CHAPTER IV

TRAVEL

4.1 Introduction and Definitions

Travel or Viewpoint Motion Control, is one of themost basic and universal
interactions found in virtual environment applications. We define travel as the control of the
user’s viewpoinimotion in the three-dimensionahvironment. This is distinguished from
wayfinding which isthe cognitiveprocess ofdetermining a path based on viscalkes,
knowledge of the environment, and aids such as maps or compasses. Togetieand
wayfinding make up the overall interaction calledvigation In our work, then, we are
studyingthe techniquesvhich allow auser tomove fromplace to place in &E, and not
the displays or other aids which help the user to find her way.

Travel is almost certainly the most common interaction in VE applications, apart from
simple head motion. In most \ystemsthe user must bable to move effectively about
the environment in order to obtain differemews ofthe scene and to establisisense of
presence within the 3Bpace. Therefore, it iessential that travel techniques be well-
designed and well-understood if VE applications are to succeed. In most cases, travel is not
an end unto itselfrather, it is simply used tmove theuserinto a position where he can
perform some othemore importantask. Because othis, the travel techniqushould be
easy touse, cognitively simple, and unobtrusive. It is not obvious whethegizen
technique meets these criteria, so formal evaluation and analysis are important.

In this chapter, then, weill explore interaction techniquder viewpoint motion
control in immersive VESs, beginning with prior work in the area. Nexiniéial evaluation
framework and fourexperiments will bepresented.These experiments analyzed some
common techniques and had important resultsfdiiushort inotherareas. Thided to the
development of an alternate framework. Another experimatisesissed whiclshows the
relative advantages of the expanded approach. Finallyctiaster willdiscussthe testbed
evaluation we performed for the task of viewpoint motion control.

4.2 Related Work

A number of researchers haaddressed issueslated to navigation and travel both
in immersive virtual environments and in general 3D computer interaction tasksbidras
asserted (Herndon et al, 19%at studying and understanding humaavigation and
motion control (e.g. Schieser, 1986, Warren & Wertheim, 1990) ggeaat importance for
understanding how to build effective virtual environment traviglrfaces. Although we do
not directlyaddresghe cognitiveissues surroundingirtual environmentnavigation, this
areahasbeen the subject cfome prior investigatioife.g. Wickens, 1995)Wayfinding
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issueshave been the subject sfudies byDarken and Siberf1996a, 1996b). Also, a
system haseen proposed (Ingram &Benford, 1995) whichattempts to replicate the
classic urban wayfinding cues identified in “The Image of the City” (Lynch, 1960).

Various metaphortor viewpointmotion and control in 3D environments have also
beenproposedWare etal. (1988, 1990, 1996igentify the “flying,” “eyeball-in-hand,”
and “scene-in-hand” metaphors for virtual camera control. As an extension of the scene-in-
hand metaphor, Pausch et al. (1995) make useé\&Wodd-in-Miniature” representation as
a devicefor navigation and locomotion in immersive virtuahvironments. Another
interesting metapharseshead motion to control thgosition ofthe viewpoint(Kheddar,
Chellali, and Coiffet, 1995, Koller, Mine, and Hudson, 1996).

Numerous implementations and studies of non-immersivea8@I| techniques have
been described. Strommen compares three diffemense-based interfacés children to
control point-of-view navigatior{Strommen, 1994)Mackinlay etal. describe a general
methodfor rapid, controlled movemerthrough a 3D environment (Mackinlagard, and
Robertson, 1990)and a similar technique issedimmersively in the Cosmic Explorer
application(Songand Norman, 1993)Wareand Slippassessethe usability of different
velocity control interfacefor viewpointcontrol in 3D graphical environments (Ware and
Slipp, 1991).

Mine (1995) offers an overview ahotion specification interactiotechniques. He
and others (Robinett &Holloway, 1992) also discuss issue®ncerning their
implementation in immersive virtuaénvironments. Severaliser studiesconcerning
immersive travel techniques have been reported in the literatwole,as thoseomparing
different travelmodes and metaphors fepecific virtual environment applicatior(®.g.
Chung, 1992Mercurio etal., 1990).Physical motion techniques have also been studied
(e.g. lwata andFujii, 1996), including an evaluation of the effect of a physical walking
technique on the sense of presence (Slater, Usoh, and Steed, 1995).

4.3 Original Evaluation Framework

4.3.1 Cateqorization of Technigues

Given techniquesor travel in immersive virtuaknvironments, one could perform
many experiments involving those techniques emithe tosome understanding dheir
effect on performance in certampplications.However, it is not entirely clear what
determines the “performance” of a travethnique. Moreover, it would bifficult or
impossible to determine which components of the techniques were significant in improving
or lessening performance, and results from apyication or taskvould not necessarily
transfer to another. For this reason, heve devised a more formalized framework within
which toevaluate virtual travelechniques. Stanney (1995) propos$ieast ataxonomy of
interaction techniques is needed “imposing order orthe complex interactions between
user, taskand system phenomenalhe evaluatiorframework presented here includes
such a taxonomy and an emphasis on outside factors wtach influence user
performance.

In order to understantlavel techniques and their effects maeeply, weneed to
categorize them and break them down into their lower-lem@lponents. Toward thisnd,
we have developed a taxonomy of immersive traeehniques, which is presented in
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Figure 4.1. The taxonomy splits a technique into three components, which apply regardless
of the type of travel being done (exploration, search, maneuvering, etc.).
Direction/TargetSelectionrefers tothe method bywhich the direction or object of
travel is specified. Depending on whether control of direction is continuaust athe user
may either “steer(choose a direction), or simply choosdaegetobject. Gaze-directed
steering, in whichthe user moves ithe directionshe is lookingand pointing, where the
user points inthe directionshe wants to goare two popular steering techniques. This
section also lists techniques for discrete selection of a target object.
Velocity/Acceleration Selectidachniques allow thaser to varythe speed of travel.
Many VE applicationsdispense with this entirely, and use a consteatel velocity.
However,several techniques have bgaoposed,ncluding continuous gestures s$elect
velocity, the use of props such as foot pedals, or adaptive system-controlled speed.
The final component of a travel technique is @@nditions oflnput. This refers to
the input required by the system in ordebémgin, continueand end travelThe user may
be in constant motion, in which case no input may be required. Alternately, the system may
require continuous input tdetermine theuser's state, orsimple inputs athe beginning
and/or end of a movement. Again, this component may be under system control.

— Gaze-directed steering

— Pointing/gesture steering (including props)
Direction/Target | _
Selection Lists (e.g. menus)

— Discrete selection-_gnyironmental/direct
targets (objects in the
virtual world)

— 2D pointing
— Constant velocity/acceleration

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

Velocity/Acceleration |
Selection — Explicit selection—l:

— Automatic/adaptive

— Constant travel/no input

Input Conditions — Continuous input

— Start and stop inputs

— Automatic start or stop

Figure 4.1 Taxonomy of Travel Techniques for Immersive Virtual Environments
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We do notclaim thatthis taxonomy is complete, since mangw techniques for
controlling user motion are beirggesigned. Howevemost current techniqudd into the
taxonomy, ateast at a highevel. More importantly, by breaking a technique inturee
components, we can study them separately, and gain a greater understanding of differences
in performance. Aechnique which is performing poortypay be improved by changing
only one of the components, but this might not be recognized unless tectarigjugded
into their constituent elements.

This taxonomy also encourages the guided design of new techniques. By choosing a
component (and an implementation of that component) &aoh section of theaxonomy,

a travel technique may be created from its parts, and useful new combinatioosnneaip
light. Not all components willwork with all others,but there are many opportunities for
interesting designs.

For examplepne might combine environmental target selectigimn gesture-based
velocity selectionexplicit startinputs, and explicit or automaticstop inputs. This would
produce a technique that would allow a user to travel along a pathHeoourrent position
to a specified object, using a high velocity the lessinteresting parts and slower speed
at places of interest. The user could stop moving at any point thepgth, or be stopped
automaticallywhenthe target objeatvas reached. Suchtechnique might be a natural fit
for animmersive “tour” application, wherthere are certaiknown places thatisers wish
to visit, but designers also desire that movement be under some degree of user control.

We limit thescope of our design arelaluation to travel techniques implementing
virtual movementThat is, we will not consider techniques whialse physical motions
such as walking iplace orwalking on a treadmillSuchtechniques may be quite natural
and useful, but are not generally applicable to \dpplications, especiallywhen three-
dimensional motion is needed.

4.3.2 Performance Measures

There are few categories of virtual environment applications that are currently in use
for productive, consistenivork, but the requirements of these applicatidos travel
techniques cover a widainge. Furtherthere are manyew applications of VEs being
researched, which alsmay require travel techniquegth different characteristics. It is
therefore impractical to evaluate travwechniques directly withireach new application.
Instead, we propose more generalmethodology, involving a mapping frortravel
techniques to a set of performance metrics. Tlaesemeasurable characteristics of the
performance of a techniqu/ith this indirectmapping,applicationdesignersan specify
desired levels of varioumetrics, andthen choose aechnique which best fits those
requirements.

Our list of performance metrics for immersive travel techniques includes:
Speedefficient task completion)
Accuracy(proximity to the desired target)
Spatial Awarenesfthe user’'s knowledge of his position aorientation within the
environment during and after travel)
Ease of Learningthe ability of a novice user to use the technique)
Ease of Uséthe complexity or cognitive load of the technique fromuker’spoint
of view)
Information Gathering(the user’s ability to actively obtain informatiorfrom the
environment during travel)

o Uk whe
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7. Presencdtheuser’'s sense afmmersion or “being within” the environment due to
travel)

8. User Comfort(lack of physicaldiscomfort, including simulatorsickness(e.g.
Hettinger and Riccio, 1992))

Again, this list may not be complete, but it is a good starting point for quantifying the
effectiveness and performance of virtual travel techniques. In particular, we empiesize
speed and accuracy are not the only characteristicgobdtravel technique, and imany
applications are not thenost important. For exampléhe designer of ararchitectural
walkthrough application might be most interested in high levels of spatireness,
information gathering, angresence. By doingxperiments thatelate travel technique
components to performance metrics, we can identify technthaesneethose needs, and
the results of the experiments will also generalizable and reusable tgsigners obther
applications.

Some of the metrics, such as speed and accuraagg simple to measure
guantitatively.Others, howeverare difficult to measure due to their inherent subjective
nature. To quantifghese metrics, standard questionnaicesfactors such asase of use
(e.g. Chin, Diehl, & Norman, 1988), presence (e.g. Slater, 1888)simulatosickness
(e.g. Kennedy et al., 1993) should be part of the experimental method.

4.4 Initial Experiments

Using this framework, we designed and ran three initial experiments on common VE
travel techniques (These experiments are described indataié in Bowman, Koller, &
Hodges, 1997). Wevanted toshow that generalizableesults could be obtained without
knowing the target application. These experiments produced useful data wapglicable
in a variety of situations.
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4.4.1 Spatial Awareness Experiment

Figure 4.2 Environment for the Spatial Awareness Experiment

Our first experiment focused on one of the more abstract performance metrics: spatial
awareness. We were interested in how immeitsaxgel techniquesvould affect theuser's
awareness dhe three-dimensional environmerbund him. Specifically, weested how
various velocity and acceleration schemes altered the user's level of spatial awareness.

The virtual environment for this experiment consisted of a set of cubes of contrasting
colors, as seen in Figude2. Userdearned the locations of thmubes withinthe space,
from both stationary and movingpsitions. In arexperimentattrial, the user wastaken
from the starting location to mew locationthenshown acoloredstimulus, matching the
color of one of the cubes. We measured the user's spatial awareness by the time required to
find the cube of that color. The subject prowt@ had foundhe correct cube bgressing
either the left or rightnouse button depending dhe letter (“L” or “R”) printed on the
cube.

We contrastedour different velocity/acceleratioechniques,each ofwhich was
system-controlledThe first two techniquesused a constant velocity, owgite slow, the
other relativelyfast. Wealsoimplementedand tested &slow-in, slow-out” technique, in
which travel starts and ends slowly, with accelerationdeuwetleration irbetween. Finally,
we tested an infinite velocityalso called “jumping” or “teleportation”technique, where
users are taken immediately to the target location.

The results ofthe experimentshowed that the level of spatiahwareness was
significantly decreased with the use of a jumping technique@®%). In fact, usersere
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generally reduced to a simple search of the space after jurfipimgone location to
another. This is a significamésult, since many applicatiodesignersmight be tempted to
useteleportation because of itpeed and accuracyhe experimenishows that this is
unwise unless someéegree ofuserdisorientation is acceptable in the targgplication.
Surprisingly, none othe other techniqueshowedsignificant differences in performance:
even up to relatively large velocities, users could maintain spatial awareness.

4.4.2 Absolute Motion Experiment

In the second experiment, we wanted to obtain some basic information about the
speed ancccuracy oftwo common steering techniques: gaze-diredsgkring, in which
the direction of motion is determined by theer's gazeand pointing, in whicltthe user’s
hand orientation determines the direction of travel. Even though speed and accuracy are not
always the most important considerations in teavel technique, theyare still widely
desirable Once a targethas beenchosen, it isusually unacceptable to theser tomove
thereslowly or imprecisely. We chose ttbompare gaze-directed steering with pointing
because they seem to be quite different in tloeius: gaze-directed steering is simple but
constraining, while pointing is expressive but also more complex.

The experimentaiask wasquite simple. Userdraveledusing one othe techniques
from a starting location to a target sphere. We varied the size splieee andhe distance
to the sphere. We hypothesized that gaze-directed steering might produce greater speed and
accuracy tharpointing, because of its simplicity and thelative stability of the head
compared to the hand.

Although gaze-directed steering did produce slightly better tiiorethis task, we
found that therewas nostatistically significant difference between ttweo techniques.
Users wereable to travelery close tahe optimal straight-line path between the starting
and target locations whether gaze-directed steering or pointisgusedThis was useful
information given the advantages of pointing shown by our next experiment.

4.4.3 Relative Motion Experiment

Rather than moving directly to an object in #evironment, in thigxperimentusers
were required to move to a poirglative to an object in the 3Bpace. This task is
commonlyused inapplicationssuch asarchitecturalwalkthrough. For examplesuppose
the user wishes tobtain a head-on view of a building #wat it fills his field of view.
There is no specific target object; rather, the user is maeiagve to thebuilding. In this
experimentthe targetvaslocated on a line defined by a three-dimensigrahter, at a
known distance fronthe tip of thepointer. Figure 4.3 showthe pointer and théarget,
although the target was not visible during experimental trials.
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Figure 4.3 The Relative Motion Experiment Environment

Again, we measured speed aturacyfor the gaze-directed steering and pointing
techniquesWith this task, however, wéighlighted the main difference between the two
techniques: that gaze-directstiering requireshe user to be looking ithe direction of
motion, while pointing allowgjazeand travel to be in differemirections. Thus, users of
the pointing technique couldok atthe pointer to judge their travel to the targmtation,
while gaze-directed steering required users to look at the pointer, then ltakastimated
target direction to travel, then look back to check their progress, and so on.

Indeed,the experimenshowedthat thepointing techniquewvas significantly faster
for the relative motiortask (p <0.025). When combined with results frothe absolute
motion experiment, we&an conclude thgbointing is a good general-purpoghnique
where speed and accuracy are important performance measures.

4.5 Expanded Evaluation Framework

Although our initial set of experiments produced significant results in evaluations of
some common VHravel techniques, we also notedat wewere notable to capture a
complete picture of the techniques from simple experimental designs. The prodwehat
our experiments studied the effects of a single faotdy (travel technique), and did not
consider other factors that might have an important effect on performance.

This is illustrated well by the absolute argdiative motionexperiments. Thougthey
tested the same techniques (gaze-directed steering and pointing) and measured the same
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performance variables (speed and accuracy), they prodyctd differentresults. In the
case of absolutmotion, the two techniques performed equally, biotr a relative motion
task, pointing showedmore speed and accuracihere was, therefore, ammteraction
between technique andsk. This illustrateshe fact that a technique cannot in general be
considered in isolation from the task for which it is to be used.

Similarly, characteristics dhe environment may affect the performance of a travel
technique. Considethe absolute motioexperiment. Inthe environment that wesed,
therewas only asingle object (thaarget), visible aall times, with astraight-line path
between it and the user. In this environmeaize-directed steering and pointing produced
the sameesults. However, ithe environment had been full of distracter objects and
obstacleghat theuser had taavoid to reach thearget,the two techniques might have
exhibited significantly different performance characteristics. Techniques cannot be
considered in isolation from the environments in which they are to be used.

For these reasons, we felt it necessary to expand our evaluation framewmctide
the multitude of other factors that can affect performance of virtual travel techniques. Rather
than attempting to discern these dependencies in an ad hoc flshéaich experimerthat
is run, our expanded framework formalizes the notion that many variables contribute to the
performance metrics. Bgxplicitly including these variables in tfeamework, we can
more easily choose what factors to control inexperimentalsetting, and choosealues
wisely for those variables whiahill be heldconstant.The expandedramework includes
variables related to task, environment, user, and system characteristics.

4.5.1 Task Characteristics

For immersive travel, there are many factors related to the task that could conceivably
affect performance. Some of these characteristics come directly from a consideration of the
performance valuethat wewish to measure. Some difie task characteristicthat we
consider are:

» Distance to be traveled

* Amount of curvature or number of turns in the path

* Visibility of target

* Number of degrees of freedom of motion required

» Accuracy required

» Complexity of the task; cognitive load induced on the user

* Information required of the user
For example, weould distinguish betweethe absolute andelative motiontasks
described abovesing the visibility characteristic. The target is invisible in tredative
motion task, meaning that other objects in the environnmeost be used tdetermine the
location of the target.

4.5.2 Environment Characteristics

As we have noted, the environment in whibb usertravels caralso have arffect
on performance. The same task in different environmmaig produce strikingly different
results on one or more of the performance measurements. We have identified characteristics
such as:
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* Visibility within the environment

* Number of obstacles or distracters

» Activity or motion within the environment

* Size of the environment

» Level of visual detail and fidelity

* Homogeneity (amount of variation) in the environment
e Structure

» Alignment with the standard axes
Varying one or more of these environment variables may have allowed us to see
some significant differences betwetthre gaze-directed steering and pointing techniques in
the absolute motioexperiment. For example@dding more distracter objects or greater
activity in the environment may hawaused the more cognitively simple gaze-directed
steering technique to perform better.

4.5.3 User Characteristics

It is also important to considehe differences irusers of VEapplicationswhen
evaluatingperformance. Thigan be a significant factor in the performancevafious
techniques, becauske designers of techniques often assume somethipgcitly about
users.Work in the field ofusermodeling(Kobsa & Wabhlster, 1989) igquite relevant to
this part of our framework. Weare considering,among others, the following user
characteristics:

* Age

» Gender

* Visual acuity
» Height

* Reach

» Ability to fuse stereo images

» Experience with VEs

* Experience with computers

» Technical / non-technical background

» Spatial ability

The importance of takingiser characteristics into account became quite evident

during a study we performed comparing various technitpreselecting and manipulating
virtual objects (Bowman & Hodges, 1997).Our implementation ofone technique
(Poupyrev et al., 1996) mapped the user’s physical arm extension to a more Vatgghy
arm extension, so that the number of objéaés could be selectetkpended on theser’s
reach.. In the user study, most people liked this technique, but a few of ouhasessy
short armsand could not reach many of the objectslat This causedhem to become

quite frustrated with this technique and to prefer other technithagéslid not rely on
physical arm length.
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4.5.4 System Characteristics

Finally, we have extendedur framework toinclude aspects of thbardware or
software used to realize the virtual environment application. It is ga#siblethat design
decisions made by system developers or hardware designeedfecythe performance of
techniques for virtual travel. However, just because these far®nsotalways under the
control of the techniqudesigner does nahean that theghould not be considered in the
design. For best performance, desigmeay need to creatiechniques thaperform in a
robustmanner under a wideariety of system conditionsThe system characteristics we
have identified include:

* Rendering technique

* Lighting model

* Frame rate

* Latency

» Display characteristics (stereo/mono, field of view, resolution, brightness, etc.)
» Collision detection

» Virtual body representation
These factors can cause differences in the usefulnesarof interactiortechniques.
Studies onthe effects of varying frameate and latency for various taskshave been
performed (e.g. Ware & Balakrishnan, 1994), but there is still much work to be done.

4.5.5 Information Gathering Experiment

In order tovalidate our evaluation methodology, we designed and ran a new
experiment withinour expandedramework. We hoped tgsolate some important and
general results, and to show the usefulness of considelangea number oéxperimental
variables simultaneously.

Our focus was the effect of various steering techniquab@mperformancenetric of
information gathering. Information gathering is an important goal in many situations, and it
is especially applicable to immersive virtual environments. Many of the major categories of
VE applications, such aarchitecturalwalkthrough (e.g. Brooks, 1992)information
visualization(e.g. Ingram & Benford, 1995 Bolter etal., 1995),simulation and training
(e.g. Tate, Sibert, & King, 1997), and education (&ljson etal., 1997),have astrong
informational component. Ifthe user is not able, for whateveeason, to focus on and
remember important information, then the utility of the VE application is questionable.

There are manpossible reasons why a usaight not beable to gather as much
information as is desirable, butnaajor factor is cognitivdoad. A famousresult from
cognitive psychology (Miller, 1956)shows the severe limitations on theapacity of
working memory.When other influences force thgerson to usepart of his working
memory or other cognitiveesourcesjnformation may bdost, or displaced (Baddeley,
1983). We wondered whether travel techniques induced cognitive load, and could therefore
affect the amount of information that could be recalled by the user.

We chose to focus athe direction selection portion of th@xonomy, and tagain
study gaze-directed steering and pointiteghniques. We also added a third technique,
torso-directed steering, in which a tracker is attached togbes torso, sthatshetravels
in the direction hebody is facing. Wdelt that these threeepresented a usefaross-
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section of commonlyused techniques, anthat therewere some interesting tradeoffs
among them.

For example, botlpointing and torso-directed steering have the advaritagethe
user can look in one direction and move ianother. Thiscould be importantwhen
gathering widely scatteredformation. However these techniques amdso cognitively
more difficult than gaze-directesteering, in whichhead orientation is thenly thing the
user must control. Torso-directed steering might be more natural (since it simulates the way
we walk) and thus produce les®gnitive load thanpointing, but it also has the
disadvantage that it caonly be used tanove in a horizontaplane, asthe torso cannot
comfortably be pointed up alown. Wewere quite interested to seeow these tradeoffs
affected a user’s ability to gather information.

Looking at our expanded framewotkpwever, wefelt that therevere several other
factors that could influence performance @his task. Therefore, wealso chose one
environment characteristic and osgstem characteristic to vary along witthe travel
technique. First, wéelt that the complexity of the pathroughthe environment might be
quite important in the cognitive load inducadon a user. Weaptured thiscomplexity
characteristic in thedimensionalityof the path. That is, some paths would be one-
dimensional: straight and horizontal; othersuld be two-dimensionastill horizontal, but
with turns; andstill others would bethree-dimensional: havingurns and alsovertical
components.

Second, we hypothesized that the presence or absence of a cdiisotion feature
might affect information gathering. If a user is focusing on information and not on the path
he is traveling, henay movethrough a wall or other objecthe effort required to move
back throughhe object and bacénto the desired path mayse cognitive resources and
displace informationWith collision detection available, theser iskept near to theath,
and is free to gather information without paying as much attention to the direction of
motion. Onthe otherhand,the use ofcollision detection may violate theental model of
the user, if the user has beeid that he will keepnoving as long as a button psessed,
for example. This also may induce cognitisading. Therefore, we welaterested to see
how the use of collision detection would affect performance.

4.5.5.1 Method

To measure theiser’s ability to gatherinformation, wedecided touse amemory
task. Subjects traveledhrough corridors, usingne of the three steeringechniques.
Corridors were used gbat theuser wouldhave only asingle, directed pathithrough the
environment, with no choices as to which pathatce. The experimenused one-two-,
and three-dimensionabrridors, 3x3meters insize, made up ofstraightsegments, and
employing only 90 degree turns. An outside view of a three-dimensional corridor is seen in
figure 4.4. Signseach containing aingleword, werelocated on thevalls, ceilings, and
floors of the corridors, as seenfigure 4.5. Thewords used were commoshort, non-
proper noungnd were randomly scatteréaroughthe corridor. Each corridor contained
12 signs. Subjects were instructed to minimize the amount of time spentaartiger (the
maximum time was 60 seconds, butial also ended ithe subject reached the end of the
corridor), and alsanaximize thenumber ofwords and locations ofvords that they could
remember.
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Figure 4.4 Outside View of a Three-Dimensional Corridor

Thus, wepresented subjects with a very difficult, memory-overloadasis. It has
been shown that the limit of working memory is generally seven plus or minus two chunks
of information (Miller, 1956), and we were presenting 22ords and associatedign
locations to the subject. Even if subjects could store th&tlvord and location as a single
chunk,and even if som&ords could be chunked together semantically osame other
way, the amount of informatioshouldstill fill working memory. Therefore, i€ognitive
load is induced because of the trateslhniquethe dimensionality of theorridor, or the
presence or absence of collision detection, st®uld observethat the amount of
remembered information should decrease.
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Figure 4.5 Interior of a Corridor from the Information Gathering Experiment

In order to demonstratheir memory of theorridor, subjectsndicatedwords and
locations on a paper map of tberridorimmediately after eactrial. An example map is
shown infigure 4.6. Subjectsindicated theposition of the sign along thecorridor, the
surface on whichhe sign was seenand theword printed on thesign. If wordswere
remembered without locations, or vice-versa, these could also be listed on the map.

For each of the steeringgchniquesthe othertwo components of aomplete travel
technigue were held constant. Velocity was 3.0 meters per secondratding; subjects
began travel by pressing and holding a button, and stopped by releasing the button.
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Figure 4.6 Example Completed Corridor Map with Four Word/Location Pairs, One
Unpaired Location, and Two Unpaired Words

Each subject completed 16 trials: six each with the gaze-directed steering and pointing
techniques, and four witthe torso-directed steeringchnique.Within eachtechnique,
there were two trials afach dimensionality (the torso-directed techniqueardy be used
in one- and two-dimensional environments), where one of the trials used calktemtion
and the othertrial did not. Thus, each combination of the three variables (steering
technique, dimensionality, and collisiotletection) was encountered once byach
participant.Each subject travelettirougheachcorridor exactlyonce,and theorder of the
corridors was different for each subject. To be less confusinthéaubject,trials using a
given technique wergroupedtogether;however, wecounterbalanced therder in which
the techniquesvere seen. Teliminate effects of learning théechniques, subjects spent
time in a “practice room” before each settiodls, wherethey practiced theise ofthe next
steering technique.
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Twenty-six student volunteers (twenty-three males and three ferpalgis)pated in
the study. Twosubjects quithe experiment before completion due to dizziness or nausea
induced by the VEystem.Each subject completedpae-session questionnaif&ppendix
A) in which we gathered demographilata such as age, gender, eyesigtechnical
backgroundcomputerknowledge,and experience with immersixEs. Subjects wore a
Virtual Research VR4 head-mounted disp(&MD), and weretrackedusing Polhemus
Fastrak or Isotrak lelectromagnetitrackers. Input wagiven to thesystem with ghree-
button joystick. The system maintained a constant rate of 30 frames per second.

4.5.5.2 Results

The experiment measuredhrious responseariables related to the information
gathering task. We measurtée timespent ineachcorridor, the number of word/location
pairs the subject goexactly right, and several variations of partially correebrds and
locations. Since we had instructed subjectm&ximizeseveral things simultaneously, we
desired a single responsariable thatvould encompasall of thesevalues.The formula
used for this overall score was: 1/3 (60-t) + 3a + 2 (b+ct+d) + e + f + g, where t=seconds
spent in the corridor, a=number of word/location pairs exactly correct, b, c, and d represent
responseshat havetwo of three aspect@vord, position,and surface) correct, and e, f,
and g argesponses where onbne of the aspects agerrect. This formula gives higher
weight to the most correct responses, and rewards moving quickly through the corridor.
Using thismetric asour response variable, we performethiee-factor analysis of
variance (ANOVA). Results werequite clear: the dimensionality of theorridor was
extremely significant in affecting thecore (p <0.01), but travel technique and collision
detection did not have a significaeffect. Further analysis using Duncartesst for
comparison of meanshowed that the averagescore for each dimensionality was
significantly different than the averagésr the othertwo dimensionalities.Table 4.1
presents the average scores for each condition.

Table 4.1 Average Values of Overall Score for Each Tested Treatment Combination in the
Information Gathering Experiment; Higher Scores are Better

1-Dimensional 2-Dimensional 3-Dimensional

Collision | Collision | Collision | Collision| Collision | Collision
Off On Off On Off On
Gaze-directed 16.90 16.51 11.85 11.21 10.21 9.57
Pointing 15.57 16.68 10.36 10.85 9.33 9.38
Torso-directed 15.50 15.92 10.63 12.15 N/A N/A

We also performed further analysis the data inorder to find other relationships
between our three independent variables and performance of the information gasiséring
First, we wonderedvhether any learningvas occurring duringthe trialsthemselves. We
plotted learning curves for each of the orderings of techniques (hecessarthsincenber
of trials depended on thiechnique), and found regnificant improvement in score over
time for any ofthe orderings,implying that neither theise ofthe techniquenor the task
strategy changed much as the trials progressed.

Second, we alsperformed a three-factokNOVA with total time per trial as the
response variable, in order to see whiahiables had an effect on tispeed with which
usersmoved througtthe corridors. Theresults here wersynonymous wittthe previous
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ANOVA: dimensionality was the only significant factor (p <0.01). Thus, as the
dimensionality of the patincreasedtime spent inthe corridor increasedMost subjects
finished the one-dimensional corridors quickly, while two- and three-dimensional corridors
often took the entire 60 seconds.

Finally, we examined the demographic data collected inghestionnaire for any
trends relating this information to performance of the information gathering task. There was
a fairly even split between thosého had never experienced immersive (ES subjects)
and thosewho had used a VE system previously (%Qbjects).Among those who
completed theexperimentthe more experienced participants had a slightly higher average
score petrial (13.2 vs. 11.5).This is not a statistically significanesult, but mayshow
that users with even a singd&periencausing a VEapplicationwere more focused on the
task and not distracted by the technology itself or the feel of the system.

4.5.5.3 Discussion

Theresults ofthe information gathering experimewere somewhasurprising, as
we had expectedhat differentsteering techniquesvould producedifferent levels of
cognitiveload, and thussignificantly affect overalscores. We found, thouglhat path
dimensionalitywas the only significant variable, anthat it dominated theesults. Our
intution regarding the techniquegas not sufficient to predict theesults (hypothesis 1)
However, this does notmean that we learnedothing about the nature of theavel
techniques in question.

On thecontrary, wenoted many important characteristics of ttagious techniques
that help us to explain tHack of significantdifferences fronthe experiment. First of all,
as we noted previously iour absolutenotion experimen{Bowman, Koller, &Hodges,
1997), novice userend to emulate gaze-directstkering with pointing (bkeeping their
handspointed in the direction of their gazenlessthere are largeewards for doing
otherwise (as inthe relative motionexperiment). We saw thiggain in the current
experiment, and also notethe same characteristiwith the torso-directed steering
technique. Thigact quite possiblyled to the lack of significandifferences between the
techniques. We hypothesitteat usersmore familiarwith the techniquesvould beable to
use them moreadvantageouslye.g. look to the side as youmove forward with the
pointing or torso-directed steering techniques). Given encexjiert users of the
techniques, it would benteresting to include the experience level uslers asanother
independent variable.

Also, as westated at the beginning diiis section,each technique contairtgrtain
tradeoffs. Intuitively,gaze-directed steerirghould producehe least cognitive load of the
threetechniques. However, @lso provides fewer affordances fimformation gathering
(one must stop moving in order to look to the side for informatiting.opposite is true of
pointing: it should bemore cognitively complex bushould better afford information
collection. Since we have only one measure of information gathering ability, these tradeoffs
may have balanceout, producing nwisible differences between techniques. In order to
further examine thes&radeoffs, we wouldheed experimentabsksthat test the limits of
both sides.

This experiment also showed the usefulness of our evaluation framework. Before the
experimentbegan, it wasot clear what factors wouldead to significant performance
differences. However, because of our expanded framework, weableréo identify three
different factors which we felt could be important in an information gathéaslig Had we
considered only travel techniques in isolation, this experiment might not have revealed any
significant results. Because we varied several factors, however, wablern® identify a
characteristic with an extremely significant effect on performance.
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We found nostatistically significant information about the effects of tlee of the
collision detection feature. However, several subjects did comment to the experitmenter
they felt that it was easier to move through the space and perform the task wifestutes
was enabled. This in itself should encourage designergltale this characteristic ieir
systems.

Finally, we observed that our subjects had several different strategjgsrforming
the experimentatask. Some focused on time, amdcedthroughthe environment as
quickly aspossible,memorizing &ew words and locations along theay. Others were
much more deliberatstopping akachsign orcluster ofsigns totry to commit them to
memory. Still others developed hybridchemes. Subjects algtiffered in whatthey
attempted toremember. Some consistentigcalled thefirst three or four words and
locations (the primacyffect), while others focused dhe lastthings theysaw in the
corridor (the recenceffect). A third group simply wrotedown asmany words asthey
could, then tried to match them to locations on the map.

All of these dissimilar strategies may have affeatad ability to get significant
results. Wecould have imposed a strategy on tiser by instructinghem explicitly to
perform thetask a particulaway, and perhaps seen less variability. the otherhand,
users will also have differing methods in real applications, and we should be searching for
interaction techniquewhich perform in a robushanner under aariety of strategies. In
this sense, it is correct to allow the user flexibility in determining the most apprdpoate
for the task at hand. Formal evaluation of the effects of user strategy jmpa@thnt in a
later experiment.

4.6 Alternate Evaluation Framework

4.6.1 Taxonomy

The expandedramework for design andvaluation of travel techniqugsovides a
great deal opower inexplaining performancdifferences. However, we daot feel that
our initial taxonomy of techniques is asmpleteand general as ghould be.One of the
reasons for this is the “force-fit” of techniques €uite different travetasksinto the same
category. Therefore, we have developed an alternate taxonomy (figure 4.7) based on a very
simple task analysis.
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— Start To Move

___ Specify Position

— discrete target specification
(select object in environment,
select from list, position 3D
cursor, automatic selection,...)

— one-time route specification
(set series of markers, specify
curvature and distance,...)

— Indicate Position —

— continuous specification
(gaze—directed, pointing,
physical steering props, virtual
controls, 2D pointing, ...)

— Specify Velocity

. . . — Specify Acceleration
— Indicate Orientation

— Stop Moving

Figure 4.7 Alternate Taxonomy for Travel Techniques with Detail on Position Indication
Subtask

We recognize that the task of viewpoint motion contasistsmainly of two parts:
setting viewpoint position and setting viewpoint orientatidfthin each of thes@arts,
there are two quite different methods one mmgniploy. One mightspecify the destination
or target position/orientation. This is a discrete, one-sgiection. Orthe otherhand, one
might not have a target in mind all, and might wish to simply specify a continuous
trajectory for the position and/or orientation ahe viewpoint. In between these two
extremes are technigues wall “one-timeroute specification,” which allowthe user to
specify not only the endpoints of the motion, but agéermediatepoints or arentire path.
The path specification is done prior to any actual movement of the viewpoint.

By separating these strategies onr task analysis, wean more closely and
accurately fit thevarioustechnique components froour original taxonomy. This ensures
that we compare techniquesth tasks for whictthey aresuitable, andhat thedesign of
new techniques using the framework will follow a logical progression.

4.6.2 Guided Design

This new taxonomy inspired the design of two neteraction technique®r travel,
showingthe usefulness othe concept of guidedesign (designing based on a taxonomy
and not intuition alone).
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First, we noticed in our review of publish&dvel techniques that almaait of them
fall into the continuous steering category, with a fégcrete target selection techniques as
well. However,the one-time route specification categargs not represented. Therefore,
we developed a simple route-planning technique which we tested experimentally against the
other two metaphors (sectiod.6.3). With our technique,the user holds athree-
dimensional scale model of tlmvironment, and places markers in thiedel using a
stylus (figure4.8). When a button ipressedthe system does simple interpolation and
takes theuseralong a piecewise linear path connecting these markers in the full-scale
environment .Such atechniquehasthe potential to be good compromise between the
amount ofuser control overtravel and the amount of cognitive load placed onuber
while moving, since all route specification is done prior to movement.

Figure 4.8 Route-planning Technique Using Virtual Map and Stylus

Second, the taxonomy shed night on thecontinuous steering metaphdfiost of
the existing techniques let tluser specify a direction, armbtentially a velocityas in our
earlier taxonomy). However, the subtask in the new taxonomy is “specify position,” which
implies that viewpoint motion can also be thought of as a manipukasbn It is asimple
step from thigealization to a largset of potential travel techniqueghich are based on
object manipulation techniques (see chapter 5). This is not a completeigea (Ware &
Osborne, 1990, Pierce et al, 1997), but is made more precise because of the taxonomy. We
implemented a travel techniqueased onthe HOMER object manipulation technique
(section5.3.3), inwhich the selected object issed as apivot point for viewpoint
movement.
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4.6.3 Spatial Orientation Experiment

The new taxonomy alsdent itself to anew evaluation oftechniques. Using one
technique fromeach of the threenetaphors discusseabove (steering,discrete target
selection, route planning), we conducted a test to see which one would pitoelinghest
levels of spatial orientation in users during aifter travel. Spatial orientatiomefers to the
knowledge that people have of their own location and orientation (direction) within a space.

Chance et a(1998) foundthat using a physical (walkingjranslation technique
producedbetter spatiabrientation, althougthe absoluteerror measurements they report
were still relatively high. As in Chance et al, we chose to use a maze traversal task followed
by a pointing task to measure spatial orientafidre mazesvere actually corridors —they
presented no choigeoints — andeach contained three easily recognizable objéatpure
4.9). At the end otachcorridor, the subjectvas “virtually blindfolded” (the corridor and
objects disappeared from view), and asked to point in the direction of one oblijests.

The response variable was the angular error, in degrees, for this pointing task.

Figure 4.9 Inside View of a Corridor with a Target Object

The experiment, thenrequired users topay close attention to the environment
through which they weremoving. The task might be performedising only route
knowledge, along with the positions thie objects along theute, but survey knowledge
of the corridor would make the task much easier. In orderaamizesubjects’ chances to
acquire knowledge abothe environment, we did ngplace any time restrictions on the
corridor traversal, but rather allowed subjects to stop at any pointtleads muchime as
needed.
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The travel techniquesere chosen as representativeshef threetypes of position-
specification techniques fromur new taxonomy. Firstthe system-automatetkchnique
gave users nocontrol over theimpath. The system simply movedhe subjects from the
beginning of the corridor to its end on a route approximately in the center odrtigor at
all times. The pointing techniqueallows users to continuously specifige direction of
motion. Userspoint in the desired direction ahotion. Finally, we chosehe route-
planningtechnique, in which users set a path before moving, and then are movethatong
path by the system.

These three techniques represent different levelsisefr vs. system control of
motion, and we hoped to discover whigtetaphorproducesthe highestievel of spatial
orientation. The extreme techniques aamalogous to a drivingexample: the pointing
technique lets theiser “drive,” while the system-automated technique simply makes the
user a “passengerThe route-planning techniquepresents a compromise between the
two.

We also included other variables that could potentially affect spaigditation. Two
factorsrelate to the complexity of thenvironment. As inthe information-gathering
experiment, we varied the dimensionality of dweridor (two orthreedimensions). Two-
dimensional corridors replicate the experience of moving through bultdilthgays, while
three-dimensional corridors also require ascending descending. Secondsome
corridors had only ninety-degree (right angle) turns, while others turned at arbitgles.
See Figure 4.10 faexamples of théour corridortypes. Finally, weexamined conditions
in which a three-dimensionahap of thecorridor wasgiven to subjects before traversal
versus trials with no map availahle

" We initially included a fourth factor: the presence or absence of a velocity control feature
with which the user could speed up oslow down hisrate of travel. Pilottesting,
however, indicated that this factor was insignificant for the task, and it was dropped from
the experiment.
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Figure 4.10 Views of Four Corridor Types used in the Spatial Orientation Experiment: Top
left: 2D, right angles, top right: 2D, non-right angles, bottom left: 3D, right angles, bottom
right: 3D, non-right angles

4.6.3.1 Method

The subjects fothe experimentvere 29 university students (23 males, 6 females),
ranging in agdrom 18 to24, with amean age o21.14. Elevensubjects reported some
previousexperience with immersivéEs. Subjectseceived extra credit ipsychology or
computer science classes fbeir participation. Three additional subjects did canplete
the experiment due to simulator sickness.

Each subject completed a demographic questionnaire (Appendieféde taking a
standardized spatial ability test (the “cut@mparison test” fronthe Educational Testing
Service). Thigest measures 3D visualization and rotaskills, which are crucial to the
experimentatask. Before beginning th@xperiment, subjects were alshown asimple
virtual world containing 24 common objects (chairs, tables, lamps, etc.) that would be used
as stimuliduring the experiment. This servetthe dualpurpose ofacquaintinguserswith
the head-mounted display (HMD) and tracking system, and introdtiuémg to the objects
they would need to know later.

The HMD used was a Virtual Research VR4, with a biocular display (saage to
both eyes). The Polhemus Fastraltacking systentracked thesubject’'s head and two
hands. Experimentalsoftware wasbuilt using the Simple Virtual Environment (SVE)
library (Kessler, Kooper, & Hodges, 199&8)d ran on a Silicon Graphi¢SGl) Indigo2
Maxlmpact at a near-constant frame rate of 25 frames per second.

Subjects alsocompleted a set of preliminary VEests designed to provide a
benchmarkfor their ability to point to object locations in virtugpace. In both the
benchmark and main experimental tasks, pointing was accomplished using a $tsitked
which is simply a tracker receiver embedded inside a pen. Users see a virtual representation
of the stylus in the VE (see Figure 4tBat moves in sync witlthe physicaktylus sothat
the direction of pointing can besualized.The stylus button is used to recoeshswers.
Two other receivers arased — one fohead tracking and the other in thser's non-
dominant hand where the 3D corridor maps may be viewed.

The benchmark tasks first measured the subjabifity to point to visible objects in
a sparse virtual world (each environment contained a “home” objech userdooked at
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to begin a trial, anthree targebbjects). Userpointed thestylus at one othe targets in
response to aaural cue playethrough headphone3he second set of benchmatésks
required subjects to first study object positions and then turn away. thstylus button

was pressedthe objects disappeared and the subyectld be asked tgoint in the
direction of one of thebjects. Thismore closely mimicked the main experimentsk,
which would require users to point blindly in the direction of a previously seen object. For
both types otasks, wepresented trials in whichll objects were orthe same horizontal
plane as theuser, and trials in which objectsnight be anywhere irthe 3D space
surrounding the user. Subjects completed five trials of each type, for a total of 20 trials.

The main experiment compared the three traeshniques,the two corridor
dimensionalities (2D &D), thetwo turn conditions (right angless. non-right angles),
and the two map conditions (present or absent). All of these were within-subjects variables.
There areonly 20 valid combinations of thesariables, aghe route-planning technique
uses a 3D map on every trial as a fundamental component of specifyingtarpath the
corridor.

Subjects completed one trial for each valid treatment combination, with allisialg
the same travel techniqgeouped together. Beforachgroup, subjects were allowed to
usethe travel technique in a practicerridor as long as theyished. The order of travel
techniqueswas counterbalanced betweeubjects.Within a set of trialsusing the same
travel technique, the order of treatment combinations was randomized.

Corridors were chosen from a set of 16 (four corridorseémh combination of the
dimension and angle variables). Three objects were placed in each corridor at one of several
pre-defined locations within theorridor. Subjectamnight encounter the same corridor
layout more than once duririge experiment, but never durinfpe same travel technique
group, and never with the same objects or object positions.

On trials where a map was present, the user was allowed to studyaaimulate the
map using a tracker ihis non-dominanhand. Subjects were given as mutime as they
desired to studyhe map before movemestarted.When the subject beganoving, the
map disappeared.

The pointing technique was implemented using the traskdds. Users pressed the
button to begirmoving, then pointed thestylus inthe desired direction afavel. In the
system-automated technique, the user simply pressed the button to begin doowinthe
pre-defined path through the corridor.

For the route-planning technique, subjects used the stylus to place markiees3tn
map of the corridor to define a path (Figdr®). The path began at tteorridor entrance,
then moved in a straigline to thefirst marker, fromthere to thesecond,and soon. The
last segment of the patbok users fronthe location of the last marker to the end of the
corridor. Subjectdegan motion by clicking thstylus buttonwhile touching a green box
on the edge of the map.

While using any of the techniques, users could click the button while movsigo
then click again to start moving. No collision detection was provided, so that subjects could
travel through corridowalls. Ontwo-dimensionakorridors, users wereonstrained to a
constant height above tlil@or, but they were allowed to move anywhere in virtual space
while in three-dimensionalorridors. Subjects alwaysad complete control of their head
orientation and gaze direction, and could look in any direction while moving or stopped.

At the end ofeachcorridor, the visual representation of tleerridor was removed,
and subjects were presented with an audio stimulus instruttierg to point in the
direction of one of the objectseen inthat corridor. Usersestimated the direction by
pointing thestylus and recordetheir answer by pressinthe button. Wemeasured the
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angular error between the direction pointed and the actual directionabjéoe. Secondary
responsevariables includedime spent ineach corridor, the number of times theaser
stopped in each corridor, and the strategies usatht@ge the spatial orientatitask. We
recorded subjects’ strategies by observabaty. This aspect othe experiment, though
exploratory, proved quite interesting, and is discussed in detail below.

4.6.3.2 Results

In this section we present results of statistical analyse¢beoaxperimentadlata. The
following section will explain and expangpon each of theseesults. Analysis of the
experiment was split into two full factorial designs, since not all combinatioal fattors
were valid. Analysis 1 considered tvechniques (pointing and system-automated), two
dimensionalities, two turn conditions, and twap conditions, for &otal of 16 treatment
combinations. Analysis 2 consideradl threetechniques, two dimensionalities, and two
turn conditions, with the 3D map always present, ftotal of 12combinationsThe map
variable could not besed in analysis 8ince a mapvas available on allrials with the
route-planning technique.

We performed a repeated-measures analysis of variémceboth of these
experimental designs, on both the main dependent variable (angular pemtingand the
secondary dependent variable (time spent in each corridor). Results of both analyses for the
error metric are summarized in Figure 4.11. Analysis 1 showed a significant main effect for
dimension (mean 2D erro82.47, mean 3Derror: 38.62, p < 0.005)and a marginally
significant main effector the map variable (mean map absent er8®:29, mean map
present error37.80, p < 0.075). Nasignificant differences between travel techniques or
the turn conditions were found. Analysis 2 showedaaginally significant main effect for
dimension (mean 2D erroB6.012, mean 3Derror: 41.254, p < 0.1),but no other
significant effects.

We performed the sananalyses orthe amount otime spent by subjects irach
corridor. Both analysis 1 and analysis 2 showed significant main eféedischnique (p <
0.075), dimension (p <0.005), and angle condition (p 9€.001). Subjects spent longer
amounts ofime while usingthe pointingtechnique, when in 3D corridorand when in
corridors with right angles only. These results are summarized in Figure 4.12.
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Figure 4.11 Mean Error in Various Treatment Combinations for Analysis 1 (left) and
Analysis 2 (right)

51



90 90
80 t 80 1
70+ 70 1
g 60t T 60
i, 50 1 i 50 1
E 401 i 40
= 301 < 30
20 t 20 1
10 ¢ 101
0 @Pointing |g |
@ Pointi 2-D, 2-D, 3-D, 3-D, 2-D, 2-D, 3-D, 3-D,
ointing Right Non- Right Non- DEPUtef Right Non- Right Non-
; . anning ; :
right right right right
m 2ystem g 9 B System
utomateq Automated

Figure 4.12 Mean Time in Various Treatment Combinations for Analysis 1 (left), and
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We also includeduser strategies inour analysis ofthe experimentatesults. Our
subjects were quite creative in their methfmsminimizing error inthe pointingtask. We
gave nosuggestions to subjecédbouthow to approach théask. Wetold themonly the
capabilities of thevarioustravel technigues anthat theyshould do whatevethey felt
necessary to poirdgccurately at the targebjects. We observed sirain strategiesluring
the experiment:

» Stop & Look: The simplest strategy, in which users simply stop moving at various
points withinthe corridor and turn to look in other directions thhe direction of
motion.

* Proprioceptive Pointing Usersphysically point in the directions of objects they
have already seen, to give themselves a proprioceptive cue for later recall.

* Backing in Usersturn around just befor¢ghe end of thecorridor and move
backwards to thend, ensuringhat theysee thecorridor just before itlisappears.
This is possible withall techniques, but iguite difficult to do properlyusing the
pointing technique.

* Path retracing Users gdback along the path they hapest traversed through the
corridor, both to remind themselves of what they have seen, and teesearidor
from anothewviewpoint. This strateggannot beused withthe system-automated
technique, and requires careful thought to umed with the route-planning
technique.
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* Moving through wallsUsers doot follow the corridor exactly, but insteachove
through corridor walls in order tbetter understandthe relationships between
adjacentpassageways. Aawnmower” strategy, in whiclthe user simplytravels
along parallel lines through the space, is one example. Atyairsystem-automated
technique does not allow this strategy.

« 3D overview Usersfly up above thecorridor to obtain a single view of the
complete corridor andthe objects withinit, which might encourage a&urvey
representation. This strategy is only available on 3D corridors tigngointing or
route-planning techniques.

Table 4.2 showsthe number ofsubjects using a strategy with particular travel
technigue Onesubject did nouse any othe six strategies; anotharsedevery available
strategy (sixeachfor pointing and route-plannindhreefor system-automated). Subjects
averaged 2.5 strategies for the pointing technique, 1.théosystem-automatedchnique,
and 2.2 for the route-planning technique.

For our analysis othe relation of strategy terror, we defined three between-
subjects variables corresponding to the “level” of strategy sophistication for each subject on
eachtechnique. For pointing, this wasvalue between zero and three indicating the
number of technique-specific strategiesed (3D overview, moving throughwalls, path
retracing). For the system-automated technithee Jevelwas either zero or one indicating
whether or not the subjeasedthe backing instrategy.The route-planning stratedgvel
ranged from zero to three indicatitite use ofthe 3D overview, moving throughwalls,
and/or backing in strategies.

Table 4.2 Number of Subjects Observed Using Common Strategies for Each Travel

Technique
Stop & Prop. Backing Path Through 3D
look pointing in retracing walls overview
Pointing 22 12 5 10 7 15
System-automated 22 10 13 0 0 0
Route-planning 21 10 8 2 7 15

With the strategy level variables included in analysis 2fomad alarge number of
significant interactions indicating that these oftechnique-appropriate strategies made a
difference in theuser’s spatial orientation(error metric). For example, we found a
significant (p < 0.05) interaction between technique, dimensiontrengointing technique
strategy level. Subjectwho had a pointing technique stratetgvel of zerohad better
scores withthe system-automated technique thaith the pointingtechnique, and did
equally well on 2D and 3[@orridors. Subjects with pointing technique stratedgvel of
one or two had approximately equal scores using all three travel techniques. Subjects with a
pointing technique strategy level of three had better scores using the pointing technique than
other techniques, and performieetter on 3Dcorridorsthan2D. Thisinteractionsuggests
that strategy sophistication is significant in determining user performance.

We also analyzethe demographic and spatatility information that we collected.

The spatial ability test has a maximum score of 42, and our subjects av&b8@2l, with
scores ranging from 4 to 41. This average is higher than reported means sampled from the
general population and fromollege students. Regression analysis showieat spatial
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ability score was aignificant predictor of average error tne experiment, andiverage
error oneachtechnique, corridor complexity, andap condition. Subjects with higher
spatial ability performed better on the pointirtgsk. Previous VEexperience did not
significantly predict thesgalues. We also founthat malegperformed significantiybetter
thanfemales, butre reluctant taraw conclusions from this due to our low number of
female subjects.These result@re consistent, however, with priovork. For example,
Waller et al (1998) also found a significant effect due to gender in their experiment.

Finally, we analyzed the benchmatiests run oneach subjectbefore themain
experiment. Both benchmark variables (visibility of objects and location of objects)
produced significant differences (p &001). Subjects averaged2.8 degrees of error
when objects were visibleversus 26.7degrees whenobject locations had to be
remembered. Trials in whicéll objects were oithe same horizontal plane had an average
error of 14.6 degrees, while trials in whiohjects could appear anywhere hadasarage
error of 24.9 degrees. Regression indicated that the error on trials with visible objects in the
same horizontal plane was a significant predictor of error in the main experiment.

4.6.3.3 Discussion

The results presented above confitivat the spatial orientation of wser traveling
through anmmersive virtual environmerdepends orthe complex interactions of many
factors. None ofthe variables we studiegroved solely responsible fdhe subjects’
performance;rather, they all contributed in subtleways. Userstrategy played an
unexpected role in determining performance. In this section we will revisit and esptdin
of the major results.

The analyses of the angular error response variable shbatetthedimension of the
corridor was a significargffect — thatsubjects performetetter on 2Dcorridorsthan 3D.
Such a result is to be expected since the added complexity of the third dimension makes the
corridor layout more difficult to comprehend and rememBerch 3D corridorsare not
familiar to subjectsbut 2D corridorsareseen in everyday life. This result alseplicates
our earlier finding in the information gathering experiment.

Interestingly, we found naignificant differences between the performance of the
three traveltechniques.The system-automated technigpeoducedthe lowest average
error, but the differences were not statistically significant. The oveesherror was37.2
degrees fomll conditions, which is lowethan the mearerror for the best technique
(physical motion) reported in Chance et (4B98). This indicatesthat virtual travel
techniques may indeed allow maintenancegobd spatial orientation, althougthe error
values are not directly comparable due to differences in the experiments.

We also found nanain effect of the angle conditiorariable, though wexpected
that corridors with right angles onlywould be lessomplex and therefore produce lower
error. However, it isalso possiblethat the non-right angles served as more unique
landmarks forsubjects,allowing them to visualize theiposition in a corridormore
effectively. These characteristics may have balaresth other so that weaw no
significant effect from the angle condition.

In analysis 1 (considering technique, dimension, angle conditiornmnapg, wealso
found amarginally significant main effector the mapvariable, showingthat subjects
performed better when they were not givemap of thecorridor before travelinghrough
it. This result seems counterintuitive, since one would thimapwould allow theuser to
form a better mental representation of the corridgout. This resultould be explained in
three ways. First, subjectsmay have felt that the map gave them amvantage, and
therefore did not concentrate as deephentravelingthroughthe corridor. The map did
not show the locations of the three target objects, so subjgetied to integrate the object
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information withthe corridor representation while travelin§econd,the map itself may
have been another sourceaoignitive load, distracting subjects frorthe task ratherthan

aiding them init. Finally, wenoted several subjectgho did notmakeuse ofthe map or
gave it only a cursory glance before beginning through the corridor.

The timeresponsevariable also provided someseful information. Subjects using
the pointing techniquspent significantly longer irachcorridor than they didusing the
othertwo travel techniques. Howevethis longer amount ofime did not result in any
performance gainfor the pointingtask, indicating that thepointing technique is more
complex and requires more effort on the part ofuber tomaintain spatiabrientation. 3D
corridors were als@shown torequire moreuser time,again proving the difficulty of
understanding such corridosven withthe extratime spent in theseorridors,the error
was still significantly higher than in 2Borridors. Finally, we showethat subjects spent
moretime in corridors containing only right angles than in those with non-righgles.
This is easily explained due toe fact that theorridors with right angles only were on
average 20 meters longer than non-right acgleidors. When times are normalized by
corridor distance, time in right-angle corridors is actually slightly lower.

The most interesting resultare those pertaining téhe strategiesubjects used to
maximize their performance on the pointing task. They are too numerous to go through one
by one, but theexample given above illustrates the importancstidtegy. Those subjects
who used nophisticated strategies withe pointing techniquésuch as 3D overview or
moving through walls) had better scores ugimg system-automateédchnique However,
those subjects with a higlavel of sophistication for pointingechnique strategiesctually
performed better with pointing thahe othertwo techniques. Furthermortihese subjects
reversedhe effect of thecorridor's dimension by performinigetter on 3Dcorridors than
2D.

This gets athe heart of the contrast between #uotive pointing technique and the
passive system-automated technique. Subyelsts usethe pointing techniqueaively, to
take them directlyhroughthe corridor, will experience more cognitive load atitus will
perform bettemwith the system-automatadchnique, wherg¢he distraction ofchoosing a
path is absent. On the other hand, subjects who take advanthgeunique characteristics
of the pointing technique (the ability to motleough walls,the ability to fly in three
dimensions, the ability to retrace one’s path) give themselves more and better opportunities
to comprehend the layout of the space #mas will perform betterwith the pointing
technique. Better performance on 3D corridors for these sophisticated users is explained by
the fact that subjects were constrained to a constant height abdlethen 2D corridors,
and therefore could not use the powerful 3D overview strategy.

Other significant interactions indicated the importance ofuther’s strategy when
using the other two travel techniques, as well. tverly simplistic,then, to saythat one
interaction techniqueoutperforms another, although thimay be the case in some
situations. In general, though, it more correct tosay that one interaction technique
affords the usermore opportunitiesfor high performancdevels. Whether or not theiser
takes advantage of those opportunities isagor factor in determiningiser performance.
For the travel techniques we studieere,the pointing and route-planning techniques give
usersmore control, meaning more opportunities tmderstand corridor layout arabject
placement. It is more difficult, in general, to ube sophisticated strategiesth the route-
planning technique because the entire patist be specified in advancehe usercannot
decide halfway along the pathat she wouldlike to go somewhere else. Therefore, in
cases where subjects were highly sophisticated threetechniques, performanahould
be highest using the pointing technique. Indeedong theéwo mostsophisticatedyroups
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of subjectsthe averageerror for pointingwas lower (20.32degrees) thammean error
values forthe route-planning(21.76 degrees) and system-automatgb.71 degrees)
techniques, although these subjects did extremely well using all three techniques.
These results providevo important guidelineghypothesis 2) for developers of
interaction techniques for VE applications. First, the techniques should provide affordances
for high performance on an applicatiomsintasks. Secondhe users must b&ained to
take advantage of thepportunities— to use strategies that will help them achieve the
desired performandevels. For tasks whergpatial orientation is especialljnportant, it
appearghat a travel techniqugiving userscomplete controbver theirposition, such as
pointing, can produce high performance levels given that appropriate strategissdréf
it is not possible opractical to trairusers in those strategiespialy be more beneficial to
use a passive travel technique inducing lower cognitive load.

4.7 Travel Testbed

After all of these preliminaryexperiments, weimplementedand ran a testbed
evaluation for the task of travel. This testbed is based botiupalternatetaxonomy and
the formalframework presented earlier, includitite lists of outside factors anchultiple
performance metricsThe testbed islesigned to allow experimentation with atrgvel
technique on a wide variety ¢favel tasks. However, wanplementedonly two search
tasks that were especially relevant to our target application.

These tasks are simple and general, being found in a wide variety of VE applications.
Darken (1995) characterizes thewvo as naive searchand primed search Naive search
involvestravel to a targetvhoselocation within the environment is n&@hown ahead of
time. Primed search involvesavel to a targetvhich hasbeen visited before — if theser
hasdeveloped @oodcognitive map of the space and is spatialfiented, he should be
able toreturn to thetarget. We would alstike to testexploration in which the user is
simply moving about with no specific target, butvibuld be verydifficult to quantify
performance on such an open-ended task.

4.7.1 Method

We created a medium-sized environm@nte in whichthere are hidden areas from
any viewpoint, and in which travel from one siddhe other takes a significant amount of
time). The size and type of the environment could be variabkbisf was deemed an
important outside factor on performance, butlefeit constant in ourmplementation. We
also built severatypes of obstacles which could plced randomly in thenvironment.
These included fences, sheds, and trees (figure 4.13).
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Figure 4.13 Example Obstacles from the Travel Testbed Experimental Environment

Targets for the search tasks were flags mounted on poles. The targets were numbered
one to four ineach instance of thenvironment, an@achnumberwas associated with a
flag color so that the user would be able to identify the tafgets a distanceEach target
also had aircle painted on thground around itindicating the distance withiwhich the
user wouldhave to approach toomplete thesearch task (figurd.14). There were two
sizes of thiscircle: a largeone (tenmeterradius) corresponding to low required accuracy,
and a small one (five meter radius) corresponding to high required accuracy.
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Figure 4.14 Target Object from the Travel Testbed Experimental Environment Including
Flag and Required Accuracy Radius

Each subject completed 24 trials — eight trials in each of timgances of the
environment. Each environment instance had the same spatial layout, but different numbers
and positions of obstacles, and different target positionsa¢h environmenhstance, the
user firstcompletedfour naive searcthrials, in whichthe four targets (numbered one to
four) were to be found in ordeBefore eachtrial, the flag number and color were
presented to thaser.During thisphase targets only appeared as they weesdedThat
is, during the first trial only the firgargetwas visible, duringhe second trial, targets one
and two were visible, and sm. This was to ensurthat subjects would not see target
before its trial, thus changingraive search to a primesarch.Thefirst trial began at a
predefined location, and subsequerals began at the location of tipeevious target. In
each of thesérials, the targetwas not visible fromthe startingocation, andthe required
accuracy radius was at its low level.

In the second phasesubjects completedfour primed search trials wherthey
returned to each of th&ur targetsonce, not in numericalorder. Again, the flag
number/color stimulusvas presented taisersbefore eachtrial. During thesetrials, all
targets were present the environment atll times, since thesubjects had already visited
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each target and these were therefore primed s&@th Two factors wergaried (within-
subjects) during thedeials. First, wevaried whether the target could been from the
starting position ofthe trial (visible/invisible). Second, wearied the required accuracy
usingthe radiiaroundeachtarget.Each of these variabldsad two levels, andherefore
there were four possible combinations, and wiaé of each ofthese combinations during
each environment instance.

Seventravel techniquesvere implementedand used in this experimentravel
technique was a between-subjects variable. Three were steering techmiduiasy, gaze-
directed, and torso-directed, as described in the information gathering experiment.

We also implemented two target-specificationtechniques. Inthe ray-casting
technique, the user pointed a virtual light ray abhject to selecit, and thenwas moved
by the system fromthe current location to thatibject. The secondtarget-specification
technique involved dragging an icon on a two-dimensiamegb held in the non-dominant
hand. The mapshowsthe layout of the environment and an icon indicating uker’s
position withinthe environment (figurd.15, top). Using a stylushe usercandrag this
icon to anew location.When the icon is released thser is flown smoothly from the
current location to the corresponding new location inetfronment. Bothhe stylus and
the map haveboth physical and virtual representations (fig@rd5, bottom). This
technique was one of the travel metaphors used in our target applicatiorimet{saction
6.3.2). With both the ray-casting and map techniques, the usermesisl eoutton during
movement to stop at the current location.

Finally, we studied two manipulation-based travel techniques, as described in section
4.6.2: one based othe HOMER techniquésection5.3.3) and another on th&o-Go
technique (section 5.3.1). With the HOMER technique, the user selects an object using ray-
casting, then uses hand movements to nbgeviewpointaroundthat object. The Go-Go
technique uses a non-linear mapping to allowuber tostretchhis virtual hand far away
from his body. The user clicks a button to “grab the air” at the current location of the virtual
hand, and then uses hand motions to move the viewpoint around the environment.

59



Figure 4.15 Virtual (top) and Physical (bottom) Views of the Map Dragging Travel
Technique

For each subject, we measured the total time taken to complet&iab@rokeninto
two parts: the time between the onsethafstimulus andhe beginning omovement, and
the actual time spent moving). We assumed that this first time would correspondrteethe
spent inmental processing (perception dlfie stimulus and environment, arabgnitive
effort to remembemwhere atargetwas last seen irthe primed searckask). This is not
entirely accurate, as wayfindiragtivitiesundoubtedly continue after a subjedtavel has
begun. Thereforethe absolute measurements here are nmeaningful, butthe relative
differences between techniques may gigeme indication ofthe amount of
perceptual/cognitivgrocessing necessary tove to a certain location or in a certain
directionusing a technique. Weave labeledhis measure “thiniime” in the analyses to
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follow. We alsoobtained subjectivesercomfort ratings in the areas of arstrain, hand
strain, dizzinessand nauseaAfter each environmenhstance the subjects gave a rating
for each of thesdactors on a ten-point scale (Append®. Each subjectlso took a
standardized test of spatial ability (tB'S cube comparisotest). Finally, wegathered
demographic information about osubjects,ncluding age, gender, handedness;hnical
ability, and VE experience (questionnaire in Appendix A).

Forty-four undergraduate students were recruited from the department of Psychology
subject pool to participate in the experiment. Four subjects didonaplete the experiment
due to sickness or discomfort, and two subjects didcooiplete the experimemiue to
computer problems. Thus, 38 subjects (32 males, 6 females, mean agmifpléted the
evaluation, meaning that each technique was used by at least five subjects.

4.7.2 Results

In this section, wewill present themost relevantresults fromthe travel testbed
experiment. For complete tables of results, see Appendix C.

We performed a one-way analysis of varia(@8OVA) on theresults forthe naive
searchtask, with travel technique as a between-subjedsiable. Table 4.3 gives the
results for the naive search task for each technique.
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Table 4.3 Mean Completion Times (seconds) for Naive Search Task (Standard Deviation in

Parentheses)
Technique Think Time Travel Time Total Time
Gaze-directed 2.16 (1.10) 18.28 (4.63) 20.44 (5.24)
Pointing 2.20 (0.92) 22.33 (6.98) 24.53 (7.88)
Torso-directed 2.77 (0.63) 27.00 (6.27) 29.77 (6.49)
HOMER 4.20 (1.00) 37.66 (5.65) 41.86 (6.31)
Map dragging 29.54 (11.58) 52.39 (13.11) 81.93 (18.61)
Ray-casting 1.86 (0.48) 34.95 (8.89) 36.81 (8.43)
Go-Go 3.29 (2.43) 21.48 (6.86) 24.77 (8.73)

For each of the three time measures (think time, travel time, and totalthenégvel
technigueused had atatistically significant effect (p €.001). Wealso performed post-
hoc comparisons of techniques (LSD @uwhferroni), and foundhat for the think time
measure the magragging techniquevas significantly slower than all other techniques.

This makesintuitive sense,since the map technique limsed orthe target-specification
metaphor, wheranovement must be planned before it is cared. The ray-casting
technique alsdhas this propertybut selection of a single object is much faster than
dragging an icon through an entire route. With the other techniques, movement could begin
immediately. However, because the difference is so large, we feel that there may be another
factor at work here. Thmap techniqueequires users tmentally rotate the map so that it

can be related to the larger environment. Thental rotationnduces cognitive load on the

user, which may cause them to bensure ofthe proper direction of movement. The
increased cognitive load can be seen directly in increased thinking time.

In the travel time measure, using the same postdgis, we foundhat the pointing
and gaze-directed steering techniques andabéso technique were significantly faster
than HOMER ray-casting, andnapdragging.The torso-directed steering technique was
significantly faster thatHOMER and mapdragging. In general, thesteering techniques
performed well at this task because of their directness and simplisiéyscould look at
the environment, determine where they wanted to sewxtiand then go there witlittle
or no thought required. The torso-directed technique performs sligbtse, as we found
in the information gathering experiment. We believe this is purely a function of mechanics.
The user ofthe torso-directed techniquaust movehis feet and whole body tahange
directions, while the other steering techniques require only movements of the et or
It is also interestinghat theGo-Go technique performed wellere,but HOMER did not,
since they ardoth manipulation-baseiavel techniquesThe differenceseems to bé¢hat
HOMER requires arobject to moveabout,while the Go-Go techniqueallows the user to
simply grab the air and pull himself forward. Again, the map dragging technique performed
poorly. It is simply not suited for exploration and naive search, because it assanmss
has a distinct target in mind.

Total time results for the naive search task were alidestical to theresults for the
travel timemeasuresince most othe timewas spent moving. Again, pointingaze-
directed steering, and to a lesser degBx® Go, performed significantly better than other
techniques.
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For the primed searclask, we performed a multi-variateanalysis of variance
(MANOVA), with technique as a between-subjects variable and visilfilitp levels) and
required accurac{two levels) as within-subjects variablégavel timeswere normalized
relative to the distance between the starting point and the (Higetvasnot necessary for
the naive searctask since subjects thattask had no knowledge dlfie location of the
target and thus did not move in straight lines). Tdbde presents aummary of results for
this task. We donot list resultsfor the two levels of required accuracydependently,
because this factowas not significant in any ofour analyses. Results fahink time
mirrored the naive search task. Again, technique was significan@(p0&), with the map
dragging technique significantlslower in post-hoc comparisoiflsSD and Bonferroni)
than all other techniques, for the sareasongjiven above.Neither of the within-subjects
factors was significant in predicting think time.

Technique was also significafar the travel timemeasure (p €©0.001). Here, post-
hoc testsshowedthat pointing and gaze-directed steerimgere significantly fastethan
HOMER, ray-casting, anthe maptechnique. Again, these techniques allth& user to
form a direct mapping between the desired direction of motion and the thetioreeds to
be taken(look or point inthatdirection). The map technique performéadly, but it was
only significantly worse than gaze-directedteering, pointing, andso-Go. We had
expected that the mapould be useful fothe primedsearch,since it allowsusers to
specify the location of the target and not the direction from the current locationttogae
However, this assumeshat theuser understande layout of thespace,and that the
technique is precise enough to let the user move exactly to the targetekpéhnienent, the
size of the targetvas not largeenough,even in thelow requiredaccuracycondition, to
allow precise behavior witthe maptechnique. We observed usensving directly to the
area of the target, but then making small adjustmerdsdier to move withirthe required
range of thaarget. Howeverthe best results withthe map did occur in trialaith low
required accuracy and a target not visitoem the startinglocation. We also foundhat
visibility of the target from the starting locatievas significant here (p €©.001). Trials in
which the targetwasvisible averaged 12econds, as opposed to 23 seconddrials in
which the target was hidden.

Total time for the primed search task produced simdaults. Againfechnique was
significant (p < 0.001), with the gaze-directed steering and pointing techniques performing
best, according to the post-hoc comparisdfisbility also significantly affectetbtal time
(p < 0.001). Another technique that we expected to perform wétleiprimed search task
was ray-casting, since it allows the user to move directly to a target. This sispaldally
hold in cases wherthe target is initiallyvisible. Webelieve theseesults were not found
due to ourimplementation of targets dkgs. The flagpoleswere very thin,and thus
impossible to select at any distance. The flags themselves were larger, but due to the size of
the environment might appear very small from the starting locafiums, users othe ray-
casting technique often had to selectrdarmediate target inrder toget closeenough to
select the flag.
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Table 4.4 Mean Completion Times (seconds) for Primed Search Task, with Targets not
Within View from Start Location (Invisible) or In View from Start Location (Visible)

(*normalized times — seconds per 100 meters)

_ Invisible think time | Invisible travel time* Invisible total time*
Technique — - - — - — -
Visible think time Visible travel time* Visible total time*
1.69 10.52 12.21
Gaze-directed
1.49 4.70 6.18
o 2.30 10.20 12.49
Pointing
2.03 5.61 7.63
] 2.95 22.87 25.82
Torso-directed
1.40 5.81 7.21
3.85 26.34 30.19
HOMER
2.67 13.81 16.48
Mab d ) 20.58 25.07 45.65
ap draggin
P gging 14.01 18.97 32.98
) 2.09 29.69 31.78
Ray-casting
1.92 13.72 15.64
2.66 17.55 20.21
Go-Go
1.72 7.36 9.09

We also performed an analydisat compared théwo types of tasks. Fothis
analysis, technique was again a between-subjects variable, while task was a within-subjects
factor. We only considerethe trials inwhich the targetwas initially visible and the
required accuracy was low, since these were the conditiaisahthe naive searclrials.
For the travel time measure, we found that task was significanO(p0d), with the naive
search taking 3@econds omveragevs. 23 seconds fdahe primedsearch. Fothe think
time measure, task wasot significant, but we did find a significamiteraction between
task and technique (p8025). This interaction is due tthe fact that the amount of think
time for the map techniqudropssignificantly for primed search trials (figuré.16 —error
bars have been omitted in thigure for readability),while think time for the other
techniques remains approximately teme. Thisndicates thasubjects had learned the
layout of the space anglere more confident ithe mapdragging task because thkegew
the area inwhich the targetlay. For each of the significantesults reportecabove, the
observed statistical power was 0.987 or greater, with alpha = 0.05.
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Figure 4.16 Interaction Between Task Type and Technique for Think Time on Search
Tasks

Our evaluatiorshowedthat if themost important performance measure is speed of
task completionthat steering techniques are thest choiceUsersalso seem to prefer
these techniques ovathers. Ofthe steeringtechniques, pointing iglearly the most
versatile and flexible, giveaur earlier results comparing it tgaze-directed steering and
torso-directed steeringlhe Go-Go technique also performed well in th&gudy with
respect taspeed. However, upcanalysis of oucomfort ratingmeasures, we founthat
Go-Goproduced arm-strain, dizziness, and nausea in sg8es. These problems were
also seen witlthe HOMERtechnique, suggestintpat viewpoint movementusing hand-
basedmanipulation may be discomforting tesersbecause it is so different from the
normal methods of movement. Gaze-directed steering also produced some significant
discomfort (mainly dizziness), likely because itrequires rapid and repeatedead
movements. The visual scene lags behind head movements due to tracker latency, so these
could be the cause discomfort. Ofthe seven techniques, only pointing and ray-casting
produced no significantly high discomfort levels.

We also analyzedhe demographic datand found nocorrelation between task
performance andge, gender, VE experience, spatial ability. These appear to tasks
whose speed igrgely determined by the physical interaction technigsedrather than
individual differences.
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As discussed above, the map technique thvasnost disappointing technique in this
study. It seems to beell-suited for low precisiongoal-directedtravel. Webelieve that
this techniquewvould have performed better if the required accuracy had lmeer on
certain trials. It would probably also benefit from the use of a “view-up” map as opposed to
a standard “north-uptnap (Darken &Cevik, 1999).Performance on the primed-search
would likely increase because of its egocentric nature. However, we haveeaibans for
using a north-up mapncluding the fact that it is a fixed frame of referengghin a
dynamicenvironment, and thumay facilitatelearning of the spatial layout more quickly
(Wickens & Baker, 1995). The map technique is also useful for tdlsks, such asbject
manipulation (see chapteix), and so we do ndbelieve thatthis techniqueshould be
removed from consideration as a result of its performance in this evaluation.

Finally, we alsonoted a reoccurrence of titaeme of user strategies in this
evaluation. No collisiordetectionwas implemented in the experimen@hvironments, so
users could move through objects itlesired. In certain cases, this was highly
advantageous, faxamplewhenthe flagwas just orthe otherside of a largdence. We
noted that subjects using this strategy perfortretter on the primed seartdsk, because
they could take a straight-line path to theget. We also observékat certain techniques
afford this strategy more thasthers.Steering techniques in general do affbrd this, as
they more closelynimic natural movement. Subjectssing steeringechniques generally
went around obstaclesMore unnatural techniquesuch asmap dragging, Go-Go,
HOMER, and ray-casting seem to suggeshe&userthatthis environmentloes notwork
in the same manner as the physwalrld, and that thereforemoving through objects is
allowed. This represents another benefit of so-called “magic” techniques.

4.8 Summary

In this chapter, wehave presented theesults of our design andvaluation of
viewpoint motion control, or travel,techniquesfor immersive VEs. Because of its
pervasiveness, it is essential that we understand this task and the space of tefdmiques
To this end, we have presented a formal frameworlkh®design andevaluation of travel
techniques, includingwo alternatetaxonomies, performance metrics, and outside factors
that could influenceperformance.Within this framework, wehave designed new
techniques and evaluated a wide range of techniques in six experiments. These evaluations,
in particular the testbed experiment, have produced guidelines and empirical results that will
allow application developers tthoose appropriateavel techniques. We present such a
practical application of these results in chapter six.

We learned several important lessons from our evaluation of tesheliques. From
the relative motiorexperiment, we learnethat techniques that deot couple theuser’s
head and the direction of motion are more efficiemntrelative motiontasks. The spatial
awarenesgxperimentshowedthat teleportation can cause disorientationusers. The
information gathering experiment indicated that path complexity affeatseds ability to
obtain information from an environmerithe spatial orientation experimesthowedthat
users’ strategies, inonjunction withthe affordances othe traveltechnique,can affect
spatial orientationperformance. Finallythe testbed evaluation indicated that steering
techniques are generally efficient for search tasks.
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