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Abstract

This paperdescribeshow a physicalsimulationcan be
integratedwith our Responsivé\brkbend systento sup-
port complex assemblytasksinvolving multiple handsand
uses. Our systenusesthe CORIOLISphysicalsimulation
padkage extendedo meetherealtimerequirrmentgor our
highlyinteractivevirtual environmentWe developa new set
of interfacetoolsthat exploit the natural propertiesof phys-
ical simulation(i.e. the superpositiorof forces). Our tools
are basedon setsof springsconnectingthe user’s handto
a virtual object. Visualizingthesespringsprovides“visual
forcefeedbak” of theappliedforcesandfacilitatesthe pre-
diction of the objects’behavior Our force-basednterac-
tion concepiallows multiplehandsandusess to manipulate
a singleobjectwithoutthe needfor locking the object.

1 Intr oduction

In reallife, mary tasksrequirethe coordinatednterac-
tion betweenmultiple handsand multiple people. For ex-
ample,mountinga light on a ceiling requiresat leasttwo
hands,and drapinga table cloth over a table is bestdone
with two peopleholdingthetablecloth atthe four corners.
Assemblytasksare prime examplesof suchmulti-handed,
multi-persorinteractionsin virtual environmentshowever,
assemblytaskshave beendifficult to perform. Thereare
two mainreasondor this: First, while we areaccustomed
to using multiple handsand multiple peoplefor assembly
tasksin real life, the accesf multiple handsor multiple
usersto the samevirtual objecthasbeenmostly forbidden.
A virtual objectis typically lockedby thefirst usersaccess.
Theunderlyingreasoris thatusersn thesesystemshange
the positionandorientationof virtual objectsdirectly, and
it is not clearhow to meme the input from multiple users’
handsso that the objectstill movessensibly Secondthe
alignmentof real objectsis oftenbasecdbn contact friction,
aswell astheforcesappliedto theseobjects.Thesephysical
influenceshave not yet beensimulatedfor arbitrarythree-
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Figure 1. Two hands are used to fit the
crankshaft into the bearing.

dimensionalobjectsin real-timevirtual ervironments. At
most, VR-systemssupportfast collision detection,which
gives usersfeedbackwhen objectsstartto penetrateesach
other[8] [7]. The problemwith only providing collision
detectionis thatthereis no furtherhelpfrom the systemon
how to changehe positionandorientationof thevirtual ob-
jectsto alignthemproperly In reallife, wejustapplyforces
to objectswe aremanipulatingandthe superpositiorof all
theseforces,in conjunctionwith the physicalpropertiesof
the objectandthe ervironment,determinethe object’s be-
havior. In this paperwe describea systemandinteraction
technigueghat are basedon this idea and we shov how
multiple handsand multiple userscanaccessandwork in
coordinationon the samevirtual object (figure 1). In our
system,we computethe virtual objects’ behaiors using
a real-time physical simulation, which performscollision



detectionbetweenobjects,managesonstraintsandtakes
physicalpropertiesof objectsinto considerationThe phys-
ical simulationin combinationwith our interactiontech-
nigueslets multiple usersperformassemblytasksin coor
dination.

We useour systemto drive the Responsie Workbench
[10Q] [9], atabletop stereodisplay basedon a workbench
metaphor Workbenchapplicationgypically setvirtual ob-
jectsright on top of the horizontaldisplay surface. This
setupis ideal for assemblytasks since most objectsare
within anarm’s lengthreachto the user Recently thetwo-
userResponsie Workbench[1], the PIT [3], and Studier
stube[13] have beenpresentedwhich supportmore than
oneactive trackeduser In suchervironmentswe have pos-
sibly four or morehandsactingin coordination.In this pa-
per we shav how this multi-handedinput can be handled
elegantly.

Themaincontributionsof ourwork aretheextensionand
tight integrationof a real-timephysicalsimulationwith our
virtual environmentandthe developmentof a new userin-
terfaceparadigmexploiting theinherentpropertief phys-
ical simulation. Our interfacetools are basedon setsof
springsconnectingthe users handto a virtual object. We
visualizethesespringsto provide “visual force feedback”
of appliedforces,which facilitatesthe predictionof the ob-
jects’ behavior. We demonstrateur systemusing an as-
semblytaskanddiscussour experiences.

2 RelatedWork

In the pastfew years, several VR-systemshave been
built thatsupporttwo-handednput, but only afew systems
usetwo-handednanipulation®n a singleobject. Polyshop
[11] usessymmetrictwo-handedoolsfor rotating,scaling,
or stretchingobjects. Userscanalsoalign objectsvia an-
chorsand constraints. The CHIMP system[12] usestwo
handsfor objectscaling. Cutler et. al. [6] developeda
variety of two-handedtools for object positioning tasks.
They also presentedwo versionsof a two-handedgrab
tool, which allowedthemto orientobjectseasilyusingtwo
handsandto passobjectsfrom onehandto the other

Thereis a variety of constraint-basedystems.One of
themostimpressve systemss SKETCH[15], whichallows
theuserto quickly sketchathree-dimensionaicenarian a
monitorbasecdervironment.Constraintareeitherinferred,
for exampleby placingnew objectsin contactwith existing
objectsor explicitly sketchedn additionto thegeometry

In distributed VR-systems the issueof multiple users
trying to graspthe sameobjectis rarely addressedAs an
exampleof asystenthataddressethisissue DIVE [5] uses
someform of distributedlocking to lock an objectby the
firstusersaccessHowever, this preventstaskdik e handing
overanobjectbetweentwo users.

Today sophisticatecanimationpackagedike Alias [2]
usephysicalsimulationsto producenaturallooking anima-
tions. In thesesystems thereis no strict real-timerequire-
mentsfor the physicalsimulationlike thereis in a VR sys-
tem. Also, the userinterfaceis designedfor one userin
front of a standardwo-dimensionakcreen

Baraf[4] describes a 2D rigid-body simulator
CorioLIs™ is the 3D extension of this system and
handlesarbitrarily shapedyolyhedralrigid bodies,with an
emphasison persistentcontact,collision andfriction. We
useCoORIOLIS asthephysicalsimulatorin our system.

3 Interaction

Within physical simulations,objectsare controlled by
forces. The simulationusestheseforcesto updatethe cur-
rent position and orientationof eachobjectdependingon
environmentaland userdefinedconstraintsas well asthe
currentstateand physicalpropertiesof the objectandthe
whole ervironment. By usingforcesasthe methodof in-
teractionin a physically-basedimulationenvironment,we
gaintwo benefits.First, having morethanonehandor user
actingon anobjectdoesnot have to be special-cased it is
naturallyhandledy thesuperpositiomf forcesactingonan
object. Second objectsmove naturally during interaction,
sincethey canobey otherforcesor constraintdmposedon
themby the ervironmentandotherobjects.

To interactwith an object, we have developedspring-
basedvirtual tools. Oneendof avirtual springis attached
to the users handandthe otherendis attachedo the ob-
ject. Clearly, onespringdoesnt give the usermuchcontrol
overanobject,sincethethreepositionaldegreesof freedom
areonly “softly” constrainedassuminga springwith rest
length zero). The attachedobjectfollows the users hand,
but it canstill freely rotatearoundthe attachmenpoint. To
getmorecontrolovertheobjectwe experimentedvith mul-
tiple springsattachedn variouswaysto objects. Besides
the numberof springsthe positionat which the springsare
connectedo the objectplay an importantrole. We tried
differentspringattachmentselative to

the center of the object’'sbounding box: With this ap-
proachit appearssif theuseris holdingtheobjectby
its center The mainproblemwith this approachs that
it canbe difficult to control an objectwhenits center
of massis not closeto the boundingbox’s center

the object’s center of mass(figure 2 a,e,h,j): This con-
figurationworksvery well for one-handegositioning
taskswhenfour or morespringsareused. The object
follows very directly the users hand movements.
With only three springs the object tendsto swing
perpendiculato the planedefinedby thethreepoints,
eventhoughall six degreesof freedomarecontrolled.



We found, however, that this methoddoesnot work
well for situationswheretwo or more handstry to
manipulatean object, since each hand controls the
objectvery directly.

the user'shand (figure 2 b,c,d,f,g,i): Thismethodetsthe
userchoosewhereto hold on to an object. The ver-
sion with two springsis similar to holding an object
with two fingersandallows the objectto freely rotate
aroundthe axis connectingthe two pointson the in-
nerframe. This works well for two-handedsituations
wherethe seconchandcontrolsthe unconstrainedle-
greeof freedom. With four or moresprings,the user
hasgoodcontroloverall six degreesof freedomof the
object,but objectstendto swingwhenpicked up with
one handfar off the centerof mass- asin real life.
Herethe usertypically reachesn andusesthe second
handor anothemserhelpsout (figure 1). This method
is our default, becausét givestheuserexplicit control
aboutthe grip onto an object. It is alsoshawn in the
accompaping video.
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Figure 2. To explain how hand movements
contr ol objects, the concept of two rigid
frames connected by a set of springs is in-
troduced. The outer frame is directly con-
trolled by the users hand. The inner frame is
rigidl y attac hed to the object. Diff erent spring
configurations exhibit diff erent contr ol prop-
erties. The springs between these frames de-
termine whic h forces are applied to an ob-
ject based on Hooke’s law and an additional
damping term to avoid uncontr olled oscilla-
tions.

Othertools like sliders, buttons, switches,menusand
such, which influence some non-geometricor abstract

property in the ervironment are also modeledas three-
dimensionalobjectsand becomepart of the physicalsim-

ulation. The position,orientation velocity, and/oraccelera-
tion of thetool's geometricrepresentatiois thenobsened

by the tool and usedto control its internal state. A sim-

ple exampleis the slider in figure 3. This integration of

the userinterfaceelementdnto our simulationextendsthe

multi-handedand multi-usercapabilitiesseamlesslyo the

userinterface.

Figure 3. The slider is also part of the simu-
lation and is operated by the 8-spring tool. It
contr ols the transparenc y of the cylinder .

Constraintsdescribe geometric relationshipsbetween
virtual objects, which CorioLIS is responsiblefor en-
forcing. Contactconstraintswhich keepdifferentobjects
from interpenetratingareenforcedautomaticallyby CoRrl-
oLIs . Typical linkageconstraintssuchaskeepinga point
on a line and userdefinedconstrainttypes can be easily
added. We malke effective use of our computationalre-
sourcedhy switchingbackandforth betweencontactcon-
straints, which are typically computationallyvery expen-
sive, and linkage and other userdefinedconstraints. Our
currentimplementationallows us to predefineconstraints
at startuptime, and also the conditionsunderwhich these
constraintsaareaddedor removed from the system.A typ-
ical exampleusedin our engineassemblyscenarioshaovn
in figure 5, is theinsertionof the crankshafinto the bear
ing block. Oncethe crankshaftis approximatelyin place,
weturnoff collisiondetectiorbetweercrankshafandbear
ing block andreplacethesecontactconstraintdy an axial
constrainiandaninequalityconstraint.The axial constraint
aligns the crankshaftwith the bearings axis and the in-
equalityconstrainfreventsthe crankshaffrom penetrating
the bearingblock. To preventthe crankshaftfrom slipping



out of the bearingwe add a springbetweerthe crankshaft
andthe bearingthat keepsthe crankshafin place,but still
provides someflexibility. Alternatively, we could usea
point constraint,which would keepthe crankshaftalways
in theideal place,or two inequalityconstraintkeepingthe
crankshaftvithin a certaintolerancearoundthe ideal posi-
tion. Thesolutionusingthespringhastheadvantagehatre-
moving the crankshaffrom the bearingcanbe easilydone
by pulling hard enoughon the crankshaft. At somepoint
the springvirtually breaksandwe remove the linkagecon-
straintsfrom the systemandrestorecollision detectionbe-
tweencrankshaftand bearing. This approachalso shavs
that physical behaior can reducethe numberof explicit
statechangesn anelegantmanner

4 Implementation

For theinteractionwith virtual objectsontheResponsie
Workbenchwe usetwo tracked pointing devices: a six de-
greeof freedomPolhemusstyluswith abuttonandacustom
three-lutton pointer containinga Polhemussensor These
input devicescanbe usedby two differentusersor by the
sameuserfor two-handednanipulations.

For thephysicalsimulation,we adaptedhe CorioLIs™
rigid-bodysimulationsystem.CorioLIs comesasalibrary
of C++classeslt doesnot provide ary supportfor graphics
outputor file 1/0. Classegepresentingbjects,influences,
andconstraintan be instantiatedand addedto the simu-
lation atruntime. CORIOLIS is ableto simulatemoderately
comple ervironmentsat interactve rates.

We augmentedhe basic CorioLIs kernel with addi-
tional infrastructureto make it usablein a headtracked
highly interactve virtual ernvironmentlike the Responsie
Workbench. Headtracked systemsare inherentlyvulner
ableto low or varying renderingframe ratesand latengy.
CoRIOLIS usesan adaptive solver so simulationratescan
vary by ordersof magnitudedependingon the actual ob-
ject configuration. Therefore,interleaving the rendering
andsimulationtaskscanleadto severeproblems.A com-
plex physicalinteractioncanleadto long simulationcycles
which would slow the renderingrate to unacceptabléev-
els. Similarly, a visually complex scenecould slow down
the simulation. To overcomethis problemwe decoupled
the simulationfrom the renderingtaskby executingit in a
separat@rocess.

For eachobjectin the renderingscenegraph,thereis a
proxy objectthat correspondgo an objectin the Corio-
LIS process. The communicationbetweenthe CORIOLIS
objectandits proxy acrossthe processharrieris handled
throughasynchronousessag@assing.A typical commu-
nicationpatternfor a CoOrRIOLIS objectandits proxy s the
following: The useraddsa new force (e.g. aspring)to the
systemand appliesit to an object. The parameter®f the

resour ces

Figure 4. To save on computational
in the simulation process while maintaining
visual detail, diff erent geometric representa-
tions are used for rendering and simulation.

This figure shows the crankshaft. The re-
duced representation in the back contains
about 15% of the polygons of the original ver-
sion in the front.

force areencapsulateth a messagandsentto the CoRI-
oLIs processwvherethe force is instantiatedand addedto
the simulation. On the otherside,eachsimulation-induced
updateto anobject’s positionor orientationis sentbackto
thecorrespondingroxy object. The scenegraphis updated
sothe changewill be visible afterthe next renderingstep.
Thisimplementatiorschemanicely reflectsthe decoupling
betweeruseractionandsystenresponsén contrasto stan-
dardinteractionmodelslike the onedescribedn [14]. In
CoRrioLIs, asceneconsistf a setof world spaceobjects
for whichthe physicalsimulationis performed Eachobject
canbedescribedhierarchicallybut therearenotransforma-
tionscontainedn this objecttree.Our proxy interfacefully
supportshierarchicalscenegraphsasthey are commonin
standardyraphicdibrarieslike Openlrventoror Performer
andit takescareof their mappinginto the simpler Corio-
LIS objecthierarchy

Whenrenderingcomplex scenespbjectsare often dis-
playedat differentlevels of detail to keepthe frame rate
constant. In our system,we usedifferentlevels of detail
for the objectsrenderingand simulationgeometries Typi-
cally, the polygoncountfor our CORIOLIS objectsis much
lowerthanfor therenderingobjectssincethesimulationcan
only handleoneto threeordersof magnitudefewer poly-
gonsthanhigh endgraphicsrenderinghardwareatinterac-
tive updaterates. The simulationrate dependshighly on
the spatialarrangemenof the objects. Dependingon the



taskwe found thatthe CoRrIOLIS representatioganoften
beextremelysimplified(figure4) withoutusersoticingthe
differencewhile maintaininghighvisualfidelity for theren-
deredobiject.

5 Resultsand Discussion

OurResponsie Workbenclsystenis hookedupto a Sil-
icon GraphicsOnyx systemwith four 196 MHz R10000
processorsand InfiniteReality graphics. The most com-
plex example we have usedto test our systemis an as-
semblysequencédor a one-g/linder engineconsistingof a
crankshaftcrankshaftbearing,connectingrod, piston,and
cylinder (figure5). Therenderingrepresentationonsistof
nearly6000polygonswhereaghesimulationrepresentation
containsonly around400 polygons. The renderingupdate
rateis about24 framespersecondvith multi-passshadavs.
Thesimulationupdaterateis betweerb and50 updategper
seconddependingon the spatialobjectconfiguration.

Overall the systemfeels very responsie aslong asthe
numberof simultaneouslyinteracting polygonsis in the
rangeof a few hundred. If the simulationrate dropsbe-
low approximately5 Hz objectsstartto stick to eachother
Tight peg andholeconfigurationsauseoscillationsandnu-
merical instabilities, which sometimesbreak the system.
We hadto add at least5 percenttoleranceto avoid these
problems.Sinceit is crucialto keepthe simulationrunning
above5 Hz or evenbetterlOHz, we have to carefullyspend
the availablesimulationtime. The numberof simultaneous
contactconstraintsneedsto be kept as small as possible.
Techniquesuchasusingsimplified simulationgeometries,
switching back and forth betweencontactconstraintsand
simplerlinkageconstraintsandnot checkingcollisionsbe-
tweenmotionlesobjectsareessential Oftenit is unneces-
saryto include objects,for examplethe userinterfaceele-
ments,fully into the physicalsimulation,sincethey might
not collide with otherobjects.

With our spring-basednteraction concept,eachhand
tries to align the objectwith its orientationand position.
Whenholding on to an objectwith two or more handsthis
canbe a little confusingat first. For examplewhenone
handis rotatedby 90 degreesthe objectturnsonly 45 de-
greessincetheotherhandtriesto rotatethe objectbackinto
thezerodegreeposition. Whenonehandis releasedn this
situation,the objectsnapsbackto the positionandorienta-
tion of theotherhand.Sometimeshisrequirexchanginghe
grip onanobjectmoreoftenthanin reallife to getanobject
into the desiredorientation. In othersituationsit would be
desirableto be ableto relax the springsduring the interac-
tion or beforereleasinghe object.

In somewaystheflexibility of our springtools simulate
the flexibility of our fingerswhenaligning an objectwith
anotherobject. Visualizing the springsgivesthe useran

easyway to interpretthevisual “force feedback’thathelps
shav why an objectbehaesin a certainway. It alsofa-
cilitatesthe predictionof the object's behaior in response
to the forcesapplied. While thesemulti-springtools could
alsobeimplementedisinga singlespringwith torque,this
approachwould not be asintuitive andeasyto understand.

6 Conclusionsand Future Work

We have describedthe integration of a physical simu-
lation with the Responsie Workbenchsystem. Our new
interactionconceptis basedon setsof springsconnecting
theusers’handgto thevirtual objects.This force-basedp-
proachmadeour systeminherentlymulti-handedandmulti-
usercapablesnablingcollaboratve assemblytasks.Simple
linkageconstraintsareusedto replacecomputationallyex-
pensve contactconstraintsvhenever possible.

Currently we generatehe differentrepresentationfor
therenderingandthe simulationprocesamanually but we
would clearlylik e to automatethis processasmuchaspos-
sible. The questionsare: which arethe featuresof an ob-
jectthatneedto be preseredfor a physicalsimulationand
how canwe detectthem?Is it possibleto adaptmeshsim-
plification algorithmsdevelopedfor renderingto work for
physicalsimulations?

Themostimportantandchallengingaskis theimprove-
mentof the physicalsimulationitself. The numericalsta-
bility needsto be significantlyimproved to deal with real
world examples. Another promisingimprovementis the
parallelizatiorof thecollision detectiormethodandthedif-
ferentialequationsolutionmethodemployed by the physi-
cal simulation.

We have openedthe door into a new world of inter
action paradigmsand userinterfacetechniqueswhich we
have only begunto explore. As long asunobtrusve force-
feedbackand haptic feedbackare unavailable, a real-time
physicalsimulationdeliversthemostcorvincinginteractve
feedbackwve have experiencedo date.
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Figure 5. Four snapshots of an assembly sequence for a one-cylinder engine . (a) The user picks up
the crankshaft with two hands and tries to slide it into the crankshaft bearing guided by the bearing
block’s surface . After the crankshaft is in place, we turn off collision detection between crankshaft

and bearing and replace these geometrical constraints by an axial constraint. This greatly reduces
the number of constraints in our system and results in a perfect axle/bearing attachment. (b) The
connecting rod is mounted on the crankshaft. (c) For the attachment of the piston, the connecting

rod is frozen to simplify the insertion of the piston’ s bolt into the rod. (d) After the user manages to
slide the cylinder onto the piston, the engine is complete . The images were taken from sequences
of the video. We recorded these sequences in monoscopic view from one display while showing a
stereoscopic view to the user at the workbenc h on a second display.
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