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Abstract

Wehavebuilt asystemthatallowsusersto naturallymanipulatevir-
tual 3D modelswith both handson the Responsive Workbench,a
tabletopVR device. Ourdesignis largelybaseduponGuiard’s ob-
servationsof how humansdistribute work betweenthe two hands
in the real world. We show how to apply theseprinciplesfor the
workbenchenvironmentanddescribemany issuesencountereddur-
ing the design. We first develop a framework for two-handedin-
teractionand then explore a variety of two-handed3D tools and
interactive techniques.Relatedissuesincludehow constraintsare
implementedandcontrolledby the two handsandhow transitions
betweenone-handedandtwo-handedtasksoccurseemlessly. In-
formal observationsof the systemin practiceshow that userscan
perform navigation and manipulationtaskseasily and with little
training using the two-handedenvironment. Oneof our interest-
ing findingswas that usersoften performedtwo-handedmanipu-
lationsby combiningtwo otherwiseindependentone-handedtools
in a synergistic fashion. In thesecases,we did not programtwo-
handedbehaviors explicitly into thesystem;insteadthey emerged
naturally.

CR Categories: I.3.6 [Computer Graphics]: Methodology
andTechniques—Interactiontechniques;I.3.7 [ComputerGraph-
ics]: Three-DimensionalGraphicsand Realism—Virtual reality;
H.5.2[InformationInterfacesandPresentation]:UserInterfaces—
Interactionstyles;

Keywords: two-handedinteraction,virtual reality, threedimen-
sionalinteraction,directmanipulation,3D widgets,interactive 3D
graphics

1 INTRODUCTION

Mostcurrentinteractive3D graphicsapplicationsarebasedoncon-
ventionaldesktopcomputingenvironments. Unfortunatelythese
environmentsuse two-dimensionalinput and output devices: a
mousefor inputandaCRT or flat-paneldisplayfor output.Sucha
2D interfaceto a3D world is oftenunnaturalandunintuitive,andat

�
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worst frustratingandunproductive. 3D input andoutputtechnolo-
gies,suchasasix degreeof freedom(DOF)positionaltrackersand
binocularstereodisplays,provide muchmoreflexibility than the
mouseandCRT for modelingandvisualizing3D structures.But
merelyproviding morechannelsof input andoutputis not enough
to make theinterfaceto a 3D virtual world naturalandeasyto use.
In fact the flexibility affordedby moredegreesof freedommakes
the userinterfacedesignmorecomplicated,not simpler. Design
principlesfor suchenvironmentsarelargelyunknown andcertainly
not in thesamestateof developmentasthemoderndesktopgraph-
ical userinterface.

This paper describestwo-handedinteraction techniquesthat
have beendevelopedfor the Responsive Workbench,a tabletop
stereodisplay basedon a workbenchmetaphor[9, 10]. It dif-
fers from mostclassicalVR-systems,like headmounteddisplays
(HMDs) andthe CAVE [4], that try to immerseuserscompletely
in a virtual space.In contrast,the Responsive Workbenchallows
applicationsto setvirtual objectson top of a realtablewhich is in-
tegratedinto theuser’s naturalworkingenvironment.For example,
anarchitecturaldesignapplicationplacesavirtual sitemodelonthe
workbenchto emulatethephysicalmodel.Two applicationswill be
usedin this paperto illustrateour interactive techniques:medical
trainingandautomotive design(Figure1).

(a) (b)

Figure1: Two-handedinteractionfor two differentapplicationson
theResponsive Workbench.(a) Medicaleducationandtraining: A
skeletonrestson theworkbenchlike abodyon theoperatingtable.
Userscanreachin andgrabbonesandorgansaswell asperform
manipulationson the entiremodel. (b) Automotive Design: A fi-
nite volume model of a car interior is placedon the Responsive
Workbench.Engineersusethemodelfor air flow analysis.Theim-
agesin this paperweretakenby switchingtheviewpoint from the
user’s headpositionto theactualcameralocation.

Theuserstandsin closeproximity to virtual objectson theRe-
sponsiveWorkench,whichenablestwo-handeddirectmanipulation
techniques. The original interface to the systemusedsimulated
buttonsat the front of the table to control differentactionsanda
standardone-handedgrasp-and-manipulateinterface. Both button



pushesandmanipulationswerecontrolledby a single6 DOF sty-
lus. Ho� wever, it soonbecameobvious that this interfacewasvery
limiting andwesoughtto improve it.

In this paperwe reporton someof our initial resultsusingtwo-
handedinputontheResponsiveWorkbench.In particular, weapply
Guiard’s framework on how humansmanipulateobjectswith both
handsin therealworld. Themostinterestingtechniquesinvolvean
asymmetricdivision of labor betweenthe two hands.We discuss
the basicbuilding blocksimplementedfor two-handedinteraction
andexplorevarioustwo-handedtoolsandtechniques.We alsode-
scribemany issuesin thedesign,suchashow to specifyconstraints
andhow to transitionbetweendifferenttasksin a naturalway. Fi-
nally, wepresentresultsandobservationsof thesystemin practice.

2 RELATED WORK

Guiard [5] hasstudiedeverydayactivities to understandhow hu-
mansdistributework betweentheir right andleft hands.He clas-
sifiesmanualactivities into threecategories. Certaintasksarein-
herentlyunimanual suchasthrowing dartsor brushingone’s teeth.
Othertasksarebimanual symmetric; bothhandsperformanidenti-
cal actioneither in phasesuchas in weightlifting or out of phase
such as milking a cow. A third classof activities is bimanual
asymmetric whereacomplex coordinationbetweenthehandsis re-
quired.Examplesincludedealingcardsor playingamusicalinstru-
ment.Guiardalsodefinesanorthogonaldivisionof labor, wherethe
handsexhibit mutualindependence,suchaswhenworking on two
unrelated,unimanualtasks.

The mostcommonactivities involve an asymmetricdivision of
laborbetweenthe left andright hand(we assumeright-handedin-
dividualsthroughoutthis paper).Guiardpresentsthreehigh-level
principlesregardingthedifferentrolesof eachhandduringsucha
coordinatedmovement.

� Theleft handadjuststhespatialreferencewhile theright hand
performsactionsusingthis referenceframe. As anexample,
theleft handis usedto positionandorientanobjectwhile the
right handoperatesa tool.

� Right-handedmovementstendto have a highertemporaland
spatial frequency in comparisonto left-handedmovements.
Theright handis capableof producingfine-grainedgestures,
while theleft handperformsgrossmanipulations.

� Theleft handinitiatestheaction.

Several researchershave appliedGuiard’s framework to design
two-handeddesktopinterfaces.Thebestexampleis theToolglass
andMagic Lensessystemdevelopedby Bier et al.[1, 2]. In this
systemone handcontrolsthe Toolglass,a transparentsheetcon-
taining overlaid tools, via a trackball,andthe otherhandcontrols
a cursorthat interactswith applicationobjectsthroughthe Tool-
glass. Kabbashet al.[8] followed Guiard’s framework in creating
bimanualasymmetrictechniquesfor adrawing/coloringtaskbased
on theToolglass.They showedthattwo-handedtechniquesreduce
thenumberof operations,minimizethecognitive load,andenhance
performance.This evidencewassupportedby a follow-up study
[11] with theToolglasson two-handedtechniquesfor 2D drawing
tasks.All thesestudiessuggestthatGuiard’s 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
designedfor sketchingpolygonalsurfacessuchasterrains.THRED
usestwo 6 DOF Polhemustrackerswith addedbuttonsfor input.
Thedivisionof laboris asfollows: thenon-dominanthandcontrols
theinteractionmodewhile thedominanthandhandlesspatialtasks
suchaspickingandmanipulatinganobject.

PolyShop[12] concentrateson symmetric two-handedtech-
niquesfor scaling,rotating,andstretchingobjectsandnavigating
throughthescene.Userscanalsoalignobjectswith bothhandsvia
anchorsandconstraints.In theCHIMP system[14], theuserper-
formsaunimanualoperationfor translationsandrotations,andabi-
manualsymmetricmovementfor scales.Recentlywork onCHIMP
hasfocusedonmoreasymmetrictwo-handedmanipulation[13].

Hauptmannhasstudiedhow usersspecifygraphicalobjectma-
nipulationswith a mixture of conversationand handgestures[6].
Many subjectsexpressedrotationsby giving a steeringwheelturn
or apaddlewheelmotion,andmostspecifiedscalingby moving the
handsapartor together. Theseexperimentssuggestthatmeaningis
oftennaturallyconveyedvia bimanualsymmetrichandmotions.

Oneof themostnovel two-handedinput systemsis theenviron-
mentfor neurosurgicalplanningdescribedby Hinckley etal.[7]. In
this systemthe usermanipulates“passive real-world props” with
both hands.Thesepropsarephysical,everydayobjectswith em-
bedded6 DOF trackers. For example,the left handcontrolsthe
headpositionwith a doll’s headpropwhile theright handmanipu-
latesacutting-planewith arectangularplateprop.Boththe3-Draw
system[17] andtheWorldsin Minature(WIM) project[15] employ
propsin a similarmanner. Theadvantageof propsis thatthey give
the userkinestheticandtactile feedbackwhich aids in manipula-
tion, andtheir physicalshapeprovidesa crucial affordanceas to
theirappropriateusein thesystem.

3 THE RESPONSIVE WORKBENCH

TheResponsive Workbench[9, 10] is a virtual environmentbased
on a high resolutiontabletopdisplay system. Usersinteractdi-
rectly with threedimensionalvirtual objects,which areprojected
asstereoscopicimagesonto the surfaceof a table (Figure2). A
separateimageis computedfor eacheye,andthecomputerquickly
alternatesthedisplayof thetwo views. Userswearshutterglasses,
which cover the left eye while the right eye’s imageis displayed,
andvice versa,thusproducingthe stereoscopiceffect. We attach
a Polhemus6 DOF sensorto theshutterglassesfor headtracking.
Thisallowsthesystemto computethecorrectperspective imagefor
any userlocation.

Figure2: TheResponsiveWorkbench.A videoprojectorprojectsa
high resolutionstereoscopicimagethrougha mirror ontothetable
top. The systemis currentlydriven by a Silicon GraphicsOnyx
RealityEngine2graphicssystemata resolutionof 1025x768pixels
at96Hz,48Hzpereye.



Manipulationof virtual objectsandnavigation within the envi-
ronment� is controlledby aPolhemusstylus,apen-like6 DOFinput
device, andFakespace’s PINCH glovesequippedwith Polhemus6
DOF sensorson the backof eachhand. The stylustip providesa
singledistinguishedpointof action,whereasfor thePINCHgloves,
sucha point is not well-defined. We decidedto usethe position
wherethethumbandindex fingermeetasthepoint of action,and
we estimatethis point by addinga constantoffset to the position
informationprovided by the Polhemus. The stylus is a onebut-
ton device, while PINCH glovesdetectdifferentpinchesbetween
fingers.Theoriginal systemasdescribedin [9, 10] useda Virtual
TechnologiesCyberGlove,whichalsoprovidesjoint angleinforma-
tion for gesturerecognition,but requiresmoreextensivecalibration
thanthePINCHgloves.

Navigation in traditional immersive VR systemsusing HMDs
entailsflying, walking, or driving around. In contrast,navigation
on theResponsive Workbenchtypically exploits thenaturalspatial
referenceframeprovidedby thetabletop.We identifiedfour basic
navigationaltasks:

1. Theuserslidesthemodelaroundonthetableplane,lifts it up,
or pushesit backdown.

2. Themodelis rotatedaroundoneof theprincipalaxesthatare
naturallydefinedby thetabletopor by themodel.

3. Theuserzoomsin or outby enlargingor shrinkingthescene.

4. Theuserchangeshis or herpositionrelative to thetableand
consequentlyrelative to the model,e. g. by walking around
the tableor by moving the headcloserto or away from the
model.

The tableservesin somesenseasa large physicalprop,sincethe
model is anchoredon the table and the user’s headposition is
tracked with respectto the table. The visible partsof the model
aremostlywithin armslengthreachof theuser, whichenableseasy
directmanipulationof thesceneandof objectsin thescene.

4 BASIC BUILDING BLOCKS

We developeda systemframework to supportmultiple input de-
vices and two-handedinteraction. During the initial phasesof
design,we decidedon a virtual tools-basedapproachsimilar to
[16, 19], mainly becausethe Responsive Workbenchresemblesa
physicalworkbench.We createdthreebasicbuilding blocks: ma-
nipulatorswhich encapsulateinput devices,toolswhich definethe
interactions,andtoolboxeswhichallow for transitionsbetweendif-
ferenttools.

Manipulators

Manipulatorsprovide a logical abstractionfor 3D input devices.
Eachdevice suppliesthemanipulatorwith positionandorientation
dataaswell asbuttonclick information.Manipulatorsalsoprovide
a mechanismfor attachingto thevariousunimanualandbimanual
tools. Our systemsupportsbothone-handedandtwo-handedma-
nipulators.One-handedmanipulatorsencapsulatea single-handed
device and allow it to pick up a one-handedtool. The uniman-
ual manipulatorsin our systemare the stylus, the left glove, and
the right glove. Two-handedmanipulatorsbind two one-handed
manipulatorstogether. Thetwo-handedmanipulatorcanpick up a
two-handedtool, or it canallow eitherone-handedmanipulatorto
pick upaone-handedtool. In oursystematwo-handedmanipulator
canbind two glovesor aglove andastylus(Figure3).

We designedthe manipulatorsso that two-handedbehaviors
would bedevelopedindependentof specificdevices. This leadsto

Stylus PINCH  gloves

Devices

Manipulators

Tools

1h glove 1h glove1h stylus

2h gloves

one-handed two-handed

Figure 3: Basic Building Blocks. Devices refer to the physical
input hardware,andmanipulatorsprovide an abstractionfor these
devices. Eachof thedevicesis encapsulatedby a one-handedma-
nipulator. Layeredontopof that,two-handedmanipulatorsbindto-
gethertwo one-handedmanipulatorsfor bimanualinteractions.The
arrows in this diagramrepresentthepossibleattachmentsbetween
manipulatorsandtools.By combiningtheoneandtwo-handedma-
nipulatorsin theabove manner, we allow theuserto pick up both
one-handedandtwo-handedtoolswith thepinchgloves.

anextensiblesystemthatcaneasilyincorporatenew inputtechnolo-
gies. Furthermore,we wantedto experimentwith differentcom-
binationsof input devices,suchasthe glove with the stylus. An
interestingcombinationusesall threedevicessimultaneously. The
userwearsboth glovesfor two-handedmanipulationbut picksup
the stylus in onehandto performprecisiontasks. Thus,the user
canchoosethemoreappropriatemanipulatorfor agivensituation.

Tools

Tools are usedto perform specifictasks. Table1 lists all of the
oneandtwo-handedtoolsreferencedin this paper. We first imple-
menteda one-handed6 DOF grab,which allows the userto pick
up a singleobjectandmove it aroundfreely. We alsocreatedone-
handedvisualizationtools, suchasa cutting planeandan opacity
tool. The automobileapplicationhastools specificallydesigned
for scientificvisualizations:a temperatureplaneprovidesvisual-
izationsof 2D temperatureslices,while two othertoolsemit parti-
clesor streamlinesinto the airflow. One-handedtools areusually
initiatedwith astylusclick or pinch(thumb-to-index).

In contrast,two-handedtoolsengagebothhandsin a synergistic
fashion. Thesetools displaytwo 3D virtual cursors,onefor each
hand,to indicatetheappropriatedivisionof labor. Typically, theleft
handhasa coordinatesystemto signify positionalsubtasks,while
theright handshows a cursorimplying specificfunctionality, such
asamagnifyingglassfor zooms.Mostof ourtwo-handedtoolsdeal
with globalscenepositioning(zooms,rotations,andtranslations)or
singleobjectmanipulations.Two-handedtoolsareusuallyinitiated
whenbothhandsarepinched.

Toolboxes

Toolboxesallow theuserto transitionbetweendifferenttools.They
alsogive structureandorganizationto the system(Figure4). In



Type Description
Unimanual�

one-handedgrab Pickupasingleobjectandmove it freely.
panning Slidethemodelon thetabletop.
cuttingplane Cutaway aportionof themodelor aportionof asingleobject.
opacity Adjust thetransparency of theskin for themedicalapplication.
temperature Visualize2D temperaturesliceswithin anautomobile.
particle Emit particlesinto anair stream.
streamline Seedstreamlinesinto anair stream.

Bimanual symmetric
symmetricscale Shrinkor enlargeobjectsby moving bothhandsapartor together.
slide-and-turn Slideandturn themodelon thetabletop.
turntable Turnthemodelon thetabletopaboutafixedaxisof rotation.
grab-and-twirl Carryandturn anobjectaroundwith bothhands.Eachhandcanalsobeusedindependendlyasa

one-handedgrabtool.
grab-and-carry Similar to thegrab-and-twirltool exceptit doesnot allow roll aroundthe line connectingthe two

hands.
Bimanual asymmetric

grab-and-scale Left handpositionsobjectwhile right handmovestowardsor away from it.
trackball Left handpositionsobjectwhile right handrotatesit aboutits center.
zoom Left handpositionsthe modelandspecifiesthe zoomregion, right handmovestowardsor away

from theleft handto specifythezoomfactor.
freerotation Left handpositionsthemodel.Theaxisof rotationis specifiedby theleft hand’s orientation.Right

handrotatesaroundleft hand.
axisrotation Similar to thefreerotationexcepttheaxisof rotationsnapsto oneof theprincipalaxes.
heuristicrotation Similar to thefreerotationexcepttheaxisof rotationis constrainedto oneof theprincipalaxesand

inferedfrom themotionof theright hand.
pinchrotation Similar to the freerotationexcepttheaxisof rotationis specifiedby a pinchgesturewith the left

hand.
constrainedtranslation Left handspecifiesa line or planeconstraint,right handtranslates.

Table1: List of toolsreferencedin thispaper

our original design,theusercouldplacetoolsanywhereon theta-
ble, similar to a real-world workbench. Although sucha system
gives the usergreatflexibility, the table soonbecomescluttered
andmessy(like therealworkspace).Thetoolboxgroupsthetools
in a clearmanner, muchastoolbarsdo on many desktopapplica-
tions. We did not implementhierarchicalandmovabletoolboxes,
but theseextensionscouldbeeasilyintegrated.

5 TWO-HANDED INTERACTION

Oncewe developedanunderlyingsystemfoundation,we explored
two-handedinteractionson theResponsive Workbench.Weimple-
mentedboth bimanualsymmetricandbimanualasymmetrictools
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.Thescalingtoolshrinksorenlargesobjectsbymov-
ing bothhandstogetheror apart,similar to [3, 12,14].

The slide-and-turn(Figure 5) allows the user to perform a
steering-wheelmotionon thetabletop. This tool exploits the fact
that many of our modelsreston the table. The userpincheswith
bothhands,which locksthesceneto thecenterof theline connect-
ing thetwohands.Thescene’smovementisdefinedby atranslation
of thecenterof the line segmentanda rotationaroundthecenter.
The axis of rotation is fixed to be perpendicularto the table top,

Figure4: Closeupof a toolboxcontainingvarioustools. Our sys-
temsupportsmultipletoolboxeswhichgroupsimilartaskstogether.
The tools are displayedas 3D icons that visually representtheir
functionality. Userscanpick up a tool by clicking on it with the
stylusor by pinchingit with thegloves.After finishingwith a tool,
theusercaneitherpick up a differenttool or simply drop thecur-
rentonein thetoolbox,in whichcasethesystemreturnsto adefault
behavior.



Figure5: The slide-and-turntool: We useboth handsin a sym-
metricmannerto simultaneouslyrotateandslidethemodelon the
table.Theaxisof rotationis alwaysconstrainedto beperpendicular
to thetableplane.

andthetranslationis constrainedto thetableplane.This tool gives
usersthe flexibility of sliding the modelon the tableplanein ad-
dition to rotatingit. We alsoimplementeda secondvariation,the
turntable,which fixesthe rotationaxis positionat the startof the
rotationanddoesnot translate.This alternative behavesmorelike
arealturntable,but provideslessflexibility thantheslide-and-turn.

The grab-and-carrylets the userhold onto an objectwith both
hands,and“carry” it aswell asturnit around.This tool is function-
ally identicalto theslide-and-turn,exceptthatits axisof rotationis
not constrainednor is thetranslation.This widgethasfive degrees
of freedomaswe do not roll theobjectaroundtheline connecting
the two hands.The grab-and-twirladdsthis sixth degreeof free-
dom. The object’s roll caneitherbe controlledby the left hand’s
roll, theright hand’s roll, or a combinationof thetwo. We decided
to usethe right hand’s roll, which introducesa slight asymmetry
into the tool but providesthe userwith moredirectcontrol thana
combinationof thetwo rolls.

Both toolswork well for largeobjectswhereit is easyandnatu-
ral to pinchat theendsof theobject.In suchcases,it givestheuser
morecontrolover an objectthantheone-handedgrab. This inter-
faceis verysimilar to how wegrabandmaneuverobjectswith both
handsin the real world, and it shows how two 6 DOF manipula-
torscaneffectively interactto specifya6 DOFmotionfor avirtual
object.

Coordinated Asymmetric Interaction

For scenenavigation, we implementedthe following two-handed
asymmetrictools: constrainedtranslation,zoom,andseveral vari-
ationsof a rotation tool. With the translationtool, the left hand
specifiesa line or planeconstraintwhile the right handtranslates
thescene.

Two-handedzooming(Figure6) allows the userto focuson a
specificregion of the scene.This tool introducesa tight coupling
betweenthe two handsthat conformsto Guiard’s principles on
asymmetricbimanualactivity. Theleft handinitiatestheactionand
setsup thereferenceframefor theright handin two ways: it posi-
tionsthemodelbeforethezoom,andit providesthefocalpoint for
themanipulation.This typeof zoomoperationis perceived like a
three-dimensionalversionof a zoomwith a camera,but it doesnot
haveanequivalentin therealworld. In animmersiveenvironment,
the exactsameoperationwould make theuserfeel asif heor she
wereshrinkingor growing with respectto thesurroundingscene.

Thefreerotationtool dividesthe laborbetweenthe left andthe
right handin the following manner: The left handtranslatesthe
model,but alsospecifiesthepositionandorientationof therotation
axisby holdingontoavirtual axis.Theright handperformstheac-
tual rotationby circling aroundthisvirtual axis.Thenon-dominant
handprovidesthe referenceframefor the dominanthandin three

Figure6: Thezoomtool: The left handpositionstheskeletonand
providesthefocal point, while theright handzoomsin by moving
away from thefocal point. Similarly, onecanzoomout by moving
theleft handtowardsthefocalpoint.

differentways.First, theusercanpositionthescenein preparation
for the rotation,muchaswith thezoomtool. Next, theuserspec-
ifies theaxis position,similar againto thezoomtool. Finally, the
userspecifiestheorientationof rotationaxiswith theleft hand.We
realizedthatfor certainapplicationsusersonly wantedto rotatethe
scenearoundoneof theprincipalaxes,whicharenaturallydefined
by the table top. The next sectiondealswith the specificationof
constraintsfor suchsituations.

We alsoimplementeda setof two-handedtools for objectma-
nipulations,wherethe left handgrabsthe objectandpositionsit,
while the right handperformsthe intendedaction. The grab-and-
scaleworks similarly to the two-handedzoomabove. Sinceit is
difficult to specifya focal point for smallobjects,we alwaysscale
aboutthe centerof the object’s boundingsphere.Anothertool of
this typeis thetrackball,whichrotatesanobjectaboutthecenterof
its boundingsphere.

6 CONSTRAINTS

Constraintscan greatly simplify tasksin a virtual environment.
Many of our toolsconstraintheaxisof rotation.We alsoconstrain
translationsto occuralonganaxisor plane.Wehavenotyet imple-
mentedalignmenttoolsthat restrictobjectpositionwith respectto
otherobjects.

Theremustalsobe a naturalmeansfor the userto specify the
constraint.In our system,theleft handusuallyarticulatesthecon-
straintwhile the right handperformsthe intendedaction. We ex-
ploredfour differenttechniques:

� Built Into the Tool: Many tools have a constraintbuilt into
their behavior. On the Responsive Workbench,built-in con-
straintsoftenexploit thehorizontaltabletop. Thesymmetric
slide-and-turndescribedearlier (seeFigure5) restrictsrota-
tionsaroundtheaxisperpendicularto the tableplane. Simi-
larly, thepanningtool forcestranslationsalongthetabletop.

� Hand Orientation: The axis rotationtool computesthe ro-
tation axis basedupon the user’s handorientation(seeFig-
ure7a). Similarly, theconstrainedtranslationdeterminesthe
line or planefrom theorientationof thenon-dominanthand.
An openpalmsignifiesplanartranslationswhile a closedfist
denotesmovementsalonga line.

� Heuristic from Motion: Theheuristicrotationinferstheaxis
of rotationbasedon the directionof the right hand’s motion
(seeFigure7b). The heuristicchoosesa principal axis once
therotationangleof theright handaroundthisaxisexceedsa
certainthreshold.We canalsodeterminetheline or planeof
a constrainedtranslationbasedon the translationpathof the
right hand,but this is currentlynot implemented.



(a)handorientation

(b) heuristic

(c) pinching

Figure7: Constrainingrotationsaroundoneof the threeprincipal
axes. We implementedthreedifferentmethodsfor specifyingthe
axisof rotation.(a)Handorientation:Theuserorientstheleft hand
along the desiredaxis. The axis of rotation snapsto the closest
principalaxis. (b) Heuristic:We infer theaxisoncetheright hand
beginsrotatingthescene.(c) Pinches:Theuserselectstheaxisby
specifyingoneof threedifferentpincheswith theleft PINCHglove.

� Pinch Gestures: A fourthapproachmapstheaxisof rotation
to different finger pinches(seeFigure7c), e. g. thumb to
index mapsto thex, thumbto ring to y, andthumbto pinky to
z.

In comparingtheseapproaches,heuristicsinvolve an implicit
specificationof theconstraintwhich tendsto placeminimalcogni-
tive loadon theuser. However, any heuristicstill hasthepotential
of choosingincorrectly. Built-in constraintsarealsoimplicit and
work very well with our system. Of course,usersloseflexibility
with built-in constraintsasthey canonly rotateaboutoneaxis or
translatewithin asingleplane.Thehandorientationapproachgen-
erally requiresbrief trainingsincewe do not manipulateobjectsin
therealworld with gestures.However, this solutionis explicit and
visualwith a directmappingbetweenthehandorientationandthe
axis or plane. Oncelearned,it givesusersextensive control over
the rotationsor translations. Finally, specifyingconstraintswith
pinchesinvolvesan arbitrarymappingbetweenthe pinch andthe
constraint.With thepinchrotationtool, userscanquickly learnthe
mappingsincethereareonly threeoptions.Ontheotherhand,if we
considera pinchtranslationtool with six choices(threeplanecon-

straintsandthreeline constraints),the mappingquickly becomes
complicatedanddifficult to perform.

7 TRANSITIONS

Many tasksdecomposeinto anumberof sequentialsubtasks.Tran-
sitionsreferto thechangefrom onesubtaskto another. Two-handed
input introducesanadditionallayerof complexity in handlingtran-
sitionsbetweenone-handedandtwo-handedtools.Weexploretwo
explicit transitionmethods,toolboxandpower widget transitions,
aswell asoneimplicit approach.

Toolbox Transitions

Thetoolboxprovidesanexplicit meansfor themanipulatorsto tran-
sition betweendifferent tools. A manipulatorattachesto a tool
when the userpicks it up anddetacheswhen it getsdroppedoff
(Figure4). Toolbox transitionsraisethe interestingissueof what
happenswhena manipulatorhasnot selecteda tool (which occurs
at startuptime or aftera tool hasbeendroppedoff). In thesesitu-
ations,themanipulatorrevertsbackto a default tool. One-handed
manipulatorsassociatewith aone-handeddefault. Two-handedma-
nipulatorscanhaveatwo-handeddefaultor eachhandcanassociate
with a differentone-handeddefault tool. For example,in themed-
ical application,thedefault for eachPINCH glove is a one-handed
grab. Whena tool hasnot beenselectedfrom thetoolbox,theuser
canstill pick up andmove individual boneswith the left andright
hands.Otherapplicationsmightdefineadifferentsetof default be-
haviors. Figure8 shows how toolboxtransitionsarehandledin our
systemfor a two-handedmanipulatorwith two independentone-
handeddefaults.

drop off

2/3 4

pick up

switch

switch

5

pick up pick up

switch

switch

switch

two-handed

drop off

default

drop off

2/3

mixed

one-handed

drop off

Figure8: Thestatediagramfor toolboxtransitionsfor atwo-handed
manipulatorwith two one-handeddefaults. The transitionsdefine
if a one-handedor a two-handedtool getspicked up, switched,or
droppedoff. The two-handedmanipulatorswitchesbetweenone
of thefollowing states:(Default) Both handshave theone-handed
default tool. (Mixed) Onehandhasa default tool, the otherhas
a one-handedtool. (Two-Handed) Both handsare attachedto a
two-handedtool. (One-Handed) Eachhandhasaone-handedtool.

Power Tool Transitions

A disadvantagein using the toolbox is that usershave to alter-
nateback-and-forthbetweenthe toolbox and the areaof interest.
Power tools provide an explicit mechanismwhich canreducethe



timespentswitchingback-and-forth.A power tool allows thenon-
dominant� handto control transitionsbetweentools aswell asen-
gagein two-handedinteractions.It combinesthe functionality of
two or threetools by mappingeachto a different pinch gesture.
Thus,power toolscangrouprelatedtasksandminimizethecogni-
tive loadfrom context switching.

Implicit Transitions

We alsoexperimentedwith a moresubtlemethodof transitioning,
wherethe user is lessaware that the transitionis occuring. We
definethegrab-and-twirl(Figure9) asthe two-handeddefault be-
havior for aninteraction.Initially, thesystemis identicalto having
the two one-handedgrabdefaults. But, often timesthe userwill
reachin with thesecondhandto helpmanipulateagrabbedobject.
At thispointourdefault tool switchesto thetwo-handedoperation.
The usercannow twirl the objectaroundwith both hands. This
transitionoccursnaturallymuchasonewouldfluidly switchfrom a
one-handedto two-handedgrabin therealworld. Theimplicit tran-
sition wasimplementedby couplinga one-handedbehavior with a
two-handedbehavior in thesametool. This techniquecouldbeex-
tendedto othersituationsaswell.

Figure9: The grab-and-twirltool. The userfirst grabsan object
with eitherhandandmanipulatestheobjectasaone-handed6 DOF
grab. At somepoint,theuserpinstheobjectwith theotherhandand
performsasymmetricobjecttwirl. Thustheuserexperiencesanon-
explicit transitionbetweena one-handedgrab and a two-handed
grab.

8 RESULTS

WeobservedpeopleusingtheResponsiveWorkbenchwhile giving
demosandduringaplannedinformaluserobservationsession.We
showedusersa skeletonandasked themto completeseveralposi-
tioning andmanipulationtaskssuchas“zoom in on the kneecap”
or “orient the skeletonvertically towardsyou andzoomin on the
heart.” In observingusers,wehopedto ascertainwhetherour two-
handedtoolsandthesystemasa wholewerenaturalandintuitive
for people. Specifically, we attemptedto answerthe following
questionsduringtheseobservations:

� DoesGuiard’s framework provide a goodbasisfor designing
two-handedinteractions?

� Do usersfind constrainedoperationsuseful for positioning
andorientingtheentirescene(or is it moreeffectiveto simply
doa6 DOFgrab)?

� Are transitionsfluid andunobtrusive to theuser?

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

afterno morethana minuteor two of instruction.During our ob-
servations,wealsofoundthatusersoftenpickedup two seemingly
independentone-handedtoolsandusedthemtogetherin a coordi-
natedfashion.Wenoticedthefollowing examplesof thisemergent
behavior: 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
independentactivities, but in eachcasethe left handsetsup a ref-
erenceframefor the right hand. This shows that Guiard’s obser-
vationsarea sensibleframework for the implementationof direct
two-handedmanipulationsin avirtual environmentsuchastheRe-
sponsive Workbench.

Usersnoticed that constraintsoften provide direct meansto
achieve the task they had in mind. Even basictaskslike turning
aroundtheskeletonon thetableplaneturnedout to bequitediffi-
cult with theone-handedgrabtool. Usersusuallyneededmultiple
grabandmove operations,sinceour handis in factnot an uncon-
strained6 DOF device. Usingtheslide-and-turnor oneof theaxis
rotationtoolsallowedthemto performthis taskwith ease.

Oneof themoresuprisingresultswasthattheasymmetriccom-
binationof aPINCHglove for theleft handandstylusfor theright
handworked muchbetterin many situationsthanthe two PINCH
gloves,especiallyfor asymmetrictasks.Thestylusis a thinnerin-
put device with a distinguishedpoint of action,andit servesat the
sametime asa pen-like physicalprop. The asymmetriccombina-
tion of input devicesmirrors the asymmetricdistribution of labor
andis very muchin tunewith Guiard’s observation that the right
handis capableof performingfiner grainedgesturesthanthe left
hand.

9 SUMMARY AND FUTURE WORK

We have describeda systemthatallows a userto naturallymanip-
ulatevirtual modelswith both handsasthey aredisplayedon the
Responsive Workbench.Themostinterestingtwo-handedinterac-
tionsarecoordinatedandasymmetric:bothhandsperformdifferent
subtasksin asynergisticwayto getacomplex taskdone.Whende-
signingthesystemwe took advantageof severaldesignprinciples
developedby Guiardfrom studiesof how peopleusetheir hands.
Theseprinciplesareeffective guidelinesfor VR environments.We
have alsoinvestigateda varietyof methodsfor interactively speci-
fying 3D constraints,andfor transitioningsmoothlybetweensub-
tasks.

Whenbeginning this work we thoughtthat all the two-handed
input techniqueswould needto be explicitly designedand pro-
grammed.However, whenusingthesystemwe foundthatperhaps
the most interestingtasksemerged when the usercombinedtwo
otherwiseindependentunimanualtools. For example,in thescien-
tific visualizationsystemfor automobilecabinmodeling,the user
controlledtheslicingplaneshowing temperaturewith onehandand
thesourceof particlesusedto generatestreamlineswith theother
hand. Presumablytheuserwastestinga hypothesisthat tempera-
turedistribution dependson theair flow. In retrospect,suchemer-
gentinteractionsarenot thatsurprisingsincethis is how many two-
handedoperationsarisein therealworld. Froma systemspoint of
view, addinguncoordinatedtwo-handedinput to an existing one-
handedsystemis relatively easy, but alreadyvery powerful.

Oneof theareasthatneedsfurtherstudiesarethemethodsthat
map the additionaldegreesof freedomprovided by more input
channelsinto simpleactions. New technologiesto sensethe user
increasethenumbersof channelsof inputdata:e.g. wereceivepo-
sition andorientationdatafor bothhands,andpotentiallymultiple
joint angles.Thisadditionaldatais neededto capture“natural” mo-
tions,but usingall of the input channelsdirectly canmake precise
manipulationsdifficult. Instead,intelligently mappingthe various



input degreesof freedominto a lower degreetool often provides
theuserwith morecontrol. For example,thegrab-and-twirlcom-
binestwo 6 DOF inputs into an easyto use6 DOF manipulator.
Anothermeansof reducingthedegreesof freedomis by specifying
constraints.In our system,theadditionaldegreesof freedomfrom
oneinputdeviceareactuallyusedto restrictthedegreesof freedom
in theotherinput.

A very interestingareaof future researchis to have the system
infer that theuseris usingbothhandsin a cooperative mannerand
to helpcoordinatethetaskfurther. Considertheexamplewheneach
handholdsaone-handedgrabtoolwhichcanbeusedto pickuptwo
differentobjects. If the sameobjectwere picked by both hands,
the two one-handedgrabscould be coordinatedas if they werea
tightly coupled,two-handedtool. This potentialscenarioraisesa
hostof interestingissues.For example,how doesthesystemdecide
whenboth handsarebeingusedtogether?How doesit transition
betweenone-handedandtwo-handedmodes?And finally, arethere
interestingthree-handedinteractions,wheretheuserprovidestwo
handsandthecomputera third to assist?
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