CHAPTER V

SELECTION AND MANIPULA TION

5.1 Introduction and Definitions

Once a VE user has been given the ability to move about the 3D space effectively, via
a viewpoint motion control techniquilie nextstep is tanteractwith the environment in
some way. In a mechanical design application, this might mean positioning various parts so
that they fittogether. Atraining systenfor rescueworkersmight require thauser to open
doors, move obstacles, or make use of toolsirtial science lab could allow theser to
build molecules from components or positielectrical charges.All of these interactions
fall under the broad heading of selection and manipulation.

Selectioninvolves the specification of one or more virtual objects by tiser for
somepurpose.The purposemight be to specify the object of a commded). delete the
selectedbbject), to invoke @ommand(e.g. selecting a meniiem), to changéhe system
state (e.g. selecting a toggle switch that controls a rendering parameter), or to choose a new
tool (e.g. selecting a tool that creates cubes). Often, howsslection is performed to set
up manipulation that is, setting theposition and/or orientation of a virtualbject.
Obviously, unless the user gsnstantly manipulating a singtdbject, she must firgelect
the object she wishes to manipulate.

Since many VE developers believe that the best way for the user to interact with a VE
is the most naturaway (a position we do ndtold), many VE systemsutilize a naive
natural mappingor selection and manipulation. The natural mapping simply maps the scale
and location of the user’s physical hand directly to the scale and location of ahamuahl
so that when the virtual hand touches an object iViheit may beselected, andelected
objects are manipulated by attaching them to the vittaald— in other words, the user
simply reaches out and grabs @pject to select or manipulaite This basic metaphor has
been extended so that users can have fingertip control of virtual objects (Kijintrasd,

1996).

The natural mappingoeshave the advantage that it is quite intuitfee almost all
users, since it replicates the physicaorld. However, this metaphor is simply not
powerful enough for most VE applications. Fitk objects that may be selected anéy
those within a physical arm’s reach of the user, and onadjant isselected, itmay only
be manipulated withithat relatively smalspace. Thisnay not be a problem if theork
environment is onlghe size of dabletop, but makes manipulation in larger environments
difficult. To allow selection of faraway objects or large-scale movemeabjetts, aravel
technique must be used in conjunction with the natural mapping.

Secondly,manipulation of large objects is problematic witie naturaimapping. In
the physical world, the objects that we e¢aanipulate inour handsare limited to a certain
size, but there are nesuch restrictions irthe virtual world. Imagine a city planning
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applicationwherethe user wished to reposition skyscraper. Ifthe user waswithin an
arm’s length ofthe building, it wouldinevitably obscurethe user’s view, sahat precise
placement would be impossible.

When careful consideration is taken, it should be obvibatareal-world technique
would be inadequate for selection and manipulaasis in VEssince thetasks we wish
to perform go beyond our real-world capabilities. In the same way, a travel technique based
on physical walking will becompletely inadequate if the applicaticgquirestravel on a
global scale.The power of VEs is not to duplicate the physioabrld, but to extend the
abilities of theuser toallow him toperform tasks not possible the physicalworld. For
thesereasons, wavill consider in this chapter techniqués selection and manipulation
that gobeyondthe naturalmapping. In particularthe techniques will allow selection of
objects at a distance, and manipulation within a large space.

5.2 Related Work

5.2.1 Interaction Metaphors

A variety of interaction techniques have bg@moposed andmplementedwhich
address the problem of selecting and/or manipulating objects within a gipaed Among
techniques which can select and manipulate faraway objects, most teclHaligués three
categories: arm-extension, ray-casting, and image plane techniques.

Arm-extensiortechniquesaddresshe problem of theiser’'slimited reach directly —
they allow the user to extend her virtual hand much farther than her phanhl sathat
faraway objectzan be‘touched.” An advantage auchtechniques is that manipulation
can still be done via hand motion, as in the natural mappiogever,selection of objects
that arevery far away or smalinay bedifficult, becausethe hand must be positioned
precisely. Such techniques differ in the way that the virtual arm is extended.nSaprtee
physical hand motion onto virtual hand motiesing amapping functionPoupyrev et al,
1996). Others use monedirect means to extend and retract the virtual @owman and
Hodges, 1997). Still others employ more arcane mapping functions, such gshirsical
hand position to virtual hand velocity (Bowman and Hodges, 1997).

Ray-castingtechniques seledaraway objects by extending adea from the 2D
desktop metaphor. Just as one positions the pointer over an icon on the desktegt it
so in three-dimensions one can point a virtual light ray into the scene to interseeteahd
a virtual object(Mine, 1995). Generallythe direction of the light ray is specified by the
orientation of theuser's hande.g. the ray emanateom the user’s outstretched index
finger), sothat selection becomes a simpéesk of pointing athe desiredobject. The
common manipulation scheme is to attach the object to the rightat the point of
intersection, but this makes manipulation unwiel@@owman, 1996), soother
manipulation schemes may be desired.

Image planetechniques (Pierce «il, 1997) are a combination of 2D and 3D
interaction. Selection of objects is done, as the name suggests, in the viewpthae frso
dimension of depth into the scene is not considered. For example, in one techaigser
selects an object by partially occludingaiith his virtual hand. That is, the virtual hand
coversthe desired object in the displaymdage. Actually, this is a ray-casting technique,
since one can consider it to use a ray emanating from the user’s eyepoint and going through
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the virtual hand position toselect anobject, but we list these techniques separately,
preferring that the term “ray-casting” based for pointingtechniques wherdhe ray
emanates fronthe virtual hand. Again,selection is simplefor these techniques, but
manipulation of objects once they are selected isopan question.Pierce et al's
implementation (1997) scales theer sathat the virtuahandactuallytouches theselected
object, at which point natural hand movements can be usedrtipulate thebject.When

the object is released, the user is scaled back to normal size.

Finally, there are certain techniquesiich do notfit into any of thesecategories.
Rather,they try tomaintain the intuitiveness of the natural mapping while overcoming its
inherent limitations by employing the natural mapping in a manner not considterhe
physical world (perhaps weould call these “unnaturamappings”).One of themost
obvious of these techniques is to employ a scaling factor (make the user largeworldhe
smaller) so that thasercan reach any objeetith the virtualhand. Mine,Brooks, and
Sequin (1997) usscaling together with a framewothkat allows the user toexploit his
proprioceptivesense fomnavigation and manipulation. Thean be gpowerful metaphor,
but mayalso have side effecfer viewing the effects of changes — since the scale of the
user and worldaredifferent, asmall motion by theuser results in darge motion in the
world. Another idea employing scaling is to hawe copies ofthe world, one large and
one small. Inthe World in Miniature (WIM) techniqué€Stoakley, Conwayand Pausch,
1995), the user manipulates small objects in a “dollhouse” virlldl in thehand,and the
corresponding full-size objects move accordingly. Thés been extended in the recent
“voodoo dolls” technique (Pierce, Stearns, & Pausch, 1999), in vihehsercreates his
own miniature parts of the environment (dolls), and may use two hantipulate these
doll objects relative to one another.

We also note that a good deal of work has been done mrdleof aiding theiser to
position objects correctly. Most of these methods someype of constraints to reduce
the number of degrees of freeddhat must be controlled byhe user, or toreduce the
required precision on the part of theer. Forexample, onean constrain an object to
move only in one dimension (Bowman aHddges, 1995)model an object’s collisions
with other parts ofthe world (Kitamura, Yee, andKishino, 1996) or place some
intelligence in the object so that it naturally seeks to be aligned correctlyheivorld and
other objects (Bukowski and Sequin, 1995).

5.2.2 Evaluation of Techniques

There has been little work in the evaluation of selection and manipulation techniques
for immersiveVEs, but some studies have been reportethéareas of 3D selection and
manipulation. Ware (Ware antssome, 1988Vareand Balakrishnan, 1994) haarried
out several investigations into the use of a tracked hand or input device forpiépechent
in 3D environments. Also, Zhai arMilgram (1993) compared different input devices in a
principled manner based on a proposed taxonomy of manipulation in 3D space.

One piece of work in immersive VEs deserves special mention. Poupyrev (1997) has
implemented a “testbedor the evaluation of selection and manipulatsmhemes, which
incorporates our goals alystematic evaluation andultiple performanceneasurements.
Unlike our proposed testbedowever, this work isnore of a toofor those who would
wish to performexperiments to compasarious techniqueshe user ofthe system can
design andmplement experiments quicklyased on dext description of the interaction
techniques, outside factorand performance measuremer@ur testbed, onthe other
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hand, is anore generalized set of experimetitat attempts to modell of the important
variables and measurements.

5.3 Initial Evaluation and Design

Ouir first work in this area was inspired by a talk giveSI@&GRAPH ‘96 on a new
interaction technique for virtual object manipulation: @e-Go technique(Poupyrev et al,
1996). The technique seemed intuitive agdsy-to-use, and it promised l@ave wide
application. However, no indications of performance were given, and no stodigsred
this technique withthe manyothersthat had beenproposed forthe sametask. The
technique had novelty and elegance, butfeitethatthis wasnot enough tgroclaim it a
cure-all. It needed to be tested and understood.

Therefore, we produced our own implementation of the Go-Go technique and several
others andevaluated thenwith a simpleuser study (Bowman andodges, 1997). Our
goalwas to understantthe characteristics of thtask andhetechniques, in aattempt to
discover what makes a technique “good” for virtual object manipulation.

5.3.1 Techniqgues Considered

The techniques we studied fell into two categories: arm-extension and ray-casting. As
we havenoted, arm-extension techniques, includili@o-Go, allow the user to select
faraway objects by providing a mechanism by whidh virtual arm may be made much
longer than the physicarm. Userscan then manipulate the objects direathith their
hand, in a natural manner. Ray-castiaghniques (Mine1995), onthe otherhand, use a
pointing metaphor. Avirtual light ray extends fronthe user's hand,and objects are
selected by intersecting themth the lightray. The object is attached to the ligtaty for
manipulation.

Within each of these categories, we investigated sevargnts. Forarm-extension
techniques, the main differentiator was the mapping technisee todetermine the length
of the virtualarm. The mapping functiofor the Go-Go technique, shown iigure 5.1,
has two partsWhen theuser’'sphysical hand is within a threshold distance D from the
body, there is a one-to-one relationship between physical and virtud¢agth. However,
outside this thresholdhe virtual arm lengtliollows a non-linear functiorrelative to the
distance of the physical arm from the user’s body.

a1 a0 &0 L.1e]



Figure 5.1 Mapping Function for the Go-Go TechniquesFhysical Hand Distance,
Ry=Virtual Hand Distance. Reproduced from (Poupyrev et al, 1996)

We also looked at two other mapping functions. One is simil&otgs o, except that
there is no area aine-to-one growth the virtual armgrows according to the non-linear
function at every position (“fagb0-Go”). This allowsthe user’'sreach to extend to a
greater, though still bounded, distance.

Second, weexplored the possibility of mapping physidand position tovirtual
handvelocity, in a technique we called “stret&p-Go.” This was done byefining three
concentric regions of space about tiser. When the physicahand is withinthe medium-
range region, the virtual arm length is constant. If the physical arm is stretched far from the
body, into the outeregion,the virtual armgrows at aconstant rate. Similarly, with the
physical hand irthe innerregion, the virtual armshrinks at aconstant rate. This has the
advantage that thesercan reach anybject, nomatterits distance. Tohelp theuser
visualize the mechanism, we provided a graphical gahgeiingthe threeregions and the
user’s current hand position (figure 5.2).

Figure 5.2 Stretch Go-Go Technique, with Gauge

Finally, we considered &chnique thatloes not use mapping function aall, but
rather specifies the virtual arm length in a more indirect manner. This technique ssaply
two mouse buttons to grow or shrinke virtual arm at a constanate. Again, this
technique has unlimited reach, although itmay lack the intuitive characteristics of
techniques where the arm is stretched out to make it longer.

We also included two ray-casting techniquesum survey.Both techniquesise the
same virtual light ray idea for object selection, and both manipulate the object by attaching it
to the light ray. The techniques differ in thexpressive powelVith the basic ray-casting
techniquethere is nowvay tochange the distance of the obj&cm the user —the object
must move along a sphere centered at the user whose radius is the object’s original distance
from the user. Thus, in the second of these techniques, we added a “reeling” feature, which
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allows the user tomove the object closer or farthaway alongthe light ray, similar to
reeling a fishing line in or out.

5.3.2 User Study

Armed with thesesix techniques(four arm-extension and two ray-casting), we
conducted a simple user study to assess their performance and appliédbiigy. student
volunteers (twofemales and nine males) participated in shedy. The equipmentused
included a VirtualResearch VR4 head-mountddsplay, Polhemus Fastrak trackers, an
SGI Indigo2 Max Impact, and a custom-built 3-button joystigkers weremmersed in a
virtual room containing several pieces of furniture and given several minutes to practice and
use each of the six techniques.

We did notcollect any quantitativedata in this study, but instead observed the
performance and errors of the users, aeoltected their comments about the relative merits
of each of the interactiotechniques. This informatioted to a much moréhorough
understanding of the tasks of selection and manipulation, and of the techniques themselves.

None of the six techniques proveddequatefor selection and manipulation of
faraway objectsThe favorite techniquesvere Go-Goand the indirect arm-extension
technique, but problems were noted with each of these as well. There were difficulties with
precision of selection, precision of manipulation, speedus#, user comfort, and
expressiveness difie technique. Wemade three generabservations abouhe tasks and
techniques, which can be expressed as guidelines (hypothesis 2).

First, naturalism is not always a necessary component oéfi@ative technique.
Users almost unanimouslffound Go-Go to behe most naturaltechnique, butmany
evaluators preferred other techniquislirect stretchingvas more effectivefor several
subjects because it offered more precise contrah@hand location, and legshysical
work onthe part of thauser. Severalusers alsdiked ray-casting with reeling because of
the lack of physical effort required: they could support their arm and simply pointh&ith
wrists and pressjoystick buttons. This goesgainst common intuition regarding VE
interaction: thanost natural technique is natwaysthe best in terms of performance or
preference. This indicates that more formal methods\ecessary tadetermine appropriate
ITs (hypothesis 1).

Second, physical aspects ofisers wereimportant in their evaluation of the
techniques. For example, those users with shorter arms were less likely tahargtego
technique because their reaghs more limited.Also, all of thearm-extension techniques
depend on the specification of a point at the center ofisk€s torso.The virtualhand in
these techniques is kept on a line defined by this torso point and the location of the physical
hand. Although we defined this poirglative to theuser'sheadposition,the height of the
usermade adifference. Ifthe torsopoint is not approximatedell, the hand will appear
lower or higher than it should be, and grabbing enashipulation will be morelifficult. In
short, techniques that are dependent onukerwill require usermodeling in order to be
most effective.

Our most importanfinding, however, washatgrabbing and manipulation must be
considered separately for overall usability. Although only two of our ysefsrred a ray-
casting technique overall, almost every user commehggdt was easier to grab aabject
using ray-castinghan with any othe arm-extensiomechniques. This resuéigreed with
our earlier observations orthe use of ray-casting in VEpplications(Bowman, 1996,
Bowman, Hodgesand Bolter,1998). Itrequires naarm stretching antess precision on
the part of theuser: one simply pointthe ray and releases thmitton. With the arm-
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extension techniques, one mysace thehand withinthe object, whichcan be quite
difficult at a great distance avhen asmall physical motion maps to a large translation of
the virtual hand.

On the other hand, no users preferred ray-casting techniquelsjéat manipulation,
as arbitrary rotations of an object are practically impossible using these techwiihesn
arm-extension technique, objectn be rotated in theown coordinatesystem,and their
position can be controlled easily asell. None ofthe currenttechniques, thenwere
universally acclaimed, because nonéheimwere easy to use amdficient throughout the
entire interaction: grabbing, manipulating, and releasing the object.

5.3.3 HOMER Technigue

In response ttheseresults, it waslear that ehybrid technique combininthe best
features of boththe arm-extension and ray-casting metaphors could prayadies in
efficiency, accuracy, and usability. This simple observation led to the implementation of the
HOMER (Hand-centered Object Manipulation Extending Ray-casting) family of
techniques. These techniques simpbethe better-performing metaphéwr each part of
the task: ray-casting for object selection and in-hand object manipulation.

The basic technique works like this (see figure 5.3): the user activates thelighual
ray and intersects the desired object with it by pointing, just th inray-castindechnique.
Upon releasing the button, the virtual hand immediately movésetoenter of the selected
object, sothat manipulation can beerformed directly withthe hand, and sothat any
rotation can be achieved. When the drop commagiven, the virtualhand returns to the
location of the physical hand.
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Figure 5.3 Time Sequence of the HOMER Technique
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The HOMERtechniques exhibit both ease of selection and ease of manipulation,
since they use well-performing technique components for both of tidwes® There is one
issue that must be addressed, however, ke the HOMERtechniques completely
expressivethatis, to ensurehat they allow auser toplace an object any position and
orientation). This ighe question, again, obbject distancdrom the user. Inthe basic
HOMER technique, hand motiorese mapped one-to-omato the object, sothere is no
way the object could be placed twice as daray fromthe user, or broughtery near for
inspection. Thus, waeed a mechanisrior controlling object depth once the object has
been selected.

We provide two such mechanisms, one direct and one indiiteetindirectHOMER
technique simply uses the “reeling” feature discussed earlier, where two mouse buttons are
used to move the object nearer or farther away. This provides complete expressiveness, but
may be slow or cumbersome. The direct HOMER technique uses a linear mapping function
to control objecdepth. Alinear functionwas choserbecause it is more predictable and
easier to control than a non-linear function, no matter the distance from the user. The virtual
objectmoves N meters in or ofior every onemeter of physical hand motion in oout,
where N isthe ratio between the original object-to-user distance and the original hand-to-
user distance. Therefore,tife user moves his physical hatwlice as far away from his
body, the object will move to twice its original distance from the body as well.
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This technique alsallows the user tohave direct control of the mappirignction,
since it depends on the distance betweerusiee’sphysical hand and her bodythe time
of selection. If a large N is needed, the user can place her hand very closéddyhdout
if more control is desired, the hand can be positioned farther away.

5.4 Formal Evaluation Framework

5.4.1 Categorization of Techniques

The initial user study provided us with a good understanding of the tasktedion
and manipulation, and of the spacepaissible techniquefor realizing thesdasks. Our
original categorization of techniques intmm-extension, ray-casting, image-plane, and
“other” techniques is useful at a high level, but there may be large performance differences
within a category. Therefore, thimtegorizatiordoes notallow us to make generalizations
such as,“arm-extension techniques provide greater accuracy of placement,” since this
depends on the implementation of the arm-extension technique.

Therefore, wehave re-categorizetlls for selection and manipulatiobased on a
more formal taskanalysis, as welid for travel techniques. This taxonomy ghown in
figure 5.4.
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Figure 5.4 Taxonomy of Selection/Manipulation Techniques
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The first thing thashould benoted about the taxonomy are its thneain branches,
which breakthe task into its component parts: selection, manipulation, and release of the
object. Forselection-onlytasks,the top branch of the taxonomy may umed alone. This
division stems fromthe observation wemade inour user studythat selection and
manipulation should be considered separately for optimal performance.

The main subtasks within the selection branch are the indication of the object and the
indication to select the object. These subtasks are listed separately since the indication of the
objectdoes not necessariiynply that the objecshould be selected. For example, in a
simple technique where the user touches objects, the user may touch many objects with his
virtual hand, but only selects abjectwhen a button is pressedhile the object is being
touched. Feedback is algiven as a subcomponent of selection, but this is purely an
interaction issue, and does not correspond to an actual user goal.

The second branch lists components and technigueranipulation. Subtaskbat
are purely task-related are the indication to start manipulating the object (often the same as
the indication toselect, but not necessarilyipdication of the center of rotation (not
required), and the technique(s) to control object position and orient@fipect attachment
is a technique consideratitimat may or mayot apply — it refers tthe way the object is
attached to the manipulator (often the virtual hand). Feedback is also listed as an interaction
component.

The final mainbranch concernthe release of a manipulatetbject. The only task-

related component here is that theer musgive some indication tdrop the object(stop
manipulation). From a technique point\vaéw, howeverthe most important components
of a release technique amhat happens tthe object and/or the virtuAlnd afterelease.
For example, virtual gravity might be implemented which catisesbject to fall naturally
to a surfacebelow. Also, in atechnique wherghe virtual hand is displaced from the
location of the physicahand (e.g. HOMER), the virtualhand positionrmay need to be
adjusted so that it once again coincides with the physical hand’s position.

This taxonomy does ndiave the intuitive appeal of th@oad technique categories
mentionedabove, but it is much morecomplete and general. It allows us tmake
interesting comparisons between various components of techniques, and general statements
about performance. Perhaps even more importdhéifact thathis taxonomy encourages
the guided design of new techniques because of its task-oriented structure.

5.4.2 Performance Measures

Like viewpoint motion control, selection and manipulation techniques can be
evaluated for performance with a large numbepasgsible metrics. Some techniques may
trade off performance on one measum better performance oanother, andifferent
applications may perforrhest with very different interactiotechniques, due tdifferent
performance requirements. Again, we need to consider dp@htitative andqualitative
metrics, and those relating to the task as well as those relating to the user.

As in the case ofTs for travel, wehave defined a list of metrics with which
performance of techniques can beeasured. Application designers can specify
requirementdor selection and manipulation in terms tfose metrics, and choose ITs
which meet those requirements.

Our list of performance metrider immersive selection and manipulation techniques
includes:

1. Speedefficiency of task completion)
2. Accuracy of Selectiofthe ability to select the desired object)
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3. Accuracy of Placemelifthe ability to achieve the desired position and orientation)

4. Ease of Learningthe ability of a novice user to use the technique)

5. Ease of Uséthe complexity of cognitive load of the technique fromubker’spoint
of view)

6. Presencgtheuser’s sense afmmersion within the environment whilgsing the
technique)

7. Expressiveness of Selectigtihe number and distance of objedtsat can be
selected)

8.

Expressiveness dflanipulation (the ability toposition and orienthe object at any
desired location in the environment)
9. User Comfort(lack of physical discomfort, including simulator sickness)

Speed and accuracy are important to many of the tapgdications, but moraser-
centric metricssuch as useromfort canalso play a majorole. Many of the techniques
which allow complete 6 DOFRnanipulation of virtual objects can force theer to assume
awkward arm, wrist, orhand positions, for examplédlso note that accuracy and
expressivenesplay a double rolehere, having different meaning$or selection vs.
manipulation.

5.4.3 Outside Factors

The final component obur formalized evaluation frameworkor selection and
manipulation techniques is the consideration of other fadioas could affect the
performance of a technique. These factors wexglicitty modeled in the evaluation
testbed, so that performance differences could be attributed to the proper sobiei®réds
we separate these outside factors into frategoriestask, environment, useand system
characteristics.

5.4.3.1 Task Characteristics

A technique may perfornvery well for certain selection/manipulatiotasks, but
poorly on others. Tadetermine theseelationships, wean considerthe following set of
task characteristics:

» distance from the user to the object

» degrees of freedom required to be manipulated
* accuracy required

» task complexity (cognitive load induced)

5.4.3.2 Environment Characteristics

The environment (3D virtuakorld) surroundinghe usercanalso have armffect on
selection and manipulation. Interesting variables include:

* visibility

* number of objects

* size of objects

* shape of objects

» density of objects

* activity (motion)

* size of environment
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* |evel of detail
* randomness/structure in the environment

5.4.3.3 User Characteristics

The individual user is also quite important galection/manipulatiotechniques. For
example,the Go-Go technique isess powerful for users with shortarms. Wehave
identified these user characteristics for consideration:

e age
e gender

* length of reach

* spatial ability

* height

* VE experience

» visual acuity

* manual dexterity

» ability to fuse stereo images

» technical/non-technical background

5.4.3.4 System Characteristics

Finally, the hardware and software compristhg VE systemmay themselves have
effects on performance of selection/manipulation tasks. Such characteristics include:

* rendering technique

* use of shadows

 virtual body representation

o frame rate

* latency

» display type

» use of collision detection or constraints
» realism of physics model (e.g. gravity)

5.4.4 Guided Design

The selection and manipulation taxonomy has also proven useful as a framework for
the design of new technique8ecause there arsuch alarge number of techniques
described in the literature, most of the techniques that arise from guided aesigariants
of techniques already availabldowever, small changes tecertain subtaskscan have a
large effect on performance.

We have taken the guided design of selection and manipulation techniques to the next
logical step by “implementing” the taxonomy insoftware. Fivelow-level subtasks
(selection, attachment, positioning, orientation, and release), along iaiteanumber of
technique componenter each of thessubtaskshave been implemented in a modular
fashion sothat they can be arbitrarily combined automatically. In otherds, adesigner
can create aew IT immediatelysimply by entering five codes intopsogram. Currently,
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there are 8 x 6 x 6 x 4 x 4 4608 possiblecombinations of techniqueomponents.
However, because of dependencies and constraintbarmesign spacethe number of
possible techniques is reduced to 667.

Through experimentation with this system, a number of interesting possilhiéitres
emerged. For example, HOMER-like techniquewhich usesgaze direction instead of
pointing direction for selection frees the handsdibrertasksuntil an object isselected. It
also seems useful in some cases to separate positioning and orientation of ohjsotg by
two trackers instead of ortkat controlsall six degrees of freedom. Ws&nalso combine
techniques such as HOMER and Pierce’s (198fgky finger” technique, tausethe best
aspects of each. For exampbeclusion selection migtdrove easier than 3Eay-casting,
and so it could be used in a technique along with HOMER-style object manipulation.

5.5 Selection/Manipulation Testbed

The three components of the formii@mework (taxonomyperformancemeasures,
and outside factors) come together in the evaluation te&ibaelection and manipulation.
This testbed is a set tdsks and environmentBat measure the performance vafrious
combinations of technique componefts each of the performanametrics. Ideally, this
testbed would vary all of the outside factors listed above, but such an experiment would not
be completed for decades.

Therefore, we designed amdplemented a simpler testbsgstemthat can evaluate
techniques in a number of what we consider tahgemost importantconditions. The
analysis of importance ibased on ouexperiences withreal applications, ourmore
informal study of selection and manipulation, and the requirementsoof target
application.

The testbed was designed to supploet testing of any technigubkat can be created
from the taxonomyThe tasks and environmenése not biasetbwards anyparticular set
of techniques. We have evaluated nine techniques, but others can be testehet \aitly
no loss of generality.

Thetasks usedre simple andjeneral. Inthe selectiorphase,the user selects the
correct objecfrom a group of objects. Ithe manipulationphase,the user places the
selected object within a target at a giyaosition and orientation. Figure5 shows an
example trial. The user is to select the Wo& in the center of the three by three array of
cubes, and then place it within the two wooden targets in the manipylatae. Incertain
trials, yellow spheres on bothe selected object and the target determine the required
orientation of the object.
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Figure 5.5 Example Trial Setup in the Selection/Manipulation Testbed

5.5.1 Method

Three within-subjects variables wewsed forthe selectiontasks. Wevaried the
distance from the user to the object to be selected (#wveks),the size of the object to be
selected (two levels), and the density of objsctisoundingthe object to be selectétivo
levels).

The manipulatiorphase ofthe task also involved three within-subjectariables.
First, wevaried the ratio of the object size to the size of the tatged levels — this
corresponds tdhe accuracy requiretbr placement).Second,the number of required
degrees of freedom varidtivo levels), sothat we could test thexpressiveness of the
techniquesThe 2 DOFtask only requiredusers to positiorthe objects in the horizontal
plane (with constraintsmplemented that prevented thser fromrotating the object or
moving it vertically), while the 6DOF task requiredcomplete objecipositioning and
orientation. Finally, weehanged the distandeom the user at whichthe objectmust be
placed (three levels), since this was a primary concern in our earlier user study.

Besides thesexplicit variables, we alsincluded characteristics of theser in our
analysis. We studied the effects of age, gender, spatial ability, VE experiente;anchl
background orthe performance of techniques by havumgrsfill out a pre-experiment
guestionnaire (Appendix A) and standardized spatial ability tesE{fi&cube comparison
test).

Responsevariables werethe speed of selectiorthe number oferrors made in
selectionthe speed of placement, amplalitative data related toser comfort (the same
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subjective reports as in the travel testbed — arm strain, hand strain, dizziness, and nausea on
a ten-point scale; see Appendix B). We did not measure accurgtgcefnent; instead we
requiredusers toplace the selected objects completeiyhin the targets and within five
degrees of the correct orientation on $itedegree of freedontrials. Graphical feedback

told the user when the object was in the correct location.

Forty-eight subjects (31 males, females) participated in thetudy. Subjects were
undergraduates frorthe Department oPsychologysubjectpool, and were giverextra
credit for their participation. Each subject completed 48 trials, except for three subjects who
did not complete the experiment due to dizziness or sickness.

Nine different selection/manipulatiorechniquestaken fromthe taxonomy, were
compared in a between-subjeéshion. Thusthere were five subjects per technique.
First, we chosdghe Go-Go technique because of its importance andf#ioe that it was
under consideration dle technique to besed inthe Virtual Habitat application (chapter
six). The otheright techniquesvere created by combiningvo selection techniques (ray-
casting and occlusion), twattachmentechniques (moving thieand tothe object, scaling
the user so the hand touches the object), and two positioning techniques (linear mapping of
hand motion tmbject motion and thase of buttons tonove the object closer or farther
away).

Subjects wore &irtual Research VRAHMD, and weretracked using Polhemus
Fastrak trackers. Input wagven using a 3-button joystick. Subjects wealowed to
practice the techniguer up tofive minutes in a roonfilled with furniture objects before
the experimental trialbegan. Subjectsompletedfour blocks of 12trials each,alternating
between trials testing selection and manipulatidter the practicesessionand aftereach
block, subjective comfort information was taken.

5.5.2 Results

This complex experiment necessatiigs acomplex set ofresults. Here, wewill
present several majdindings that emergefrom the data. Forcomplete results, see
Appendix D. We performed a repeated measures analysis of vafidABEVA) for both
the selection and manipulation tasks.

First, results forselection of objects matchedost ofthe experience that wead in
our earlier informal study. Selection techniqueved to be significan(f(2,42)=13.6, p <
0.001), with the Go-Go technique (mean 6.57 seconds per trial) provingsignifeantly
slower than either ray-casting (3.278 secs.) or occlusion selection (3.821 secs.) in post-hoc
comparisons (LSD and@onferroni). There was nosignificant difference between ray-
casting and occlusion. This is because selection using ray-casting or occlusion is essentially
a 2D operation, whiléhe Go-Go technique requiressers toplace the virtuahand within
the object in three-dimensional space.

We also found significant main effects for distance (p < 0.001) and sizé (04),
with nearer and larger objects taking less time to sélbetre were also several interesting
significant interactions. Ashown in figures 5.@nd5.7, the effects of distance and size
varied depending on the selection technique besegl (p < 0.001 iboth cases). Figure
5.6 showsthat selectiortime for the Go-Go technique increases wittistance, while the
othertwo selection technique times remain approximatmypstant, regardless abject
distance. Figure 5.ihdicates that th&o0-Go technique benefits much more from larger
object sizes as compared to ray-casting and occlusion selection.
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Figure 5.7 Interaction of Selection Technique with Object Size for Selection Time Measure
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We foundthat thenumber of errorsmade during selection(errors included both
selecting thewrong object and selecting no objeat)ere significantlyaffected by both
distance (p < 0.001) and size (0<001). Interestingly, howeverselection technique had
no significant effect on errors.

It appears from thiglata that eitheray-casting or occlusion is a goagkneral-
purposechoicefor a selection techniquédowever,this is tempered byur findings with
regard to user comfort. We fourldat selection techniquead a high correlation to the
reported finalevel of userarm strain (aftemll trials had been completed, approximately
thirty minutes ofuse). Occlusion selection produced significantly higher levels of arm
strain than ray-casting, because ray-casting altbesiser to “shoot fronthe hip,” while
occlusion selection requires that the user’'s hand be held up in view. When selection takes a
long time, as inthe case of small ofaraway objects, thican lead to arnstrain of
unacceptable levels.

The results for manipulation time were more difficult to interpret. Once the object had
been selected, many tife techniqueproduced similar time$or manipulation (table 5.1
shows the results forthe ninetechniques). We did find a significantain effect for
technique(f(8,36)=4.3, p < 0.001where technique ishe combination ofselection,
attachment, and manipulaticemponentsThe only combinationghat were significantly
worse than others irthe post-hoc tests werthe two combinations that combinechy-
casting withthe attachment technique tlsaales thaiser,and thiswaslikely due topoor
implementation, fromour observations ofusers. We found naignificant effects of
technique when attachment and manipulation techniques were considered separately.

Table 5.1 Mean Manipulation Time Results by Technique from Testbed Evaluation
(* The linear mapping used in these cases was a one-to-one physical to virtual hand

mapping)
Tech Selection Attachment Manipulation Mean Time (s)
1 Go-Go Go-Go Go-Go 26.551
2 Ray-casting Move hand Linear mapping 32.047
3 Ray-casting Move hand Buttons 30.970
4 Ray-casting Scale user Linear mapping* 40.683
5 Ray-casting Scale user Buttons 39.851
6 Occlusion Move hand Linear mapping 31.800
7 Occlusion Move hand Buttons 22.537
8 Occlusion Scale user Linear mapping* 24.780
9 Occlusion Scale user Buttons 20.528

One interesting fact to note from table 5.1 is that for each pair of technigungsthe
same selection andttachmentcomponentsthe techniqueusing indirect depth control
(button presses teel the object irand out) had a fasteneantime. Though this was not
statistically significant, itindicates that anndirect, unnatural positioning technique can
actually produce betteperformance. These technique® not aslegantand seem to be
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less popular withusers,but if speed ofmanipulation isimportant, theycan be agood
choice.

All three of our within-subjects variables proved significéistance(f(2,72)=18.6,

p < 0.001), required accuracyf(1,36)=19.6, p < 0.001)and degrees of freedom
(f(1,36)=286.3, p < 0.001) all had significant main effects on manipulation time. As can be
seen from the large f-value for degrees of freedom, this variable dominated the results, with
the six degree of freedom task taking an averagé/df seconds toompleteand the two
degree of freedom task taking 12.7 seconds on average.

We also found aignificant interaction between required accuracy and degrees of
freedom, shown irtable 5.2. The six degree of freedontasks with a highaccuracy
requirement (small target size relative to the size of the object being manipwaied)
nearly impossible to complete in some cases, indicating that we did indeed test the extremes
of the capabilities of these interactitechniques. Onthe otherhand, required accuracy
made little difference in the 2DOF task, indicating that the techniques we tested could
produce quite precise behavior for this constrained task.

Table 5.2 Interaction Between Required Accuracy and Degrees of Freedom for
Manipulation Time (seconds)

2 DOFs 6 DOFs
Low Accuracy 11.463 40.441
High Accuracy 13.991 53.992

Unfortunately, these data cannot answer the question of whether theyeaiadive
difference between the 2 DOF and 6 DOF tasks. Does the 2 DOF task have a constant slope
regardless of the required accuracy or isuge/ard slope simply of lowanagnitude than
that of the 6 DORask? In othemwords, doesadding more degrees of freedom to a
manipulation taskreate alifferent type oftask, or does isimply add more of the same
types of difficulty?The best way to answehese questionwould be toinclude a middle
condition with three degrees of freedom, and we propose this as \udtke We can get
someidea of the importance dhis interaction by looking at theskata on alog scale
(figure 5.8). This graph doewt appear t@how aninteraction, and thus we suggésat
degrees of freedom may be additive, andquatitatively different. Thismay be a fruitful
topic for further research.
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Figure 5.8 Logarithmic Scale Graph of Interaction Between DOFs and Accuracy

All of the significant results reported above hawebserved statistical power
(computed using alpha = 0.05) of 0.92 or greater.

Finally, we found ademographic effedior performanceMales performed better on
both the selectiorime (p <0.025) and manipulatiortime (p <0.05) response measures.
Spatial ability and VE experience did not predict performance.

Again, looking at the results, we have any of a numbemnansfipulation techniques to
choose from which appear to hasanilar performance.The lowest mean timeswere
achieved by techniguessing occlusiorselection and/or the scalirgjtachment technique
(techniques 7, 8, an@). The fact that the scaling technigmeoducesbetterperformance,
especially on the six degree of freedtask, makes intuitivesense. Ithe user isscaled to
several times normal size, then a small physical cteplead to a large virtuahovement.
That is, userscan translate their viewpoint large distances while manipulatingbgact
using this technique. Therefore, the difficult manipulatiortasks, userg€an move their
viewpoint to a more advantageous position (closdéhédarget, withthe target directly in
front of them) to complete the task more quickly. We observed this in a significant number
of users.

However,these techniques also haverice. Wehave already stated thatclusion
selection increases argtrain. Similarly,scaled manipulation significantly increases the
reported final level of dizziness relative to techniques witiereserremains at the normal
scale. Thus, amportant guidelingdhypothesis 2) ighat suchtechniquesshould not be
used when users will be immersed for extended periods of time.
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5.6 Summary

In this chapter, wehave used our design anedvaluation methodology tstudy
techniques for the selection and manipulation of objects in immersive VEs. Theseillasks
be found in most interactively complex VE applications, so drusial that weunderstand
the performance characteristics of treious proposed ITOur initial user study ofirm-
extension and ray-casting techniques gave us useful information and understanding of these
two metaphors, andllowed us to combine thefor better performance in thdOMER
techniques. We used this knowledge as a basis forfaoomal design andevaluation
framework,including a taxonomy of selection and manipulatiechniques performance
metrics, and outside factors that could influence performance. This frameworkalzsd
in our testbed evaluation, which produced complexulsetulempiricalresults. Inchapter
six we apply these results to a complex VE application in order to increase its performance.
Several important principles conogit of this researclOur user study showethat
naturalismdoes not necessarily produce gguetformance on selection and manipulation
tasks. Rather, magic techniques seemed to be easier, more efficient, aratcaptable to
users.The testbed experimeshowedthat 2D selectiormetaphors based on ray-casting
were more efficientthat the perceived size of virtual objects affects sele@roors, and
that scaled object manipulation can increase efficiency on difficult manipulas&e. We
also found user comfort to be a significant measure for selection and manipialiskion|f
speed werghe only consideration, g&echniquesuch as Sticky Finger (occlusiselection
combined with scaled object manipulation) would be an excellent choice. However, both of
these components produced moderate to high levels of discomtmeis,which will not
be acceptable in applications with longer exposure times.

87



