CHAPTER Il

DESIGN AND EVALUATION CONCEPTS

We wish to perform our desigand evaluation of interaction techniques for
immersive virtual environments in principled, systematic fashion (semg. Price,
Baecker, and SmallL,993, Plaisant, Cargnd Shneidermarl,995). Formal frameworks
provide us not only with a greater understandinghef advantages and disadvantages of
current techniques, but also witletter opportunities toreaterobust and well-performing
new techniques, based dhe knowledge gained through evaluatiofherefore, this
research will follow severamportant design anévaluationconcepts.elucidated in the
following sections.

3.1 Taxonomy and Categorization

The first step in creating a formal framework for design and evaluation is to establish
ataxonomyof interaction techniques for each of the universal interatdisks(note on the
word ‘taxonomy’: we will employ both of itsaccepted meanings: “the science of
classification,” and “a specific classification”). Taxonomies partition tasks into
separable subtasks, each of which represents a dettiatonust bemade by thelesigner
of a technique. In this sense, a taxonomy is the productaredul taskanalysis. Foreach
of the lowestlevel subtaskstechnique componen{parts of annteraction techniquéhat
complete thasubtask)may belisted. Figure 2.1 presentssanple generalizetaxonomy,
including two levels ofsubtasksand several technigummponentsTaxonomiesfor the
tasks oftravel (sections4.3.1 and 4.6.1) and selection/manipulation (sectiém4.1) are
presented later in the thesis.

The taxonomiesmust come from a deep andhorough understanding of the
interaction task anthe techniques that have bgemoposed for it. Therefore, sonitial
informal evaluation of techniques andaesign of newtechniquesfor the task is almost
always required before a useful taxonomy can be constructed (section 3.4).
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Figure 2.1 General Taxonomy Format

Let us consider a simple example. Suppose the interaction task is to tnamcgéor
of a virtual object(of course, this taskould also be considered as a combination of
universal interactiotasks:select anobject, select acolor, and give the “change color”
command). A taxonomy for this task wouftlude several taskomponentsSelecting an
object whose color is to change, choosing the color, and applying theameloomponents
which are directly task-related. On the other hand, we might also include compsrants
as the color modelised orthe feedback given to theser,which would not beapplicable
for this task in the physical world, but which are important considerations for an IT.

Ideally, the taxonomies we establish tbe universatasksneed to be complete and
general Any IT that can be conceivefbr the task shouldfit within the taxonomy, and
should notcontain componentshat arenot addressed byhe taxonomy. Thus, the
components will necessarily ladstract.The taxonomy willalso include severaglossible
choicesfor each of thecomponents, but we do not necessagpect that eacpossible
choice will beincluded. For example, ithe object coloringask, ataxonomy might list
touching the virtuabbject, giving avoice command, or choosing dtem in amenu as
choices forthe color applicatiomomponent. Howeverthls does nopreclude a technique
which applies the color by some other means, such as pointing at the object.
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Moreover, we do notlaim that any given taxonomy representise “correct”
partitioning of thetask. Different usershave different conceptions of tisebtaskghat are
carried out to complete a task. Rather, we see our taxonompeactisaltools that we use
as a framework for design amgtaluation (sedelow). Therefore, ware concerned only
with the utility of a taxonomy for these tasks, and not its “correctness.” In fadisaess
two possibletaxonomiesfor the task of travel, both of which have been useful in
determining different aspects of performance. Rules and guidelines have been set forth for
creating proper taxonomies (Fleishman & Quaintahe&4), but wefelt that thestructure
of these taxonomies did not lend itself as well to designesathiation as the simple task
analysis.

One way to verify the generality of the taxonomiesoneate isthroughthe process
of categorization|f existing techniquegor the taskfit well into the taxonomy, wecan be
more sure of its completenes€ategorization alsserves as araid to evaluation of
techniques. Fitting technique components into a taxonomy nexipéisit their fundamental
differences, and wean determine the effect of choices in a more fine-gramadner.
Returning to our example, waight perform an experiment comparing many different
techniquedor coloring virtual objects.Without categorization, thenly conclusions we
could draw would be thatertain techniquesere better tharothers. Usingcategorization,
however, wemight find that the choice of object selection technighesd little effect on
performance, anthat color applicationvas the most important component in determining
overall task time.

3.2 Guided Design

Taxonomy and categorization ageod ways to understaride low-level makeup of
ITs, and to formalize the differences betwabkam, butonce they are iplace, they can
also be used irthe design process. Wean think of a taxonomy nobnly as a
characterization, but also as a design space. In wibiels, ataxonomy informs or guides
the design of new ITs forthe task, rather than relying on audden burst of insight
(hypothesis 1).

Since a taxonomy brealise task downinto separablsubtasks, weanconsider a
wide range ofdesigns quite quickly, simply by trying different combinations of
components foeach of thesubtasks. Foexample the shaded components in figure 2.1
represent a possibleomplete interactiotechnique.There is no guarantee that a given
combination will makesense as eompletelT, but the systematic nature of the taxonomy
makes it easy to generate designs and to reject inappropriate combinations.

Categorization may also lead new design ideaf?lacing existing techniques into a
design space allows us to see the “holes” that are left behind — combinations of components
that havenot yet been attempte@®ne ormore of theholesmay contain anovel, useful
techniquefor the task athand. This procesan be extremelyseful whenthe number of
subtasks is small enough and the choices for each of the subtasksezaough to allow
a graphical representation of the design space, as this nhekastrieddesignsquite clear
(Card, Mackinlay, and Robertson, 1990).
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3.3 Performance Measures

The overall goal of this research is to obtain information about human performance in
common VE interactiotasks — but what iperformance? As computscientists, weend
to focus almost exclusively orspeed, ortime for task completion. Speed is easy to
measure, is guantitative determination, and is almasivaysthe primary consideration
whenevaluating anew processor design, peripheral, or algorithm. Cleafficiency is
important in the evaluation dTs as well,but wefeel there ar@lso many otheresponse
variables to be considered.

Another performance measure that might be important is accuracy, which is similar to
speed in that it is simple to measure and is quantitative. But in human-computer interaction,
we also want to consider more abstract performa&abfees, such asase ofuse, ease of
learning, and user comforEor virtual environments in particular, presence might be a
valuable measure. The choice of interaction technique could conceivablyadifte#cthese,
and they should not be discounted.

We shouldremember that theeason we wish to find good ITs is $leat our
applications will be moreusable, and that VE applications have many different
requirements. In many applications, speed acclracy are not theain concerns, and
therefore these should not always be the only response variables in our evaluations.

Also, more than any other computimaradigm,virtual environments involve the
user — his senses and body — in the task. Thusesisential that wéocus onuser-centric
performance measures. If an IT does makegood use othe skills of the humarbeing,
or if it causesfatigue ordiscomfort, it will not provide overall usability despite its
performance in otheareas. In thiswork, then, wewill evaluate based onmultiple
performance measures that cover a wide range of application and user requirements.

3.4 Range of Evaluation Methods

Research irHCI hasintroduced a wide range aiterface evaluatiotechniques, as
discussed earlier. Evaluators have a choice regarding the statistical validity of their tests, the
number ofusers involvedthe timeand effort required, anthe results theywish to
achieve. In this research, we feel that many of these techracgiegppropriatéor various
stages of evaluation.

Initially, we come tolook at these interactiotasks andechniques with veryittle
concreteinformation, exceptour experience wittthem inapplications, and in a few cases
the published evaluations others.Our first goal is to establish a taxonomy and perform
categorization, but this is difficult given limited information. Thereforenemy cases it is
appropriate to perform some informal evaluationtte beginning to gain #&@ase of
understanding of both the task and techniques. This may take the form of a guideline-based
evaluation, where one or more usability expertstiey techniques and notebvious
problems anduccesses. Imanycasessince there aréew guidelines or experts in this
field to draw from, aninformal user study would be useful, in which a few ugeysout
the techniques on some representaiisks,and their general performance and comments
are noted. Finally, ifthe techniques have already been implemented as part of an
application, a usabilitytudy with someguantitativemeasuresnay providesome good
information.

Once we are familiawith the task and some techniques, w&n create an initial
taxonomy and formal frameworfor evaluation.Within this framework,more formal
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experimentation can beerformed. These experiments are likely to be quantitative,
statisticallyvalid, andlow-level (meaning that the tedbes notinvolve a full application,
but only a tightly-controlled system with low-level interaction tasks). In order to further our
understandingthese experimentshould focus orspecific technique components and
performance measures, so that it can be determinedtiehahportant variableare. From
theseresults, wecan refineour taxonomy andevaluationframework, and prepare for
testbed evaluation, which is described in the next section.

All of these types oévaluation lead ttoth specific results anpractical guidelines
(hypothesis 2) that apply to VE interfaces.

3.5 Testbed Evaluation

The experimental methods and other evaluatimis discusse@bove can be quite
useful forgaining aninitial understanding ofnteractiontasks and techniques, and for
measuring the performance ofarious techniques in specifimteraction scenarios.
However, there are some problems associated with using these types of tests alone.

First, while results from informal evaluationsan beenlightening, they do not
involve any quantitative information about the performance of interadcéiohniques.
Without statisticalanalysis,key features or problems in a technigmay not beseen.
Performance may also be dependent on the application or other implementatiowissues
usability studies are performed.

On the othehand,formal experimentation usualfyppcuses ventightly on specific
technique components and aspects of the interaiagd Anexperiment may give us the
information that technique X performs better than technique Y in situation Z, but it is often
difficult to generalize to a more meaninghd@sult. Techniques are not tested fully on all
relevant aspects of an interaction task, and generally only one or two performance measures
are used.

Finally, in mostcasesraditional evaluation takgdaceonly once and cannot truly
be recreated later. Thus, when new techniques are proposedifficudt to compare their
performance against those that have already been tested.

Therefore, we propose the usdedtbed evaluatioas the final stage iaur analysis
of interaction techniquefr universal VEinteractiontasks. This methodaddresses the
issues discusseabove throughhe creation oftestbeds — environments and tasikat
involve all of the important aspects otask, that test each component otexhnique that
consider outside influences (factors other tti@n interaction technique) gmerformance,
and that have multiple performance measures.

As an example, consider a proving ground for automobiles. In dpéxial
environment, carswre tested incornering, brakingacceleration, and othdasks, over
multiple types of terrain, and in various weather conditions. Task completion time is not the
only performance variable considered. Rather, ngumntitative andjualitativeresults are
tabulated, such as accuracy, distance, passenger comfort, and the “feel” of the steering.

The VEPAB project (Lampton eal, 1994) wasone research efforaimed at
producing a testbedor VEs, including techniquedor viewpoint motion control. It
included several travehsksthat could beused tocomparetechniques. Howeverthis
testbed was not based on a formal understanding of the tasks or techniques involved.

In this work, wehave created aeries of testbeds fdhe universal VE interaction
tasks of viewpoinmotion control, selection, and manipulation. Togethbese testbeds
make up VR-SUITE - th¥/irtual Reality Standard Useinteraction Testbed Environment.
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The testbeds will allow us to analyze many diffeddist in a widerange ofsituations, and

with multiple performancaneasures. Testbedse based onthe formalizedtask and
technique frameworkliscussed earlier, ghat theresultsare more generalizablEinally,

the environments and tasks are standardized, so that new techniques can be run through the
appropriate testbed, given scores, and compared with other techniques that were previously
tested.

3.6 Models of Human Performance

Testbed evaluatioprovides us with a good argeneral techniquéor comparing
interaction techniques designtd a given task, but this is notthe ultimate goal othis
research. Rather, we want to ddde todesigninteraction techniques and applicatighat
are more usable and cause users to be more productive. In this light, ktit@wiagertain
technique outperforms another in the tasks required by our applicationgeatbenough,
because the best technique may not have been thought d¥hyatwe reallydesire, then,
is a quantitative model of task performance that lets us determine whether we have reached
near-optimal performance, and if not, how we can come closer to it.

If our testbeds were simply representative sets of tasks and environments that seemed
intuitively to test techniquetully, it would be difficult or impossible togeneralize the
results into a performanagaodel, and anynodel thatwas createdwould bequite coarse-
grained. However, since the testbeds are grounded in a formal frantbaisglits tasks,
techniques and other factors into fine-graisedponents, wean createnodels based on
these components which shogdneralize tgproduce modelthat predict the performance
of even techniques that were not tested.

We believe there are many benefits of using testbed evaluation combined with formal
frameworks to produce models of human performancéhewariousinteraction tasks.
However, performance modeling is outside the scogbeoturrentresearch, and wieave
left it as future work (chapter 7).

3.7 Application of Results

Testbed evaluatioproduces a set of resultsat characterize the performance of an
interaction techniquéor the specifiedtask. Performance is given in terms aifultiple
performance metrics, with respect to varidesels of outsidefactors. These results
become part of a performance databfasethe interactiontask, with more information
being added to the database each time a new technique is run through the testbed.

The laststep in our methodology is tapply the performanceesults to VE
applications, withthe goal of making them mongseful andusable. In order to choose
interaction techniqueBr applications appropriately, we must understémal interaction
requirements of the application. We cannot simply declarebesetechnique, because the
technique that i®est for oneapplication will not beoptimal for another application with
different requirementd-or example, a VEraining system will require &avel technique
that maximizes the@ser’sspatialawarenessbut this application will not require travel
technique that maximizgsoint-to-pointspeed. Orthe otherhand, in abattle planning
system, speed of travel may be the most important requirement.
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Therefore,applications need to specify their interaction requirements before the
correctITs can bechosen. Thisspecification will be done in terms die performance
metrics which we havealready defined as part ajur formal framework. Once the
requirements are iplace, wecanusethe performanceesults from testbeévaluation to
recommendTs that meethose requirements. The$Es, having been formallyerified,
shouldincrease the performance levels (including usability) of the applicétigpothesis
3).

3.8 Summary of Methodology

Figure 2.2 summarizes the basic design eraduation methodology we willse for
our research omteraction techniquef®r immersive virtualenvironments, includingach
of the components discussedithie previous sections. It should beted thathis process
may be slightly different in individuatases,but ourdesign, evaluationand application
will generally follow a procedure similar to this.

For eachuniversal interactiortask, the process begins witlinformal evaluation
technigues: observation, user studies, and/or usability evaluations. shiuegdlead to an
understanding of the task and the space of possible techniques, which allowsea#et@
taxonomy and to categorize existing and proposed ITs, and may also thepireation of
new technigues. We can also list outside factors influencing performance and performance
measures at this time. Once this formal framework is in place, we can perform more formal
experiments, involving specific task and technique components and performeaseres.
These results, along with our design framework,may lead to thedesign and
implementation of novel techniquésr the task. Also,experimentation may cause some
reworking of the initial taxonomy. When the formal framework is judged complete, we can
move to the finalanalysis step: testbed evaluatiddse ofthe testbedwith a range of
techniques and performance measures producizdaset ofresults forthe giventask,
which can then baised tomake aninformed choice ofiTs for the targetapplication(s),
given their performance requirements.
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Figure 2.2 Flowchart of Design and Evaluation Methodology
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