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Abstract

We have built asystenthatallows usergo naturallymanipulaterir-
tual 3D modelswith both handson the Responsie Workbench,a
tabletopVR device. Ourdesignis largely baseduponGuiards ob-
senationsof how humansdistribute work betweenthe two hands
in therealworld. We shav how to apply theseprinciplesfor the
workbenctervironmentanddescribenary issuesencounteredur-
ing the design. We first develop a framework for two-handedn-
teractionand then explore a variety of two-handed3D tools and
interactve techniques.Relatedissuesincludehow constraintsare
implementecandcontrolledby the two handsandhow transitions
betweenone-handednd two-handedasksoccur seemlessly In-
formal obsenrationsof the systemin practiceshaw that userscan
perform navigation and manipulationtaskseasily and with little
training using the two-handedervironment. One of our interest-
ing findings was that usersoften performedtwo-handedmanipu-
lationsby combiningtwo otherwiseindependentne-handedools
in a synegistic fashion. In thesecaseswe did not programtwo-
handedehaiors explicitly into the system;insteadthey emeged
naturally
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1 INTRODUCTION

Mostcurrentinteractve 3D graphicsapplicationsaarebasedn con-
ventional desktopcomputingenvironments. Unfortunatelythese
ervironmentsuse two-dimensionalinput and output devices: a
mousefor inputanda CRT or flat-paneldisplayfor output. Sucha
2D interfaceto a 3D world is oftenunnaturabndunintuitive, andat
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worstfrustratingandunproductie. 3D input andoutputtechnolo-
gies,suchasasix degreeof freedom(DOF) positionaltrackersand
binocularstereodisplays,provide much more flexibility thanthe
mouseand CRT for modelingandvisualizing 3D structures.But
merelyproviding more channelf input andoutputis notenough
to malke theinterfaceto a 3D virtual world naturalandeasyto use.
In factthe flexibility affordedby moredegreesof freedommales
the userinterface designmore complicated,not simpler Design
principlesfor suchervironmentsarelargely unknavn andcertainly
notin the samestateof developmentasthe moderndesktopgraph-
ical userinterface.

This paper describestwo-handedinteraction techniquesthat
have beendevelopedfor the Responsie Workbench,a tabletop
stereodisplay basedon a workbenchmetaphor[9, 10]. It dif-
fers from mostclassicalVR-systemsJike headmounteddisplays
(HMDs) andthe CAVE [4], thattry to immerseuserscompletely
in a virtual space.In contrastthe Responsie Workbenchallows
applicationgo setvirtual objectson top of arealtablewhichis in-
tegratedinto the users naturalworking ervironment. For example,
anarchitecturatlesignapplicationplacesavirtual sitemodelonthe
workbenchto emulatehephysicalmodel. Two applicationswill be
usedin this paperto illustrate our interactive techniques:medical
trainingandautomotve design(Figurel).

Figurel: Two-handednteractionfor two differentapplicationson
the Responsie Workbench.(a) Medicaleducatiorandtraining: A
skeletonrestson theworkbencHik e abodyon the operatingable.
Userscanreachin andgrabbonesandorgansaswell asperform
manipulationson the entire model. (b) Automotive Design: A fi-
nite volume model of a car interior is placedon the Responsie
Workbench Engineersisethemodelfor air flow analysis.Theim-
agesin this paperweretaken by switchingthe viewpoint from the
users headpositionto theactualcamerdocation.

The userstandsin closeproximity to virtual objectson the Re-
sponsie Workench which enableswo-handediirectmanipulation
techniques. The original interfaceto the systemusedsimulated
buttonsat the front of the tableto control differentactionsanda
standardne-handedrasp-and-manipulatiaterface. Both button



pushesand manipulationsvere controlledby a single6 DOF sty-
lus. However, it soonbecameohviousthatthis interfacewasvery
limiting andwe soughtto improve it.

In this paperwe reporton someof our initial resultsusingtwo-
handednputontheResponsie Workbench.In particular weapply
Guiards framevork on hov humansmanipulateobjectswith both
handsin therealworld. Themostinterestingechniquesnvolve an
asymmetriadivision of labor betweenthe two hands. We discuss
the basichbuilding blocksimplementedor two-handednteraction
andexplore varioustwo-handedools andtechniquesWe alsode-
scribemary issuesn thedesign suchashow to specifyconstraints
andhow to transitionbetweerdifferenttasksin a naturalway. Fi-
nally, we presentesultsandobserationsof the systemin practice.

2 RELATED WORK

Guiard[5] hasstudiedeverydayactiities to understanchow hu-

mansdistribute work betweertheir right andleft hands. He clas-
sifiesmanualactiities into threecateyories. Certaintasksarein-

herentlyunimanual suchasthrowing dartsor brushingones teeth.
Othertasksarebimanual symmetric; bothhandsperformanidenti-

cal actioneitherin phasesuchasin weightlifting or out of phase
suchas milking a cov. A third classof actiities is bimanual

asymmetric wherea complex coordinatiorbetweerthehandss re-

quired.Examplesncludedealingcardsor playinga musicalinstru-
ment.Guiardalsodefinesaanorthogonabivisionof labor, wherethe
handsexhibit mutualindependencesuchaswhenworking on two

unrelatedpunimanuakasks.

The mostcommonactiities involve an asymmetricdivision of
laborbetweerthe left andright hand(we assumeight-handedn-
dividualsthroughoutthis paper). Guiard presentghreehigh-level
principlesregardingthe differentrolesof eachhandduringsucha
coordinatednovement.

e Theleft handadjustghespatialreferencevhile theright hand
performsactionsusingthis referencerame. As an example,
theleft handis usedto positionandorientanobjectwhile the
right handoperates tool.

e Right-handednovementgendto have a highertemporaland
spatialfrequenyg in comparisonto left-handedmovements.
Theright handis capableof producingfine-grainedgestures,
while theleft handperformsgrossmanipulations.

e Theleft handinitiatestheaction.

Severalresearcherbave appliedGuiards framework to design
two-handedlesktopinterfaces. The bestexampleis the Toolglass
and Magic Lensessystemdevelopedby Bier et al.[1, 2]. In this
systemone hand controlsthe Toolglass,a transparensheetcon-
taining overlaid tools, via a trackball,andthe otherhandcontrols
a cursorthat interactswith applicationobjectsthroughthe Tool-
glass. Kabbashet al.[8] followed Guiards framework in creating
bimanualasymmetridechniquegor adraving/coloringtaskbased
ontheToolglass.They shawedthattwo-handedechniqueseduce
thenumberof operationsminimizethecognitve load,andenhance
performance.This evidencewas supportedby a follow-up study
[11] with the Toolglasson two-handedechniquedor 2D drawing
tasks. All thesestudiessuggesthat Guiards framework is useful
in thedesignof two-handedcomputerinterfaces.

In the pastfew years,several VR systemshave beenbuilt that
enablethe useof both hands. THRED [18] is a 3D CAD system
designedor sketchingpolygonalsurfacessuchasterrains. THRED
usestwo 6 DOF Polhemudraclers with addedbuttonsfor input.
Thedivision of laboris asfollows: the non-dominanhandcontrols
theinteractionmodewhile thedominanthandhandlesspatialtasks
suchaspickingandmanipulatinganobject.

PolyShop[12] concentrateson symmetric two-handedtech-
niquesfor scaling,rotating, and stretchingobjectsand navigating
throughthe scene Userscanalsoaligh objectswith bothhandsvia
anchorsandconstraints.In the CHIMP system[14], the userper
formsaunimanuabperatiorfor translationgndrotations andabi-
manuakymmetriconovementfor scales Recentlywork on CHIMP
hasfocusedon moreasymmetridwo-handednanipulation[1}

Hauptmanrhasstudiedhow usersspecifygraphicalobjectma-
nipulationswith a mixture of conversationand handgestures[p
Mary subjectsexpressedotationsby giving a steeringwheelturn
or apaddlewheelmotion,andmostspecifiedscalingby moving the
handsapartor together Thesesxperimentsuggesthatmeanings
oftennaturallycorveyedvia bimanualsymmetrichandmotions.

Oneof the mostnovel two-handednput systemss the erviron-
mentfor neurosugical planningdescribedy Hinckley etal.[7]. In
this systemthe usermanipulatespassie real-world props” with
both hands. Thesepropsare physical,everydayobjectswith em-
bedded6 DOF trackers. For example,the left handcontrolsthe
headpositionwith adoll's headpropwhile the right handmanipu-
latesa cutting-planewith arectangulaplateprop. Boththe 3-Draw
systen17] andtheWorldsin Minature(WIM) project[15] employ
propsin a similarmanner The advantageof propsis thatthey give
the userkinestheticand tactile feedbackwhich aidsin manipula-
tion, andtheir physicalshapeprovides a crucial affordanceasto
theirappropriataisein thesystem.

3 THE RESPONSIVE WORKBENCH

The Responsie Workbench[9, 10] is a virtual ervironmentbased
on a high resolutiontabletopdisplay system. Usersinteractdi-
rectly with threedimensionalirtual objects,which are projected
as stereoscopiémagesonto the surfaceof atable (Figure2). A
separatémageis computedor eacheye, andthe computerquickly
alternateghedisplayof thetwo views. Userswearshutterglasses,
which cover the left eye while the right eye’s imageis displayed,
andvice versa,thus producingthe stereoscopieffect. We attach
a Polhemus DOF sensotto the shutterglassedor headtracking.
Thisallowsthesystento computehecorrectperspectie imagefor
ary userlocation.

Figure2: The Responsie Workbench A videoprojectorprojectsa
high resolutionstereoscopitmagethrougha mirror ontothe table
top. The systemis currently driven by a Silicon GraphicsOnyx
RealityEngineyraphicssystemat a resolutionof 1025x768pixels
at96Hz,48Hzpereye.



Manipulationof virtual objectsand navigation within the ervi-
ronmentis controlledby a Polhemustylus,apen-like 6 DOFinput
device, andFakespaces PINCH glovesequippedvith Polhemu$
DOF sensoron the backof eachhand. The stylustip providesa
singledistinguishegointof action,whereador thePINCH gloves,
sucha point is not well-defined. We decidedto usethe position
wherethe thumbandindex finger meetasthe point of action,and
we estimatethis point by addinga constantoffset to the position
information provided by the Polhemus. The stylusis a one but-
ton device, while PINCH glovesdetectdifferentpinchesbetween
fingers. The original systemasdescribedn [9, 10] useda Virtual
Technologie€yberGlaoe, whichalsoprovidesjoint angleinforma-
tion for gesturaecognition but requiresmoreextensve calibration
thanthe PINCH gloves.

Navigation in traditionalimmersive VR systemsusing HMDs
entailsflying, walking, or driving around. In contrast,navigation
on the Responsie Workbenchtypically exploits the naturalspatial
referencdrame provided by the tabletop.We identifiedfour basic
navigationaltasks:

1. Theuserslidesthemodelaroundonthetableplane lifts it up,
or pushest backdown.

2. Themodelis rotatedaroundoneof the principalaxesthatare
naturallydefinedby thetabletopor by themodel.

3. Theuserzoomsin or outby enlaging or shrinkingthescene.

4. Theuserchangeshis or herpositionrelative to the tableand
consequentlyelative to the model, e. g. by walking around
the table or by moving the headcloserto or awvay from the
model.

Thetablesenesin somesenseasa large physicalprop, sincethe
model is anchoredon the table and the users head position is
tracked with respectto the table. The visible partsof the model
aremostlywithin armslengthreachof theuser which enablesasy
directmanipulatiorof the sceneandof objectsin thescene.

4 BASIC BUILDING BLOCKS

We developeda systemframevork to supportmultiple input de-
vices and two-handedinteraction. During the initial phasesof
design,we decidedon a virtual tools-basedapproachsimilar to
[16, 19], mainly because¢he Responsie Workbenchresembles
physicalworkbench.We createdthreebasicbuilding blocks: ma-
nipulatorswhich encapsulatéput devices,tools which definethe
interactionsandtoolboxeswhich allow for transitiondetweerdif-
ferenttools.

Manipulators

Manipulatorsprovide a logical abstractionfor 3D input devices.
Eachdevice suppliesthe manipulatomwith positionandorientation
dataaswell ashuttonclick information. Manipulatorsalsoprovide
amechanisnfor attachingto the variousunimanualandbimanual
tools. Our systemsupportsboth one-hande@ndtwo-handedna-
nipulators. One-handednanipulatorencapsulata single-handed
device and allow it to pick up a one-handedool. The uniman-
ual manipulatorsn our systemare the stylus, the left glove, and
the right glove. Two-handedmanipulatorsbind two one-handed
manipulatorgogether The two-handednanipulatorcanpick up a
two-handedool, or it canallow eitherone-handednanipulatorto
pick upaone-handetbol. In oursystematwo-handednanipulator
canbind two glovesor a glove anda stylus(Figure3).

We designedthe manipulatorsso that two-handedbehaiors
would be developedindependentf specificdevices. This leadsto

one-handed two-handed

Tools

'wTa}i'le%t'oFs"/" N\ 2h gloves
[N N\

lhstylus | 1hglove lhglove
Devices ! """" ! """
Stylus PINCH gloves

Figure 3: Basic Building Blocks. Devicesreferto the physical
input hardware, and manipulatorgprovide an abstractiorfor these
devices. Eachof the devicesis encapsulatetly a one-handedna-
nipulator Layeredontop of that,two-handednanipulatordindto-

gethertwo one-handedhanipulatorgor bimanuainteractionsThe
arraws in this diagramrepresenthe possibleattachmentbetween
manipulator@&ndtools. By combiningtheoneandtwo-handedna-

nipulatorsin the abore manneywe allow the userto pick up both

one-handedndtwo-handedoolswith the pinchgloves.

anextensiblesystenthatcaneasilyincorporatenew inputtechnolo-
gies. Furthermorewe wantedto experimentwith differentcom-
binationsof input devices, suchasthe glove with the stylus. An

interestingcombinationusesall threedevicessimultaneouslyThe
userwearsboth glovesfor two-handedmanipulationbut picks up
the stylusin one handto perform precisiontasks. Thus,the user
canchoosehemoreappropriatananipulatorfor a givensituation.

Tools

Tools are usedto perform specifictasks. Table 1 lists all of the
oneandtwo-handedoolsreferencedn this paper We firstimple-
menteda one-handed® DOF grab, which allows the userto pick
up asingleobjectandmove it aroundfreely. We alsocreatecbne-
handedvisualizationtools, suchasa cutting planeand an opacity
tool. The automobileapplicationhastools specificallydesigned
for scientificvisualizations:a temperaturelane provides visual-
izationsof 2D temperaturslices,while two othertools emit parti-
clesor streamlinesnto the airflow. One-handedools areusually
initiatedwith a stylusclick or pinch (thumb-to-ind&).

In contrastiwo-handedoolsengagéiothhandsin a synegistic
fashion. Thesetools displaytwo 3D virtual cursors,onefor each
hand o indicatetheappropriatalivisionof labor Typically, theleft
handhasa coordinatesystemto signify positionalsubtaskswhile
theright handshaws a cursorimplying specificfunctionality such
asamagnifyingglassfor zooms.Mostof ourtwo-handedoolsdeal
with globalscenegpositioning(zooms rotations andtranslationspr
singleobjectmanipulationsTwo-handedoolsareusuallyinitiated
whenbothhandsarepinched.

Toolboxes

Toolboxesallow theuserto transitionbetweertdifferenttools. They
alsogive structureand organizationto the system(Figure4). In



Type Description
Unimanual
one-handedrab Pickup asingleobjectandmoveit freely.
panning Slidethemodelon thetabletop.
cuttingplane Cutaway a portionof themodelor a portionof a singleobject.
opacity Adjustthetransparencof theskin for themedicalapplication.
temperature Visualize2D temperatursliceswithin anautomobile.
particle Emit particlesinto anair stream.
streamline Seedstreanlinesinto anair stream.
Bimanual symmetric
symmetricscale Shrinkor enlage objectsby moving bothhandsapartor together
slide-and-turn Slideandturnthemodelonthetabletop.
turntable Turnthemodelonthetabletop abouta fixed axisof rotation.

grab-and-twirl

grab-and-carry

Carryandturn anobjectaroundwith both hands.Eachhandcanalsobe usedindependendiasa
one-handedrabtool.

Similar to the grab-and-twirltool exceptit doesnot allow roll aroundtheline connectinghe two
hands.

Bimanual asymmetric

grab-and-scale
trackball
zoom

freerotation

axisrotation
heuristicrotation

pinchrotation

constrainedranslation

Left handpositionsobjectwhile right handmovestowardsor awvay fromiit.
Left handpositionsobjectwhile right handrotatest aboutits center

Left handpositionsthe model and specifiesthe zoomregion, right handmoves towardsor away
from theleft handto specifythezoomfactor

Left handpositionsthemodel. The axisof rotationis specifiedby theleft hands orientation.Right
handrotatesaroundeft hand.

Similarto thefreerotationexceptthe axisof rotationsnapgo oneof the principalaxes.

Similarto thefreerotationexceptthe axisof rotationis constrainedo oneof theprincipalaxesand
inferedfrom the motionof theright hand.

Similar to the free rotationexceptthe axis of rotationis specifiedby a pinch gesturewith theleft
hand.
Left handspecifiesaline or planeconstraintyight handtranslates.

Tablel: List of toolsreferencedn this paper

our original design the usercould placetools arywhereon the ta-
ble, similar to a real-world workbench. Although sucha system
gives the usergreatflexibility, the table soonbecomescluttered
andmessy(like the realworkspace) Thetoolbox groupsthetools
in a clearmanner muchastoolbarsdo on mary desktopapplica-
tions. We did not implementhierarchicaland movabletoolboes,
but theseextensioncould be easilyintegrated.

5 TWO-HANDED INTERACTION

Oncewe developedanunderlyingsystemfoundation we explored
two-handednteractionon the Responsie Workbench Weimple-
mentedboth bimanualsymmetricand bimanualasymmetricools
for theWorkbench.

Coordinated Symmetric Interaction

We presentfive different types of two-handedsymmetrictools:
symmetric scale, slide-and-turn,turntable, grab-and-carry and
grab-and-twirl. Thescalingtool shrinksor enlaggesobjectshy mov-
ing bothhandstogetherr apart,similarto [3, 12, 14].

The slide-and-turn(Figure 5) allows the userto perform a
steering-wheemotion on the tabletop. This tool exploits the fact
thatmary of our modelsreston the table. The userpincheswith
bothhandswhichlocksthe sceneo the centerof theline connect-
ing thetwo hands.Thescenes movements definedby atranslation
of the centerof the line sggmentanda rotationaroundthe center
The axis of rotationis fixed to be perpendiculato the tabletop,

Figure4: Closeupof a toolbox containingvarioustools. Our sys-
temsupportsnultipletoolboxeswhichgroupsimilartaskstogether
The tools are displayedas 3D icons that visually representheir
functionality Userscan pick up a tool by clicking on it with the
stylusor by pinchingit with thegloves. After finishingwith atool,
the usercaneitherpick up a differenttool or simply drop the cur
rentonein thetoolbox,in which casethesystenreturnsto adefault
behaior.



Figure5: The slide-and-turrtool: We useboth handsin a sym-
metric mannerto simultaneouslyotateandslide the modelon the
table. Theaxisof rotationis alwaysconstrainedo be perpendicular
to thetableplane.

andthetranslationis constrainedo thetableplane.Thistool gives
usersthe flexibility of sliding the modelon the table planein ad-
dition to rotatingit. We alsoimplementecda secondvariation,the
turntable,which fixesthe rotation axis positionat the startof the
rotationanddoesnot translate.This alternatve behaesmorelike
arealturntable put provideslessflexibility thantheslide-and-turn.

The grab-and-carryets the userhold onto an objectwith both
handsand“carry” it aswell asturnit around.Thistool is function-
ally identicalto theslide-and-turnexceptthatits axisof rotationis
not constrainedhor is thetranslation.This widgethasfive degrees
of freedomaswe do notroll the objectaroundtheline connecting
the two hands. The grab-and-twirladdsthis sixth degreeof free-
dom. The objects roll caneitherbe controlledby the left hands
roll, theright hands roll, or acombinationof thetwo. We decided
to usethe right hands roll, which introducesa slight asymmetry
into the tool but providesthe userwith moredirectcontrolthana
combinatiorof thetwo rolls.

Both toolswork well for large objectswhereit is easyandnatu-
ral to pinchattheendsof theobject.In suchcasesit givestheuser
more control over an objectthanthe one-handedyrab This inter-
faceis very similarto how we grabandmaneuer objectswith both
handsin the real world, andit shavs how two 6 DOF manipula-
torscaneffectively interactto specifya6 DOF motionfor avirtual
object.

Coordinated Asymmetric Interaction

For scenenavigation, we implementedhe following two-handed
asymmetridools: constrainedranslation.zoom,andseveral vari-
ationsof a rotationtool. With the translationtool, the left hand
specifiesa line or planeconstraintwhile the right handtranslates
thescene.

Two-handedzooming(Figure 6) allows the userto focuson a
specificregion of the scene.This tool introducesa tight coupling
betweenthe two handsthat conformsto Guiards principleson
asymmetridbimanualactivity. Theleft handinitiatestheactionand
setsup thereferencedramefor theright handin two ways: it posi-
tionsthemodelbeforethezoom,andit providesthefocal pointfor
the manipulation. This type of zoomoperationis perceved like a
three-dimensionalersionof a zoomwith a cameraput it doesnot
have anequialentin therealworld. In animmersvie ervironment,
the exact sameoperationwould male the userfeel asif he or she
wereshrinkingor growing with respecto the surroundingscene.

Thefreerotationtool dividesthe labor betweerthe left andthe
right handin the following manner: The left handtranslateshe
model,but alsospecifieghe positionandorientationof therotation
axisby holdingontoavirtual axis. Theright handperformstheac-
tual rotationby circling arouncthis virtual axis. Thenon-dominant
handprovidesthe referenceramefor the dominanthandin three

Figure6: Thezoomtool: The left handpositionsthe skeletonand
providesthefocal point, while the right handzoomsin by moving
away from thefocal point. Similarly, onecanzoomout by maving
theleft handtowardsthefocal point.

differentways. First, the usercanpositionthe scenen preparation
for the rotation,muchaswith the zoomtool. Next, the userspec-
ifies the axis position, similar againto the zoomtool. Finally, the
userspecifieghe orientationof rotationaxiswith theleft hand.We
realizedthatfor certainapplicationsisersonly wantedto rotatethe
scenearoundoneof the principalaxes,which arenaturallydefined
by the tabletop. The next sectiondealswith the specificationof
constraintdor suchsituations.

We alsoimplementecda setof two-handedools for objectma-
nipulations,wherethe left handgrabsthe objectand positionsit,
while the right handperformsthe intendedaction. The grab-and-
scaleworks similarly to the two-handedzoomabove. Sinceit is
difficult to specifyafocal point for small objects,we alwaysscale
aboutthe centerof the objects boundingsphere.Anothertool of
thistypeis thetrackball,whichrotatesanobjectaboutthe centerof
its boundingsphere.

6 CONSTRAINTS

Constraintscan greatly simplify tasksin a virtual ervironment.
Marny of our tools constrainthe axis of rotation. We alsoconstrain
translationgo occuralonganaxisor plane.We have notyetimple-
mentedalignmenttoolsthatrestrictobjectpositionwith respecto
otherobjects.

Theremustalsobe a naturalmeansfor the userto specifythe
constraint.In our systemtheleft handusuallyarticulateshe con-
straintwhile the right handperformsthe intendedaction. We ex-
ploredfour differenttechniques:

e Built Into the Tool: Marny tools have a constraintbuilt into
their behaior. On the Responsie Workbench built-in con-
straintsoften exploit the horizontaltabletop. The symmetric
slide-and-turrdescribedearlier (seeFigure 5) restrictsrota-
tions aroundthe axis perpendiculato the tableplane. Simi-
larly, the panningtool forcestranslationsalongthetabletop.

e Hand Orientation: The axis rotationtool computeghe ro-
tation axis baseduponthe users handorientation(seeFig-
ure 7a). Similarly, the constrainedranslationdetermineghe
line or planefrom the orientationof the non-dominanhand.
An openpalmsignifiesplanartranslationsvhile a closedfist
denotesnovementsalongaline.

e Heuristicfrom Motion: Theheuristicrotationinferstheaxis
of rotationbasedon the directionof the right hands motion
(seeFigure7b). The heuristicchoosesa principal axis once
therotationangleof theright handaroundthis axisexceedsa
certainthreshold.We canalsodeterminetheline or planeof
a constrainedranslationbasedon the translationpathof the
right hand,but thisis currentlynotimplemented.



(a) handorientation

(b) heuristic

(c) pinching

Figure7: Constrainingotationsaroundone of the threeprincipal
axes. We implementedhreedifferentmethodsfor specifyingthe
axisof rotation.(a) Handorientation:The userorientstheleft hand
along the desiredaxis. The axis of rotation snapsto the closest
principalaxis. (b) Heuristic: We infer the axis oncetheright hand
beginsrotatingthe scene.(c) Pinches:The userselectghe axis by
specifyingoneof threedifferentpincheswith theleft PINCHglove.

e Pinch Gestures: A fourthapproachmapstheaxisof rotation
to differentfinger pinches(seeFigure 7c), e. g. thumbto
index mapsto thex, thumbto ring to y, andthumbto pinky to
z.

In comparingtheseapproachesheuristicsinvolve an implicit
specificatiorof the constrainwhich tendsto placeminimal cogni-
tive load on the user However, ary heuristicstill hasthe potential
of choosingincorrectly Built-in constraintsare alsoimplicit and
work very well with our system. Of course,userslose flexibility
with built-in constraintsasthey canonly rotateaboutone axis or
translatewithin a singleplane.The handorientationapproactgen-
erally requiresbrief training sincewe do not manipulateobjectsin
therealworld with gesturesHowever, this solutionis explicit and
visualwith a directmappingbetweerthe handorientationandthe
axis or plane. Oncelearned,it givesusersextensie control over
the rotationsor translations. Finally, specifyingconstraintswith
pinchesinvolves an arbitrary mappingbetweenthe pinch andthe
constraintWith the pinchrotationtool, userscanquickly learnthe
mappingsincethereareonly threeoptions.Ontheotherhand,if we
considera pinchtranslationtool with six choices(threeplanecon-

straintsandthreeline constraints)the mappingquickly becomes
complicatedanddifficult to perform.

7 TRANSITIONS

Mary tasksdecompos@nto anumberof sequentiabubtasksTran-

sitionsreferto thechangdrom onesubtasko another Two-handed
inputintroducesanadditionallayerof complity in handlingtran-

sitionsbetweerone-handedndtwo-handedools. We exploretwo

explicit transitionmethodstoolbox and power widget transitions,
aswell asoneimplicit approach.

Toolbox Transitions

Thetoolboxprovidesanexplicit meangor themanipulatorgo tran-
sition betweendifferenttools. A manipulatorattacheso a tool
whenthe userpicks it up and detachesvhenit getsdroppedoff
(Figure4). Toolbox transitionsraisethe interestingissueof what
happensvhena manipulatotasnot selecteda tool (which occurs
at startuptime or aftera tool hasbeendroppedoff). In thesesitu-
ations,the manipulatorevertsbackto a default tool. One-handed
manipulatorassociatevith aone-handedefault. Two-handedna-
nipulatorscanhave atwo-handediefaultor eachhandcanassociate
with a differentone-handediefault tool. For example,in the med-
ical application the default for eachPINCH glove is a one-handed
grab Whenatool hasnot beenselectedrom thetoolbox,the user
canstill pick up andmove individual boneswith theleft andright
hands Otherapplicationanight definea differentsetof default be-
haviors. Figure8 shawvs how toolboxtransitionsarehandledn our
systemfor a two-handedmanipulatorwith two independenbne-
handedlefaults.

N

drop off drop off

pick up pick up

_( two-handed

drop off

Figure8: Thestatediagrantor toolboxtransitionsfor atwo-handed
manipulatowith two one-handedlefaults. The transitionsdefine
if a one-handedr atwo-handedool getspicked up, switched,or
droppedoff. The two-handedmanipulatorswitchesbetweenone
of thefollowing states:(Default) Both handshave the one-handed
default tool. (Mixed) One handhasa default tool, the otherhas
a one-handedool. (Two-Handed) Both handsare attachedo a
two-handedool. (One-Handed) Eachhandhasaone-handetbol.

pick up

Power Tool Transitions

A disadantagein using the toolbox is that usershave to alter
nate back-and-forthbetweenthe toolbox and the areaof interest.
Pawer tools pravide an explicit mechanisnwhich canreducethe



time spentswitchingback-and-forthA power tool allows the non-
dominanthandto control transitionsbetweentools aswell asen-
gagein two-handednteractions. It combinesthe functionality of

two or threetools by mappingeachto a different pinch gesture.
Thus,power tools cangrouprelatedtasksandminimize the cogni-
tive loadfrom context switching.

Implicit Transitions

We alsoexperimentedwvith a more subtlemethodof transitioning,
wherethe useris lessaware that the transitionis occuring. We
definethe grab-and-twirl(Figure 9) asthe two-handedlefault be-
havior for aninteraction.Initially, the systemis identicalto having
the two one-handedjrabdefaults. But, often timesthe userwill
reachin with the seconchandto helpmanipulatea grabbedbject.
At this point our default tool switchesto thetwo-handedperation.
The usercannow twirl the objectaroundwith both hands. This
transitionoccursnaturallymuchasonewouldfluidly switchfrom a
one-handetb two-handedyrabin therealworld. Theimplicit tran-
sition wasimplementedy couplinga one-handethehaior with a
two-handedehaior in the sametool. Thistechniquecouldbe ex-
tendedo othersituationsaswell.

Figure9: The grab-and-twirltool. The userfirst grabsan object

with eitherhandandmanipulateshe objectasaone-hande@ DOF

grab At somepoint,theuserpinstheobjectwith theotherhandand

performsasymmetricobjecttwirl. Thustheuserexperiencesnon-

explicit transitionbetweena one-handedyrab and a two-handed
grab

8 RESULTS

We obsered peopleusingthe Responsie Workbenchwhile giving

demosandduringa plannednformal userobsenration session\We

shaved usersa skeletonandasled themto completeseveral posi-
tioning and manipulationtaskssuchas“zoom in on the kneecap”
or “orient the skeletonvertically towardsyou andzoomin on the
heart! In observinguserswe hopedto ascertairwhetherour two-

handedools andthe systemasa whole were naturalandintuitive

for people. Specifically we attemptedto answerthe following

guestiongluringtheseobserations:

e DoesGuiards framevork provide a goodbasisfor designing
two-handednteractions?

e Do usersfind constrainedoperationsuseful for positioning
andorientingtheentirescendor is it moreeffective to simply
doa6 DOFgrab)?

o Are transitiondfluid andunobtrusie to theuser?

Onthewhole,usersfoundthetwo-handedoolsnaturalandeasy
to manipulate(seevideo proceedings). Usersbecameproficient

afterno morethana minuteor two of instruction. During our ob-

senations,we alsofoundthatusersoftenpicked up two seemingly
independenbne-handedools andusedthemtogetherin a coordi-

natedfashion.We noticedthefollowing examplesof thisemepgent
behaior: First, userspositionedthe skeletonwith the left hand
while grabbinga boneor applyinga cutting planewith the right

hand. Second,userspositioneda temperaturecutting planeinto

the car with the left handwhile injecting particleswith the right

hand. Theseexamplesmight be seenasthe juxtapositionof two

independenéctivities, but in eachcasethe left handsetsup a ref-

erenceframefor the right hand. This shavs that Guiards obser

vationsarea sensibleframevork for the implementatiorof direct
two-handednanipulationsn avirtual ervironmentsuchasthe Re-

sponsie Workbench.

Users noticed that constraintsoften provide direct meansto
achieve the taskthey hadin mind. Even basictaskslike turning
aroundthe skeletonon the table planeturnedout to be quite diffi-
cult with the one-handegjrabtool. Usersusuallyneedednultiple
grabandmove operationssinceour handis in factnot an uncon-
strainedé DOF device. Usingthe slide-and-turror oneof the axis
rotationtoolsallowedthemto performthis taskwith ease.

Oneof themoresuprisingresultswasthatthe asymmetriccom-
binationof a PINCH glove for theleft handandstylusfor theright
handworked muchbetterin mary situationsthanthe two PINCH
gloves,especiallyfor asymmetridasks. The stylusis a thinnerin-
put device with a distinguishecpoint of action,andit senesatthe
sametime asa pen-like physicalprop. The asymmetriccombina-
tion of input devices mirrors the asymmetricdistribution of labor
andis very muchin tunewith Guiards obseration that the right
handis capableof performingfiner grainedgestureghanthe left
hand.

9 SUMMARY AND FUTURE WORK

We have described systemthatallows a userto naturallymanip-
ulatevirtual modelswith both handsasthey aredisplayedon the
Responsie Workbench.The mostinterestingtwo-handednterac-
tionsarecoordinatecandasymmetricbothhandgerformdifferent
subtasksn asynepgistic wayto getacomple taskdone.Whende-
signingthe systemwe took adwantageof several designprinciples
developedby Guiardfrom studiesof how peopleusetheir hands.
Theseprinciplesareeffective guidelinesfor VR ervironments.We
have alsoinvestigateda variety of methodgor interactvely speci-
fying 3D constraintsandfor transitioningsmoothlybetweensub-
tasks.

Whenbegginning this work we thoughtthat all the two-handed
input techniqueswould needto be explicitly designedand pro-
grammed However, whenusingthe systemwe foundthatperhaps
the mostinterestingtasksemeged when the usercombinedtwo
otherwiseindependentinimanuatools. For example,in the scien-
tific visualizationsystemfor automobilecabinmodeling,the user
controlledtheslicing planeshaving temperaturevith onehandand
the sourceof particlesusedto generatestreamlineswith the other
hand. Presumablythe userwastestinga hypothesighattempera-
ture distribution depend®on the air flow. In retrospectsuchemer
gentinteractionsrenotthatsurprisingsincethisis how mary two-
handedperationsarisein therealworld. Froma systemgoint of
view, addinguncoordinatedwo-handednput to an existing one-
handedsystemis relatively easy but alreadyvery powerful.

Oneof the areaghat needdurther studiesarethe methodsthat
map the additional degreesof freedomprovided by more input
channeldnto simpleactions. New technologiego sensethe user
increasehenumbersf channelof inputdata:e. g. we receve po-
sition andorientationdatafor both hands andpotentiallymultiple
joint angles.Thisadditionaldatais neededo capture‘natural” mo-
tions, but usingall of the input channeldlirectly canmale precise
manipulationdifficult. Instead intelligently mappingthe various



input degreesof freedominto a lower degreetool often provides
the userwith morecontrol. For example,the grab-and-twirlcom-
binestwo 6 DOF inputsinto an easyto use6 DOF manipulator
Anothermeanof reducingthe degreesof freedomis by specifying
constraints.n our systemthe additionaldegreesof freedomfrom
oneinputdevice areactuallyusedto restrictthe degreesof freedom
in theotherinput.

A very interestingareaof future researchs to have the system
infer thatthe useris usingbothhandsin a cooperatie mannerand
to helpcoordinatehetaskfurther Considetheexamplewheneach
handholdsaone-handedrabtool which canbeusedo pick uptwo
differentobjects. If the sameobjectwere picked by both hands,
the two one-handedyrabscould be coordinatedasif they werea
tightly coupled,two-handedool. This potentialscenarioraisesa
hostof interestingssues For example how doesthesystendecide
whenboth handsare beingusedtogether?How doesit transition
betweerone-handedndtwo-handednodes?And finally, arethere
interestingthree-handedhteractionswherethe userprovidestwo
handsandthe computera third to assist?
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