CHAPTER VII

CONCLUSIONS AND FUTURE WORK

In this research, wéiave obtained a largbody of resultspertaining to the
performance of interaction technique®r universal tasks inimmersive virtual
environments. These resulse useful in choosinghe appropriate techniqudsr VE
applications, given theimteractionrequirements. We have also produced several new
techniques, using our methodolodlgat provide more options to VEevelopers. This
work also resulted in a VE application that we have shown to be both useful and usable for
environmental designers.

Beyond thesemmediateresults, however, ouresearch has also produced some
more abstract and high-level improvementsour understanding othe design and
evaluation of VE interactionHere, wewill briefly discussseveral of these important
contributions.

7.1 VE Interaction Guidelines

In practicalreality, fewapplication developers are likely take the timeand effort
required to quantify the interaction requirements of teggtems,compare these to the
results of testbed evaluation, and choose a set of ITsyst@matidashion.Onesolution
to this would be tacreate an interactiveystemthat would accept aset of application
requirements andcautomatically suggest possible IT$hat matchthose requirements
(discussed in the section on future work, below).

However,there is a well-established tradition in tH€l community of publishing
sets ofguidelinesfor user interfacesnteractiontechniques, andhe like. Guidelines are
principled, practical aidthat help adesignercreate interaction that issable and performs
well. Guidelines for VEinteraction are nonew (e.g. Kaur, 1999)but most sets of
guidelines havéwo drawbacks. Firstthey are too general and subject to interpretation.
They do not reduce the spacepaissible techniques far enough to allthe developer to
make aninformed decisionSecond,guidelines have been simply adapted from 2D HCI
guidelines, or they come from experience and intuitioly. This does not ensutbat the
guidelines will be sound or that their use will produce well-performing systems.

Thereforethe VE communityneeds a set ahteraction guidelines that are specific
and practical, and which come directly from evaluation of techniqui® ilaboratory and
in deployed systems (hypothe&f Our experiments and usabilisfudiesare a valuable
source of such guidelines, and we present somthesh here. Although all of these
guidelines can be found elsewhere in the text, it is useful to view them together here.
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7.1.1 Generic VE Interaction Guidelines

Do not assume that techniques based on a natural, real-world metaphor will be the most
intuitive or that they will have the best performance.

Our initial user study onselection and manipulation techniquekowed that
techniques closer to the natural mapping often exhibsedious usability problems.
Testbed evaluation has confirmed this fact. Therefore, the Usgagic” techniques which
differ greatly fromthe natural mappingbut which may still take advantage of well-
developed human skills) is amportant principlefor VE interaction.Natural interaction
techniques may still be useful, especially in situations where the VE is used as training for a
real-world task, or where the target user population has no VE experience and will only use
the VE for a short time.

Provide redundant interaction techniques for a single task.

One of the biggest problems facing evaluators of VE interactitraighe individual
differences in user performance seem to be quite large relative to 2D interfacesisgosne
seem to comprehend complex techniques easily and intuitively, otti&gsmay never
become fully comfortable. Work on discoveritige human characteristics that cause these
differences isongoing, but one way tomitigate this problem is to providenultiple
interaction techniques for the same task. For example, onenagethink of navigation as
specifying a location within &pace,and thereforewould benefit from the use of a
technique wherdhe new location is indicated by pointing tthat location on anap.
Another user may think of navigation as executing @ntinuous path through the
environment, and wouldenefit from acontinuous steering technique. In general,
“optimal” interaction techniques may nexist, even if theuserpopulation is welknown,

SO it may be appropriate to provitl®o or more techniques each wfhich have unique
benefits. Of course, the addition of techniques also incréasemplexity of thesystem,
and so this must be done with care and only when there is a clear benefit.

7.1.2 Guidelines for the Design of Travel Techniques

Make simple travel tasks simple by using target-specification techniques.

If the goal of travel is simply to move torew location, such as moving to the
location of another task, target-based techniques provide the simplest méaghemuser
to accomplish this task. In many cases,dkact path of travel itself isot important; only
the end goal is important. In such situatidasget-based techniques make intuitbense,
and leave the user’s cognitive and motor resources free to perforntastkerThe use of
target-based techniquassumeshat thedesired goal locations aigown in advance or
will always coincide with @electableposition inthe environment. If this is not truge.g.
the user wishes tobtain a bird’s-eye view of a buildingodel), target-based techniques
will not be appropriate.

Avoid the use of teleportation; instead, provide smooth transitional motion between
locations.

Teleportation, or'jumping,” refers to atarget-based travel technique which
velocity is infinite — that is, the user is moviadmediatelyfrom the startingposition to the
target. Such a technigque seems very attractive from the perspective of effielemaver,
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evaluation(Bowman et al, 1997) has showiimat disorientatiorresults fromteleportation
techniques. Interestinglgll techniques thatised continuous smoothnotion between the
starting position andhe target causelittle disorientation, everwhen the velocity was
relatively high.

If steering techniques are used, train users in strategies to acquire survey knowledge. Use
target-specification or route-planning techniques if spatial orientation is required but
training is not possible.

Spatial orientation (the user’s spatial knowledgéhefenvironment and her position
and orientation within it) is critical in many large-scale VESs, such as those desigreid to
usersabout a realvorld location. The choice of interaction techniques can affect spatial
orientation. In particular, evaluatiofBowman, Davis, Hodges, & Badre, 1999) has
shownthat good spatial orientation performance can be obtaivéd the use of steering
techniques, wheréhe user haghe highest degree afontrol, but only if sophisticated
strategies are usdd.g. flying above the environment to obtairsarvey view,moving in
structured patterns). If sucktrategies are naiised, steering techniques masctually
perform worse, because usarg concentrating on controlling motion rather than viewing
the environment. Techniques whettee user has lessontrol overmotion, such asarget-
based and route-planning techniques, prowelerate levels of spatial orientation due to
the low cognitive load they place on the user during travel — the user can take note of spatial
features during travel because the system is controlling motion.

Constrain the user’s travel to fewer than three dimensions if possible to reduce cognitive
load.

Our information gathering experimef@owman, Koller, & Hodges, 1998) showed
that the higher the dimensionality of the path the user travels, the more likely he is to forget
information seen alonghat path. Many VE applications allow theiser to fly inthree
dimensions, even when it is noeécessary. Aimple constraint thadteepsthe user on the
groundplaneshouldreduce cognitivdoad. The use of this guideline, however, must be
tempered with the fact that 3D flying may also increase spatial orientation if used correctly.

Use non-head-coupled techniques for efficiency in relative motion tasks. If relative motion
is not important, use gaze-directed steering to reduce cognitive load.

Relative motion is a common VEask in whichthe user wishes to position the
viewpoint at a location in space relative to some object. For exampdegtatectwishes to
view a structure from the proposed location of the entrance gate, whideliwia distance
and direction from the front door — movement mustdiative to thedoor, and not to any
specific object. A comparison of steering techniques (Bowman, Koller, and Hodges, 1997)
showed that a pointing technique performed much reffi@ently on this task thagaze-
directedsteering,because pointing allowthe user to look athe object of interest while
moving, while gaze-directed steerirfgrcesthe user to look inthe direction ofmotion.
Gaze-directed steering performspecially badlyvhenmotion needs to be ithe opposite
direction from the object ahterest. Thustechniques that aneot coupled to head motion
support relative motion tasks. On the othand,non-head-coupled techniques are slightly
more cognitively complex than gaze-directtdering, so itmay still beuseful if relative
motion is not an important task.
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7.1.3 Guidelines for the Design of Selection Techniques

Use ray-casting techniques if speed of remote selection is a requirement.

Evaluation (Bowman & Hodges, 1999) has showthat ray-casting techniques
perform more efficiently than arm-extension techniques over a wide rangessible
objectdistances, sizegnd densities. This is due the fact thatray-casting selection is
essentially 2D (in the most common implementationuier simply changeke pitch and
yaw of the wrist). Ray-casting includes both the virtual light ray metaphoinzge plane
technigues such as occlusion and framing.

Ensure that the chosen selection technique integrates well with the manipulation technique
to be used.

Selection is most oftensed tobegin object manipulation, and so thenest be a
seamless transition betwe#me selection and manipulation techniques toubed in an
application. Arm-extension techniques generally provide thasisition, because the
selected object is also manipulated directly with the virtual hand, and so the same technique
is used throughout the interaction. As demonstrated bi@MER technique, however, it
is possible to integrate ray-casting techniques with efficient manipulation techniques.

If possible, design the environment to maximize the perceived size of objects.

Selection errors are affected by both the size and distance of objects, using either ray-
casting or arm-extension techniques (Bowman & Hodges, 1999). Thesmhawacteristics
can be combined in the single attribute of visual angle, or the perceived size of the object in
the image. Unlesthe applicatiorrequires precise replication of a real-woglavironment,
manipulating the perceived size of objects will allow more efficient selection.

7.1.4 Guidelines for the Design of Manipulation Techniques
Reduce the number of degrees of freedom to be manipulated if the application allows it.

Provide general or application-specific constraints or manipulation aids.

These two guidelineaddresghe samdssue: reducinghe complexity of interaction
from the user’'spoint of view. This can bedone by consideringhe characteristics of the
application(e.g. in aninterior designtask,the furnitureshouldremain on thefloor), by
off-loading complexity tahe computerusing constraints or physical simulation), or by
providing widgets to allow the manipulation of one or several related DOFs (Mine, 1997).

Allow direct manipulation with the virtual hand instead of using a tool.

Tools, such as &irtual light ray, may allow auser toselect objectdrom great
distances. Howeverthe use of these same tooldor object manipulation is not
recommended, due to the fact that positioning and orienting of the object is not direct — the
user mustmap desired object manipulations to tberresponding tool manipulations.
Manipulation techniques that allow the dirgxisitioning and orienting of virtual objects
with the user’s hand have been shosmpirically (Bowman &Hodges, 1999) tperform
more efficiently and to provide greatasersatisfaction than techniquesing a tool. For
efficient selection and manipulatiothen, weneed to combine a 2D selection metaphor
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such as ray-casting with a hand-centered, direct manipulation technique. This is the basis of
techniques such as HOMER and Sticky Finger (Pierce et al, 1997).

Avoid repeated, frequent scaling of the user or environment.

Techniques that scale tlhiser orthe world to allow direct manipulation have some
desirable characteristics. The user’s perception of the scene datmmge at the moment
of selection, angmall physical movements can allow large virtoedvementsHowever,
experimental datéBowman &Hodges, 1999) shows @rrelation between the frequent
use of suchtechniques and discomfort (dizziness and nauseagens. Techniqueshat
scale theuser orenvironment infrequently and predictatgizould not suffer fronthese
effects.

Use indirect depth manipulation for increased efficiency and accuracy.

Indirect control of objectlepth, usingoystick buttons for example, is notnatural
technique (although borrows from areal-world “fishing reel” metaphor), and requires
some training to besed well. Howeverpnce this technique iearned, it providesnore
accurate object placement, especially if the target is far tiheaser (Bowman &Hodges,
1999). This increased accuracy leads to meficient performance asvell. Moreover,
these techniques do not exhibit the arm stifadh canresult fromthe use ofmore natural
arm-extension techniques.

7.2 Formal Design & Evaluation Frameworks

A secondmajor contribution of thisvork is the framework and methodology we
proposed and used &l of the design andevaluation components of thhesearch. The
methodology includes thaese of taxonomy, guidedesign,multiple performancenetrics,
consideration of outside factors on performance, and testbed evaluation.

Such a framework haseveral advantages:irst, formalism is a great aid to
understanding. In order weate auseful andbelievabletaxonomy, for example, it was
necessary to study and consider hibih interactiortask andhe techniqueproposed for
that task. Second, the use of the methodology in multiple experiments allows us to view all
of the results within a commoframework. For example, we knomany of the relative
merits of the common steering techniques gaze-directed steering and pointing due to the
multiple evaluations. Thirdthe framework provides aommonground for discussion
among researchers in the field, allowing more precise and well-understood conversations.

Finally, special mentiomeeds to benade of the utility ofguided design ircreating
new interaction techniqueossibilities. Wehaveshownthat combiningpreviously untried
sets of componentsan produceuseful and interesting techniquésuch as HOMER).
Furthermore, there seems to be a slowing of the publicaticoropletely novel interaction
techniques and metaphors for immersive environmentsplissible, thougttertainly not
proven,that we have identifiednany, or most, othe fundamental components of VE
Interaction for these universal tasks. If so, then guided design betloaeEst method for
covering the design space.
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7.3 Focus on Applications and Usability

A third major contribution of this research has been our focus tinentbbeginning on
improving the usability(and more generallythe performance) of immersive VE
applications. As we noted in the first chapter, there are very few in-use applications of VEs
due to the usabilityproblems associated with high levels of interactivitherefore, this
research has ndieen simply aracademicexercise. It has had as igoal from the
beginning to improve VE interactiofor real-world applications. Thided us to a
methodology that included applications and their requirements explicitly.

There have been othefforts to quantify the performance of VE interaction
techniques, but few ahem have extendetthis work toreal applications. Orthe other
hand, a large number of applications have h@etotyped, buinteractionwas developed
in an ad hoc manner, based on intuition. Thierk has bridgedhe gap, providing
empirical evidence and practical guidelines for real applications based on formal evaluation.

We believe thathis philosophy of researahill be fruitful in other types ofvirtual
environments, such dabletop steredisplays,and in many emerging areas inferactive
systems, such agugmented reality, ubiquitousomputing, and wearable computing.
Because of theinewness, suclareas need empirical, low-level studies to quantify
performance and effectivenessowever,these research areas aleo under pressure to
producereal applications tgrove that theresearch funding isvorthwhile. Using the
philosophy embodied in this thesis, which gad “basic research with an appliéocus,”
can allow both of these things to happen in the same research program.

7.4 Future Work

Research in a relativelyew areausually raises morguestionghan itanswers, and
this work is no exceptionThere are a multitude of topics in the genesda of VE
interaction that still need to be exploreddiepth. In particularthere ardour areas directly
related to the current work that we claim would be extremely useful.

7.4.1 Automatic Interaction Design and Performance Modeling

Our testbed evaluations and other experiments lpawduced a largedody of
empirical results for ITperformance on variousasks. However, it isstill difficult for
application designers to wade through these numbers in order to choose an appropriate set
of techniquedor a particularsystem. Therefore, it would be useful deeate a toothat
automates some of thigrocess forthe developer. Such #ol would likely ask the
developer a series of questions albibet application, includingvhat tasks were involved,
what requirements existddr the various aspects of performance, and what devices were
available. It could then, based on evaluatiesults, suggest et of interaction techniques
that would fit the requirements.

This leads to anothgroblem, however, ithatsuch atool would only beable to
suggest the use of techniques that had actually been tested experimentally. It would be more
useful if the tool could predict the performance of an untested technique by interpolating the
results fromrelatedtechniques. Fortunately, our taxonomy and framework is set up to
allow the creation of these predictive models of performance.

Consider asimple example. A taskas two subtaskseach of which has two
components. The components are numbered one through four {#dyreAnexperiment

109




found that technique A, composed of components 1 and 3, sedrash acertain metric;
technique B, composed of components 1 and 4, sddréjand technique C, composed
of 2 and 3, scoref.5. Asimple prediction algorithmwvould guessthat component 2 is
responsible for 1.5 units more than component 1 (baselde@tores oftechniques B and
C). So, to predict the score for technique D, composed of components 2 and 3 take can
the score for technique A (1 and 3), and add 1.5, for a score of 6.5aiffeeresultvould

be obtained if we firstletermined the contribution of component 3 relative (8.8 units
less), and then added this to the technique B score (10.0-3.5 = 6.5).

Task

Subtask

Component

<> Technique

Figure 7.1 Example Taxonomy and Technique Components: If Performance Results for
Techniques A, B, and C are Known, the Performance of Technique D can be Inferred

With more complexesults, such aimple prediction is nopossible,but the same
concept holds. Regression or other types of analysis of the expericeatabuld lead to
predictive modelshat would predict the performance of any technigueich falls within
the space defined by the techniques actually tested.

7.4.2 Cross-task Interaction Techniques

In this work, wehavefound a number ofimes that a technique originaliesigned
for one task is useful fanothertask, with slight modificationsFor examplethe route-
planning technique for travel actually uses manipulation of objects in a\gnsilbn of the
environment, similar to the World in Miniature (WIM) technique (Pausch et al, 1995).

This concept can be generalized when one realizes that all three of the utagiisal
have as their basthe specification of a spatigbsition and/or orientatiof.ravel sets the
position and orientation dhe viewpoint, manipulationdoesthe samefor an object, and
selection can be thought of as specifying the position of an object as a maathgnism.
This means that we can consider a technique designed for any one of the tasks as a possible
technique for any of thethers. Wecall these “cross-taskihteractiontechniquespecause
they cross the boundaries between the tasks.

In fact, many suchtechniques have already bedaveloped, most of which use
manipulation techniques to effettvel. There are othepossibilities, however, such as
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using travel for object manipulation (the user “becomes” the object and sets the position and
orientation from dirst-person point ofview), or usingobject selectiorfor manipulation

(place the object in my hand next to the seleotgdct). This analysis alsmplies that the
taxonomies for the three taséige actually linkedogether,creating a single unifiedesign

space, as shown in figure 7.2.

p  Travel <

/\

Indicate Position Indicate Orientation

Select Manipulate Pointin
Target World Direction

/ of Motion

Selection Manipulation
Position Ray- Virtual Position Orientation

viewpoint Casting Hand/Cursor

Select Map physical Travel to new
position  hand motion position

Figure 7.2 Simplified Taxonomies Linked Together by Cross-Task Techniques

We believe that cross-task interaction techniques can be useful and pow#fffid. in
In particular, they havéhe advantage that the same metaphor mayske formultiple
tasks,increasing theonsistency othe interface and reducing the amount of complexity
with which the user has to cope. Furtheegsearch intosuch techniquesshould prove
fruitful.

7.4.3 Comparison with Usability Engineering

Our design, evaluationand application methodologlyas proven to be useful in
increasingour understanding of VEnteraction and in increasing the usability and
performance of a specific VE applicatiddowever, ourmethodology is not thenly way
to improve system usabilityDne particular method thabasreceived attention recently is
usability engineering.

Usability engineering has a tradition in 28CI researchand hasow been applied
to VEs (Gabbard & Hix, 1998). The basic approacteistered on a particular \&ystem,
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and the iterativelesign ancevaluation of the interaction and interfacahat system.Like
our methodology, itelies on a formal task anagser analysisUnlike our techniques, it
usesmore qualitative performanceetrics, and performgvaluation within thesystem
rather than in a generalized testbed.

Obviously,thesetwo methodologies each have their advantages disadvantages,
and it is likely that they are complementary techniques. However, it woultstpective to
do a controlled comparison of the two to determine where most of the gains in performance
and usability come from. We would hazard to guess that neither method asurfiiicient.
Usability engineering will notvork unless it begins with aet of possiblenteraction
techniques that havgood performance characteristics, andr methodologywill likely
produce an application that would still benefit from iterative design and evaluation.

7.4.4 Interaction in Other Display Modalities

Finally, our work has focusesblely on immersive VEthat are implementedsing
head-mounted displays. While this is still the most common VE display device félleas
out of favor in some circles, and other displaysh astabletop sterealisplays and

spatially immersive displays (e.g. the CAMIEare being widely tested.

However, the VE community has no notionhaiw these various displayodalities
differ or what applications or tasks for which each is appropriate. Some vague notions exist
based on intuition antimited experience, but fothe most part a given display issed
simply because it is available.

The studies we have presented have some generalitthepdnciples derived from
them can be applied in a variety of VEs. On the offaerd, interaction in the other display
modalities is likely to be somewhat different from interaction in an HMD-b¥&edand so
further work in thisarea isneeded. In particular, it would eteresting tostudy whether
the relative performance of varioliss changes as w&ove to anew display modality. A
study of task appropriateness in the different modalities would also be instructive.
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