuser
located this cube in the environment, and pressed either the
left or right button on a mouseégpendingupon whether
an “L” or “R” was displayed on the cube.

By measuring the amount of time it took the user to
find the cube and make this simple choice, webtained
data onhow well the userunderstoodthe surrounding
environmentafter travel. In other wordswere they still
spatially awareafter travel, or were they disoriented? If
complete disorientatiorhad taken place, the time to
complete the task should be about the same @smdom
visual search. On the othkand, ifthe subjectvere still
spatially aware, the response time should be much lower.

Figure 5. Spatial awareness environment

We tested foudifferent velocity/acceleratiortechniques
in this experiment. Two constant velocitgchniques



were used, with the fast velocity ten tingreaterthan the
slow velocity. Athird techniquewas infinite velocity,
where the user is takendirectly to the destination.
Finally, we implemented a “slow-in, slow-out” (SISO)
technique (similar to [8]) in which the user begsiewly,
accelerates to anaximum speed,then decelerates as the

direction they were facing (travel did not change the
viewer's orientation). However, theywere unable to
processthis informationaccuratelyenough to know the
target direction.

Our observations suggest that the problem lies in the
lack of continuity of travel. Withumping techniques,

destination is reached. This technique was implemented irthere is nosensation of motion, only that theorld has
such a way that the time to travel to the destination wassomehow changed around the user. lItis a technique whose

always equal tahe time itwould take to travethe same
path using the fast constant velocity technique.

Ten subjectsparticipated inthe experiment. Each
subject completed four blocks of trials, and theese four
sets of trials(one foreach techniquejvithin eachblock.
Each set consisted of 20 trials, the first 10 of whighe
considerecpracticetrials. These practicérials allowed the
subjects to learn the tas&ndalso gavethem achance to
build an accuratemental map of the environment by
viewing it from manydifferentlocations (the positions of
the cubes in the environment wetiferent for eachset of
trials). Within each block, the order of tkexhniques was
different to eliminate any effect of ordering.

To analyze theesults, weperformed a standargingle-
factor ANOVA on theaveragdimes of the subjects. We
found that thedifferences intime for the various velocity
and acceleration techniquewas significant (p <0.01).
Further analysis on thiadividual means, usinduncan’s
test with p < 0.05showedthat the timedor the infinite
velocity (jumping) technique weresignificantly greater
than times for each of the other techniques. The&ne no
other significantdifferences,however. Table 3 presents
the average times for each techniqueshpject. For 7 of
9 subjects, the largest time was for the jumping condition.

Slow Fast SISO Juping]|

Subj. 1 3.13 4.24 6.09 5.2
Subj. 2 2.01 2.88 3.25 4.88
Subj. 3 2.38 2.59 2.69 3.63
Subj. 4 2.94 2.71 2.48 4.31
Subj. 5 3.56 2.6D 3.02 3.97
Subj. 6 3.2§ 2.6]7 2.90 3.23
Subj. 7 3.44 4.39 4.84 4.97
Subj. 8 2.75 3.78 3.27 5.19
Subj. 9 2.71 2.3p 291 3.15
Average 2.91 3.12 3.49 4.3b
Table 3. Spatial awareness experiment

average times by subject
(in seconds)

and technique

These resultssupport our main hypothesis: that
jumping techniques canreduce the wuser’'s spatial
awareness. We frequently observaabjectsperform a
visual search of the entispace forthe target whemsing
the jumpingtechnique, evetthough they supposedly had

all the information they needed to find the target. That is,

they knew the starting position, the time of trazetl the

motion has no analog in the physical world. Of course, if
the speed required toreach the target is theonly
consideration, infinite velocitytechniquesare optimal.
However, they sacrifice the spatial awareness of a user, and
our observationtéead us tobelieve that theséechniques
reduce the sense of presence as well.

We were surprisedthat there were no significant
differencesbetweenother pairs of techniques. We had
expected that the slow constant velocity wopldduce the
least disorientation (itlid have the lowest time, but the
differences were not significant), and hypothesitteat our
slow-in, slow-outtechnique would bdess disorienting
than the fast constant velocity.

The problem with slow-in, slow-out mayave been in
our implementation. In order to ensure that tehnique
would producethe same travel times as the fashstant
velocity technique, it wasiecessanthat the acceleration
function change dynamically foeachtrial under slow-in,
slow-out. It is possible that users were simply not able to
build an accurate mental model of their velocity and
acceleration, meaninipat theywould not know how far
they had traveled for a givenal. We notedthat subjects
generally turned irthe general direction ofhe target, but
were not sure of its exact location.

These results may be taken as encouraging to the
designers of VE travel techniques, in that they suggest that
the amount of user disorientation may not be significantly
affected bythe velocity/acceleration technique, at least up
to a relatively high velocity. Wwould like to perform a
follow-up experiment in which we attempt tind the
velocity at which user disorientation becomes a significant
factor in user spatial awareness.

5. Conclusions and future work

These experimentsonly scratch the surface in
investigating thedesign space of travel techniques for
virtual environments. However, we belietreait wehave
isolated some important results in thiarea with our
currentwork. Our first set of two experimenshowed
that pointing techniques are faster than gaze-directed
steeringtechniques fothe common relativenotion task,
andthat the twotechniques perform equally for absolute
motion. In an applicatiomeeding a general technique
with speed andaccuracy, thereforepointing is agood
choice. It requires more time fiecome experfowever,
so if the application will beisedonly rarely or asingle
time by a user, a more cognitively simpéchnique may
be calledfor. The spatialawarenesexperimentshowed



that infinite velocitytechniques casignificantly increase
user disorientation and may lead to reduced presence.

Also, we havepresented aexperimental methodology
and framework that can be a common ground for
discussionand further testing in thisarea. A more
completelydevelopedaxonomy which is orthogonal and
comprehensive idesired. Particular VE travetechniques
in this taxonomy may then beapped tolevels of the
quality factors experimentally, ithe mannerdescribed.
Application designeranay then specify the weight given
to each ofthe qualityfactors fortheir specificneeds and
goals and choose techniques accordingly.

In addition to the follow-up experimentdiscussed
above, wewould like to create amore general testbed for
VE travel techniques. Our plans call for creation ¢ést
environment similar to the Virtual Environment
PerformanceAssessmentBattery (VEPAB) [7]. This
environment would be instrumented to colldata on any
or all of the qualityfactors we discussed. Specifiavel
techniques wouldhen beused inthese environments and
assigned an overall score feach ofthe quality factors.
Such a systerwould provide arobjective measure for a
travel technique that could lm®mpared tahe scoregrom
other techniques under consideration for an application.
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