CHAPTER I

INTERACTION IN VIRTUAL ENVIRONMENTS

The research presented hbees roots irseveral diverséields, and builds ormany
previous results. In this chapter, wal briefly discuss prior work irrelated disciplines
that has an overall bearing on thsrk. This includes concepts frothe field of human-
computer interaction, types of user interface evaluation, work in three-dimeriglenahd
interaction, related work in the areas of perceptual and cogpsiehology,and previous
efforts to evaluate components of immersive virtuaenvironments. Thisgeneral
background will be presented here, but we will reserve discussion of ressateti to the
particular tasks of viewpoint motion control, selection, arahipulation to the appropriate
chapters devoted to those subjects.

2.1 Human-Computer Interaction Concepts

As we have noted, there exists a labgely of work inthe field of human-computer
interaction that informs the current research. Many of the specific results and guithalines
areoffered by HClpractitioners(e.g. Hix and Hartson, 1993) dmot apply directly to
immersive VEs, because of the difficulties of interaction in tllieensionsthe difference
in input and outputlevices, slower system responsivenes®] soon. However,these
specific recommendations can often be generalized to principles that agply iype of
human-computer interface.

One set of generaprinciples, or heuristics, wergiven by Nielsen(1993). He
claimed that a sma#let of heuristics could accouior alarge percentage of the usability
problems in anyinteractivesystem, given a sufficient number of experts study the
system. These heuristiese quite generdk.g. “speak theuser’s language”and so they
apply to any human-computer interface. However, this generality also ¢hedesuristics
to be difficult to apply practically. Inour research, weare searchingfor specific
recommendations for virtual environment interfaces.

Some ofthe best knownprinciples were described by Normantire classiowork
entitledThe Design of Everyday Thingdorman, 1990)These principles which apply to
user interfaces are taken from a discussion of everyday artiiatteeuse in outrhomes,
schools, and offices. Since mawytual environmentpurport to represent semi-realistic
world, it is perhapgven more important that interaction in Viedlow these guidelines
(Bowman andHodges, 1995)Norman identifiesfour characteristics of usable artifacts:
affordances, constraints, good mappings, and feedback. Affordances teteptoperties
of an object that inform the user of its purpose #medvay it can beused.Constraints are
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limitations on theuse of anobject that guideausersinto properactions. Good mappings
mean that the conceptualodel, or metaphor, on which abject is based iseasily
understood irthe specifictask domain otthe object. Finally,feedback is the indication
given by an artifact of the state of its operatiorusage, tdelp theuser understand what
has happened so that the next action can be planned and carried out.

The idea of mappings proposed by Norman is related to previous wdhe oge of
mental models (a user’s understandinghef operation of an artifact) and metapfusing
the understanding of a knowooncept or object to explain thweorkings of anartifact)
(Gentner andstevens, 1983)The use ofmetaphor is an important stratefgy Uls since
we can explain to someoh®w to use a softwarapplication in terms of something he
already understands. The risk is that an inappropriate metaphor will misleadfase the
user, or that a forced metaphor, while understandable, may degrade user performance.

In traditional 2D user interfaces, there are two major categories of gemeagbhors.
Theconversational metaphoproposes a dialogue between the user and the computer in the
form of a conversation. That is, the user issuesnamand and theystemresponds.This
metaphorwas largely used incommand-lineinterfaces, such as @NIX shell, but still
exists in today’graphicalUls in the form of menucommandsgdialog boxes,and so on.

The other dominant metaphor is teenulatedworld metaphor which represents the
constructs of a computer application as objects with predidiablaviors in a mini-world.

A common example is theesktop metaphdor personal computers, in which programs
anddata areepresented as files whidan be placed ifolders,file cabinets, trasitans,

and so forth, similar to the way paper documents are organizedoifi@ Since VEs are

seen as virtualvorlds, most use a very strongmulatedworld metaphorfor almost all

tasks. However, conversational elements may also have a place for certain actions in VESs.

Another importantHCI concept relevant to this research tiee notion of task
analysis Task analysis breaks down a tasto its componenparts,and formalizes the
stepsthat must be taken taomplete aask. This explicit characterization leads to a more
detailed understanding of the task, and also to a more structured rfethiwadlerstanding
various strategieapplied to thetask. When applied tdJls, task analysisan provide a
framework for the design of ITs, as well as reveal reasons for the successes and failures of
currentapproaches. Weill use task analysigeavily in thedesign andevaluation of ITs
for VE tasks.

There is a strong tradition in HCI and Human Factors research of formalizing models
of human performance. Methods such as GOMS (Card, Moran, and Newell, 1983) and the
Keystroke-level modelCard, Moran,and Newell, 1980) attempt to model human
performance for a certain computer task by courttiegiumbers of low-level actionat
must take placefor the task to be completed. These low-level parts (based on a task
analysis) may be explicit user motions, such as key pressesgmtive processeshat the
user must carry out. By assigning time values to each of these lowetaupbnentsthese
models may also predict human speed for interfdwdshavenot yet beenmplemented or
tested.Although our analysiswill not attempt to modeliseraction insuch afine-grained
manner, we will follow the spirit of this earlier work.

Finally, the HCI literature has provided us with a number td@chniquesfor Ul
evaluation. These methods represent a wide range in terrassf numbers ofisers
needed, formality, and types sults.One of themost simple techniques is guideline-
basedevaluation (Nielsen and MolicH,992), which is annformal analysis based on
known principles such as those discussed above. This requires only that an expert or group
of experts think about and/arse the interfacebriefly, and can often identifyserious
problems at an early developmestdge.The cognitivewalkthrough techniquéPolson et
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al, 1992) issimilar in thatonly Ul expertsare needed to carry aut, but it attempts to be
slightly more formal by requiring the evaluators ftdlow a strict process and answer
specific questions about each task within the interface. One ofidkecommorevaluation
methods is the usabilitgtudy (Williges, 1984). Hereseveralusers perfornprescribed
tasks with the Ul, and are observed for task completion time, errors, andsstes. This
method is slightly more time-consuming ampensive, butcan identify important
problems because tfie fact that actualsersparticipate. To obtain resulthat are even
more applicable to the realorld, some have also performed observationssgrs in the

field (Holtzblatt andJones, 1993)although it is questionable whethesers work in a
normal way while being observed. Finally, Ul researchers can perform formal experiments
in the scientific tradition(Eberts, 1994), whicthave specifichypotheses,are tightly
controlled, and usstatisticalanalysis to obtaimesults.These are thenost expensive and
time-consuming studies, and are usually used to obtain basic knowledge abeiface

or technique that is quite differefitom thatwhich has gone beforié Sinceour research

falls into this category, we will make use of formal experimentation in our evaluation of ITs
for virtual environments.

2.2 Three-Dimensional User Interfaces

User interface researchas onlyrecentlybegun to seriously consider truthiree-
dimensional applications and the added difficultiest theypresent.Common personal
computersoftware isstill almost exclusively2D, except in afew niche applications.
However, it is becoming increasingly important thatB[3 areanalyzed, understood, and
designed well, as more 3D applications become mainstream. These applications include 3D
CAD, architectural design, animation, visualization, and even entertainmeit.ofrthese
cases, the fact that information is displayed and manipulated in three dimensions provides a
new challenge for Ul designers. Some of the problems have been identifieategorized
(Herndon, van Dam, and Gleicher, 19%#inckley etal, 1994),but there ardew general
principles or solutions for these difficulties.

For desktop 3D applications, the limitations and inherent 2D nature of common input
devices, such athe mouse, pose @major challenge. In theseases,the two degrees of
freedom (DOFs) of the input device must be mapped onto three, or in some cdtfesesix
translational and three rotational), dimensions. For this reason, adgabdfresearch has
gone into the design and analysis of input devicepecifically for 3D applications
(MacKenzie, 1995). One of the most common devices ithe tracker (Meyer and
Applewhite,1992), which is a @OF digitizer — thatis, it is asampling devicevhich
continuously outputs six scalar values representing position and orien@itian.devices
like the Spaceball (TM) (Spacetec IMC, 1998) andSidewinder(TM) (Microsoft, 1998)
are self-centering devicegshich senselisplacement and rotation @l six dimensions.

Other designshave focused on modifyinthe mouse, such ashe “Rockin’ Mouse”
(Balakrishnan et al, 1997).

Analysis of input devices has been an important research topic in yeeest Card,
Mackinlay, and Robertson provided a formal framework for desigresaldiation of both
2D and 3D devicefCard, Mackinlay, andRobertson, 1990)Otherstudies have focused
on the experimental comparisontafo or more of thesalevices. For exampl&hai and
Milgram (1993) compared the tracker to the spacelall an object placementask. One
problem with many of these studies is their implicit assumption that the input device and the
interaction technique are inextricably linked. That is, an input device determinesthia IT
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must be used with it. Weecognize the importance of a well-designed input device in a
usable system, but claim that ITs can be evaluated separately. All of our experingmts,
will use a tracker for 6D input, but a multitude of different ITs will be studied.

Another area thahas seenmany research efforts ithe standardization of 3D
interfaces, analogous tbe ubiquitous desktop metaphor 2D. It hasbeen arguedhat
such standardization is necessary beftits can become accepttabls inthe realworld.
Several research efforts have attempted to provide a single interface metaphor that can allow
usability and productivityffor a widerange of VEs(e.g. Wloka and Greenfield, 1995,
Rygol et al,1995). We wouldclaim, however,that standardization igot necessarily
beneficialfor VE interfaces at their current level afaturity. Rather, wavill focus on
optimizing the interaction for specific tasks in particular domains.

Recently, the field ofwo-handed interactiom three dimensions has been researched
extensively. Two-handed interfacage anew paradigmfor 3D input thatattempt to take
advantage of the human ability to use both hands simultaneously to prowidentuitive,
comfortable, and productive applications. Hinckleyark in thisarea is quite instructive
(Hinckley etal, 1997). Using previous work the analysis of two-handed tasks such as
handwriting, he showed the validity of several princigtastwo-handed interface3hese
include the ideas that theands should workomplementarily, not necessarily in parallel,
that the non-dominant hand provides a frame of reference withich the dominant hand
works, and that thenon-dominant hand is good at large, coarse-grained manipulation,
while the dominant hand excels at fine-grained work. These principles have been applied to
several non-immersive 3D applications (e.g. Goble et al, 1995, Mapes and Mb388),
with encouraging results. Weel that theuse of two-handedhterfaces in immersive VES
is quite promising, andtherefore will includetwo-handed techniques mur design and
evaluation.

2.3 Perceptual and Cognitive Psychology Concepts

Sinceour research focuses tmman performanceheninteracting withVEs, it is
only natural that we should use the results of prior work investigating hcapabilities in
general.Much of this information comes fronthe fields of perceptual and cognitive
psychology.Perceptuapsychology studiethe ways humangerceive their environment
throughthe senseswhile cognitive psychology focuses othe mentalaspects — how
humans reason, learn, remember, etc.

Since most immersive VESs are highly visual, it is quite importsait weunderstand
human visual perception. In particular, depth perception is crucial, sineeevattempting
to represent a 3D environment on @Bplays.Research haglentified many visual cues
thathumans use tdeterminedepth,and dividethem into monoculavs. binocular(using
one or twoeyes), and staticvs. dynamic (availablefrom a singleimage orrequiring
motion) cues (Bruce anéreen, 1990).Most depth cuesare static andmonocular,
including linear perspective, texture gradient, relative height, and aerial perspdctiios
parallax, referring tdhe understanding of depth gained from headepe motion, is a
dynamic monoculacue. Stereopsis the depth effect due to tHact thatour two eyes
receivetwo slightly different images of thevorld — is characterized as statinocular.
Finally, there are oculomotor deptiues, whichunlike theothers, danot depend on the
images received at thetinae. These cues rely on information frtme muscleswhich
cause theeyes to focugaccommodation) and rotateonvergence). We cannathieve a
perfect representation of depth in currgiiis, because thactual imagesll appear on a
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screen at a singlelepth, and therefore the oculomotaues — cues based on the
convergence angle and accommodation of the eyes — are in conflict with other depth cues.

Stereo in particular is widely believed to be a very important dapthat enhances
immersive VES. However, it is quite difficult to achieve a proper stereo effect, as it requires
care incalibration, measurement, and renderingh&f stereo pair (Davis andodges,

1995). Many studies have been performed comparing human performance in stereoscopic,
monocular, andiocular (the same imageesented to both eyes) viewing situations, and

the generalconsensus ighat stereo improves presence acan improve performance
(Barfield, Hendrix, and Bystrom, 1997, Henderd Barfield,1996). Onthe otherhand,

some studies havéound that the addition of othecues to a non-stereo display may
produce performance that is as good or better than performance with a stereoscopic display
(e.g. Nemire, 1996)Because of technological limitationgyur studieswill use biocular
displays, but will include many additional depth and feedback cues to aid performance.

Wickens has presented a good summary of the application of cognitive psychology to
VEs (Wickens andBaker, 1995). Anmportant concept from cognitivesychologythat
relates to the currenwork is the model humarprocessor (Card, Morargand Newell,

1986). This describes the cognitive process that people go through between perception and
action. It isimportant to thestudy ofinteraction technigques because cognitfivecessing

can have a significant effect grerformance, including tastompletiontime, number of
errors,and ease ofise. Amajor goal of ITdesigners ishe creation of techniqueshich

use fewcognitiveresourcesand may becomautomatic insomesense, sdhat cognitive

power may remain focused on the actual task at hand. One patrticularly important concept is
the limitation onworking memory described bWliller (1956). Hereportedthat working
memory can hold only seven plus or minus two “chunks” of information at a timer#
information needs to be recalled, previamsinksmay be displaced or interferealith.
Interfacesshould be designed dbat this limited space can besed fordomain-specific
information.

Finally, perceptual and cognitivgpsychology have shed light on individual
differences in the ability ohumans.One suchline of work that relates to the current
discussion ighe study ofspatial ability(McGee, 1979). Humangary in theirability to
reason spatially, especially in thrdienensions. Studies such the classianental rotation
experiments (Cooper arghepherd, 1978)ave demonstrated theddferences. A user’'s
spatial ability can have a significant effect on their performance in 3D interdat&s.
Therefore, we must be sure to considiedividual differenceswhen designing and
evaluatinglTs. Designers shouldttempt to createechniques which perform robustly for
users with a wide range of spatial abilities. In evaluation, we takistcarenot to attribute
a performance difference to the difference in technigulesn it isactually caused by a
user-specific characteristic, such as spatial ability.

2.4 Evaluation of Immersive Virtual Environments

Although virtual environments have been in existefazeover thirty years, it has
only been in the lagew yearsthatresearchers haweally begun to perform analysis and
evaluation oftechnology, techniques, amgbplications ofVEs. Asstated earlier, thig/pe
of research is necessary if VEs are to become useful in the real world. In this $ketion,
we will review some othe work thathasbeen done to quantifihe effectiveness of VEs
and human performance within them.
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One questionthat should be asked #&he outsetis, “What evidence is ther¢hat
immersive VEs are better than othgpes of computer applicatiorfer ANY tasks?”
Researchers have addressed this issue in bggheralsense and ispecific applications.
For example, Pausch et al (1993) performed a stadyparing human performanaosing
a head-mounted display with and without heatking, and reportethat head-tracking
had a significant effect in improving results. In the application domain, Hodges et al (1995)
have shown animmersive VE can producessults forpsychological therapy which are
similar or equivalent to those achieved when a physical environment is used.

Anotherissue that has intrigued researchers ithe measurement gfresence, or
immersion. Barfield has attempted in several studies (Barfield et al, 19@%tm the level
of presence to task performance. Slater’'s work (Slateoh, and Steed, 1994, 1995) has
examined the effects ofarious display modalitiednteractiontechniques, and system
algorithms on the reported level of preser@ee problem with this type of research is the
lack of a standard definition of presence and an appropriate measurement tedhosque.
studies haveisedqualitativemeasurege.g. interviews or questionnaires), although some
have attempted to relate other values to the sense of presence.

Another area of current research is the effect vafious low-level system
characteristics on performance in immersiies. Besideghe studies addressing display
type mentioned earlier, there have been experimentthereffect of mean frameate
(Richard et al, 1995), variance of frame rate (Watson et al, 1997)esidf visual detail
(Watson, WalkerandHodges, 1995)These experiments have generalbed a standard
task, such asisual search or pick and place, and comparsers’ spee@nd accuracy
underthe variousexperimentatonditions. Such studiese similar in format taghose we
will present in this work, although ounain independent variables are higher-level entities
(interaction techniques). Based on this bodyofk, ourstudies willattempt toprovide a
“near best caseSystem environment, with a higiverage frameate, low frame rate
variance, and high visualetail in the entiredisplay, sothat our resultswill not be
confounded by these variables.

Finally, recent research hagtempted to apply commad#iCl designand assessment
techniques to VEs. The most common example of thiseissummative usabilitgtudy, in
which users do a structureét of tasks within aompletesystem or prototype system in
order toreveal usabilityproblemsthat can besolved inthe nextdesign iteration. It is
becoming more commofor VE developers to performusability studies to verify the
effectiveness of theidesigns (e.g. Bowman, Hodges, & Bolter, 1998, Arns, Cook, &
Cruz-Neira, 1999). The concept of usability engineering includes guidelinesvaludtion
throughoutthe designcycle of asystem,and this modehas begun to see use MEs as
well (Hix et al, 1999).

There has beenlitle work in the evaluation of specific interaction techniques for
immersive VEs, although this may be changing. We will forgo a discussion of this body of
work for now. Rather, in each of the chapters on a specific interaction task]l waview
the relevant research on IT design and evaluation for that task.
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