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Abstiact

We introducethe Dynamic Animation and Control En-
vironment(DANCE) as a publicly available simulation
platform for researchandteaching. DANCE is an open
andextensiblesimulationframenork andrapid prototyp-
ing environmentfor computenimation.Themainfocus
of theDANCE platformis thedevelopmenbf physically-
basedcontrollersfor articulated gures. In this paper
we (a) presenthe architectureandpotentialapplications
of DANCE as a researchtool, and (b) discusslessons
learnedn developinga large framework for animation.
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Figure 1: Two skeletonsusing different control meth-
ods. Thdeft skeletonis key-framed,while theright char
acterrespondgo physical forcesderived from the kine-
matic motion. Both charactergansimultaneouslycoex-
ist andinteractunderDANCE.

1 Motivation

Physics-basednimationresearchhasa high barrier of
entry Researclyroupsmustdedicateresourcegowards
building graphicaltools and systemsas a prerequisite
to new research. Most systemsdevelopedby the dy-
namic animation community are not shared,requiring
nearly every researckgroupto re-engineethe sameset

of tools. Openlyavailabletool setsusuallytake the form
of libraries, suchas RAPID [10] for collision detection
or OpenDynamicsEngine[28] for dynamicsimulation.
However, thesedisparatdibraries addressonly partsof
what are neededto properly implementphysical simu-
lation with articulated gures. In addition, they often
have overlappingaspectsresultingin duplicatedcode
that needsto be reconciled. Many individual libraries
use different code basesfor primitive modeling types,
suchas vectorsand matrices,resultingin hearyweight
conversionsbetweerfunctioncalls. Developinga frame-
work for dynamiccharactersimulationrequiresa great
dealof engineeringvork in orderto generatea reusable
system.In addition, the variousproblemareaghathave
beenneatly sggmentedby the researcttcommunity such
astheseparatiorof collision detectiorfrom collisionres-
olution, mustbe uni ed in practice. We have found it
dif cult to cleanlyseparatéheseandotherareasaswell
asthetheorieswould suggest.

We have developedthe Dynamic AnimationandCon-
trol Ervironment (DANCE) as an openframework for
computeranimationresearchDANCE's primaryfocusis
the developmeniof simulationsanddynamiccontrollers.
Thisisin contrasto mary otheranimationsystemsvhich
are orientedtowardsgeometricmodelingand kinematic
animation.

1.1 Contributions

DANCE offerssolutionsto the problemsof e xible reuse
of controllers,actuatorsand interactve participationin

3-D physically basedanimation. In particular DANCE

hasbuilt-in supportfor physicalsimulationof articulated
gures. In addition, DANCE provides basic modeling
capabilitiesandsupportfor kinematicanimationsuchas
motion captureandkey framing.

DANCE demonstratea powerful, opensystemmodel
thatpermitsa wide variety of differentapplicationgo be
built with a commonfundamentatoreandallows com-
municationwith external programsthat can offer spe-
cialized functionality The designof the baseclasses



in DANCE uni es the large amountof specializedcon-
trollers and actuatorsthat have beendevelopedwith a
standardnterfaceso that they canbe sharedin a com-
monphysicalervironment.

The power of an openplug-in architecturdies in the
ability for acommunityof developergo work togetherto
rapidlybuild avery complex systemmadeup of relatively
simpleparts.As plug-inscanbe selectvely includedinto
the main system,DANCE canbe a usefulresearchool
thatenablewvariousaspect®f a systento beisolatedfor
study

Section2 discusse®ANCE's relationto otheranima-
tion systems Section3 discusseshe a numberof design
issueghatwereconsideredn constructin@ANCE. Sec-
tion 4 highlightsthe key baseclasscomponentscalled
primitive plug-ins,of DANCE's architectureandoutlines
how someof themwere usedto createinterestingsub-
classes.Section5 presentsa setof examplesthatillus-
tratethe e xibility of our systemwith afocuson the de-
velopmentof dynamiccontrollers. In Section6 we dis-
cusslimitations and restrictionsof the system. In Sec-
tion 7 we discusdessonghatwe learnedwhile develop-
ing this systemand presentrecommendationfor build-
ing similar systemdn the future. Finally, Section8 dis-
cussegossibleresearctdirectionsto extend DANCE or
thatDANCE canbeappliedto.

2 RelatedWork

Many tools, librariesandsystemsave beendesignedor
the purposeof creatinganimations Commerciakystems
suchas Maya [1] and 3D Studio Max [5], focuson an
interactive interfacefor modelingandanimation. These
toolsareprimarily orientedtowardskinematicanimation,
suchaskey-framing. They incorporatedynamicsin the
form of particle systemsand passive dynamicsfor rigid
bodiesby extendingtheir modelingand kinematic ani-
mationsystems.Our systemdiffers from thesein thatit
is tailoredtowardsphysics-base@dnimationandcontrol,
ratherthanmodelingor kinematicanimation. The con-
trol architectureof DANCE enablesactive dynamicsand
interactive controlduringphysicalsimulation ratherthan
passie dynamicsandsimple”rag doll” effects. DANCE
also provides modelingand kinematicfunctionality, but
doessoasanextensionof its dynamiccapabilitiesyather
thanvice-versa. Houdini [29] usesprocedurahetworks
to producesimulationand modelingresults. DANCE's
componentsare of a larger granularity than those pro-
videdby Houdiniandit doesnot utilize a procedurahet-
work paradigm.

Endorphin[20Q] is a commercialsimulationtool that
provides basicdynamiccontrol stratgyies for humanoid
charactergduring physical simulation. Endorphinpro-

videsa setof behaiors for their dynamiccharacterand

a simulationframework for developingcharactemanima-

tion underphysical simulation. We provide a research
framework for designingcontrollersfor dynamiccharac-
terswith ary topologyor compleity.

Breve [16] is a simulationervironmentmeantfor the
developmentof arti cial life in a physically simulated
world. It usesa scripting languagethat allows control
strat@ies and event-basedeactionsto the ervironment
for large numbersof agents.DANCE differsin thatit is
designedo supportrobustarticulatedobjectswith com-
plicatedcontrolstratgiesfor smallnumberof agents.

Otherdocumentecnimationsystemsexist but arenot
openlyavailablefor use. Industrial Light & Magic [15]
createda dynamicsanimationsystemsuitablebasedon
a spring-massnodel. Their solver is basedon a second
orderVerletintegration.

Many dynamicsenginesexists to assistthe develop-
mentof physics-basednimation bothopensystemdike
Open Dynamics Engine (ODE) [28], and commercial
onessuchasHavok [11], Vortex [3] and SD/Fast[13].
Our systemprovidesa framewvork andAPI with whichto
incorporateary simulationengine. To date, ve differ-
entsimulatorsarecurrentlyimplementedn the DANCE
framework, includingODE, SD/Fastandothers(seeSec-
tion 4.1).

Aside from architectural differences or design
paradigms, DANCE differs from mary commercial
systemsin that the codeis publically available for use
and inspectionby the entire researchcommunity This
enablesgreatercontrol over researchand development
by the user sincefundamentapropertiesof the system
can be modi ed as necessary This also enhanceghe
ability to performresearchy reducingbarriersto entry
suchascostor restrictive licensingagreements.

2.1 Controllers

An interestingareaof researchin physics-basednima-
tion is thedesignandconstructiorof controllers thatcan
computethe active forcesand torquesrequiredto con-
trol a charactereitheras an articulated gure or a de-
formableobject. Controllershave beencreatedto pro-
duce a rangeof locomotive and non-locomotve tasks,
such as swimmingB0, 34], running[l2], walking[17]
andbreathing[35]. Although controllersareinherently
reusabletheiractualimplementationareoftenrestricted
and embeddedn customsystemsbuilt by various re-
searchgroupsfor their own speci ¢ purposes. Other
experimentalsystemsallowed only a limited numberof
differenttypesof controllersto coexist [30]. Theincor
porationof new controllersinto suchsystemsoftenim-
plied a large undertakingin coderedesignand develop-
ment. DANCE allows controllersto be built asseparate



programghatadhereo restricted put generaljnterfaces
usingstandardbbject-orientediesign. The endresultis

thatananimationcanbeconstructeaonsistingf several

controllerscooperatingor competingwith eachotheras
in [8], [7] and[2€].

A truephysically basedccharactecouldreactto chang-
ing obstaclesn its environmentandproduceuniquemo-
tionsthatdo not suffer from therepetitive, pre-fabricated
motion commonin existing gamesand virtual worlds.
Currentinteractive applicationsstoresequencesf x ed
motion trajectoriesin nite state machinesthat selec-
tively play backdifferentsequencesf motionaccording
to userevents.

Systemdave beenintroduced suchasthe MOTIVATE
Intelligent Digital Actor Systerfg], that attemptto syn-
thesizemotiondynamicallyandmodelhigh-level beha-
iors. However, we do not believe thatary physical sim-
ulationis beingperformedat the lower levels of motion.
Many existing stratgiesattemptto parameterizexisting
motion kinematicallyto adaptit to differentsituations.
Suchstratgiesdo not offer true interactvity, asthe pa-
rameterizednotionis still inherentlyrelatedto a limited
setof pre-recordedctions.

Figure2: UML classdiagramdemonstratinghe design
of thedynamicsimulatorskinematicsimulatorsandcon-
trollers. The OpenDynamicsEngine (ODE) is imple-
mentedusingthe DSimulatorclass.Kinematicanimation
canalsobe derived andusedconcurrentlywith dynamic
controllers,suchas a proportional-dewative (PD) con-
troller. This enablessimulationof mixed kinematicand
dynamiccontrol.

3 SystemDesign

DANCE's designfocusis on the creationof a modular
andopenphysics-basednimationsystem.In somecases,

Figure3: A dynamiccharacteiis programmedvith dy-
namiccontrollersthatallow it to roll andgetup following
aninteractionwith a physicalobject.

compromisediadto be madeto nd a balancebetween
competingrequirementsljik e speedanddataabstraction.
Othertimes, seeminglycontrastinggoalslik e tight inte-
grationandmodularityhadelegantsolutionsthatallowed
bothto beful lled.

DANCE is structuredusingthe principledapplication
of object-orientedlesignanddynamically-linked objects
(plug-ing. The corearchitecturemaintainsa simple set
of baseclasseghatit usesin its userinterface, display
andphysical simulationsubsystemsWe have purposely
restrictedthe numberof differentprimitivesin orderto
have a relatively simplecore,while leaving all thefunc-
tionality and compleity within the plug-ins. For exam-
ple, the interfaceto the actuator primitive hasallowed
us to serendipitouslyimplementa wide set of features
thatinclude collision detection,groundmodels,interac-
tive dragmanipulatoranddeformablemusclesasshavn
in Figure5. Thesefeaturescan be selectvely included
in an animation,empavering the animatorwith a e xi-
ble setof toolsthatcanbe combinedn differentwaysto
produceanimations.

Realizingthat physically-basedanimationis only one
possiblemeanf creatingmotion, DANCE allows kine-
matically basedcontrollersto handle traditional key-
framedanimationin a mannerthatis consistenandsen-
sitive to the physical,dynamics-basedrvironment.Fur
thermore animationgeneratedvith DANCE canbe ex-
porteddirectly into commercialanimationandrendering
systemsuchasMaya[l] or theRenderMananguaged]
to take advantageof the advancedrenderingandmodel-
ing capabilitiegthatsuchfacilities offer.

Although DANCE is primarily a programmingool, it
canbeusedasaninteractve modelingervironment.lIt is
asystemthatallows anarticulated gure andits physical
ervironmentto be constructedvith completespeci ca-
tion and manipulationof differentjoint types. Without



leaving DANCE's ervironment,a systemof equationof
motion for the gure canbe generatedfollowed by the
resultingsimulationwhich canbe adjustecandviewedin
real-timeusinginteractve camerasanddirect manipula-
tion. DANCE supportsa numberof differentinput de-
vicessuchasmice, joysticksand hapticdevices. These
devicescanbe usedasa meansof interactvely manipu-
lating a runningsimulationby providing real-timeforce
andtorqueinformation.

4 Plug-in Primiti ves

DANCE is primarily designedas a system for the
physics-basednimationand control of articulated g-
ures. The systemis divided into componentonsisting
of C + + classes.

Many other classesexist that are necessaryfor the
properexecutionof the DANCE ervironment,including
thosethatprovide the underlyinggluethatconnectsvari-
ous components.For example,classefor management
of the graphicalinterface, script interpreterand driver
subsystem.The detailsfor thoseclassewill not be de-
scribedin this paperasthey appeain thesourcecodeand
their detailsdo not needto be understoodn orderto use
thefunctionalityof the system.This sectiondiscusseghe
mostimportantclassef the system thatwe referto as
theplug-in primitives

There are several diagramsgiven in this paperthat
detail the structureof the relevant partsof the DANCE
system. Figure 4 shavs the generalstructureof the
plug-in primitives, describedbelown. Figure7 shows the
derivation of systemsof hierarchicalobjectsnecessary
for the developmentof complex articulated gures, such
ashuman-lile characters.Figure 2 shaws the structure
we usedfor the developmentof dynamiccontrollers.

The plug-in primitives, which provide the basicfunc-
tionality of the system,arethe simulator, actuator, sys-
tem modi er and geometryprimitives. Each of these
primitivesis describedn the sectionselow.

Our plug-inmechanisnis basecntheobject-oriented
facilities of the C++ programminganguageandthe dy-
namicruntimelinking providedby modernoperatingsys-
tems. DANCE exchangesnformationthroughtheinter-
facesof the plug-in primitives, representedy classes,
which canbe sub-classedo the dynamicallylinked ob-
jects.

4.1 Simulator Class

Thesimulatoris oneof themostimportantcomponentsf
aphysics-basedystemasit performsthenumericalinte-
grationto createmotion over time. DANCE implements
simulatorsas plug-insso that they canbe compiledand
linkedby the systemat runtime.

To provide auniform simulationinterfacefor DANCE,

Figure4: UML classdiagramshaving the DANCE plug-
in primitives. For readability important attributes and
methodsareshawvn to clarify the useof eachclass.

we boundthe mainsimulationroutinesto method<f the
simulator classso that the simulatorcould be encapsu-
lated and associatedvith anindividual Systeminstance
(describedin Section4.3) such as articulatedobjects.
This allows DANCE to containsereral differentSystem
instanceseachwith their own individual simulators.Of
numericaimportanceseparatsimulatorscanbeapplied
in situationsvheretherearelargedifferencebetweerthe
naturalmotionfrequencie®f severalarticulatedobjects.
Objectswith highfrequeng motioncouldusesmallerin-
tegrationtimestepswhile objectswith smoothemotion
would still be ableto uselargertimesteps.n contrast,f
only asingle,globalsimulatorexisted,thetimestepmust
be setto thesmallestvalueto ensurestability of theover-
all system.

To date, ve differentsimulatorsare currentlyimple-
mentedin the DANCE framework as plug-ins: ODE,
SD/Fast, ABDULA [9], a versionof Baraf's simulator
[2] andaversionof Verletintegration[14].

Thesesimulatorimplementationgan solve the equa-
tionsof motionfor ary plug-inthatconformsto theprim-
itive plug-in API. Othersimulatorscanbe addedto sim-
ulatedeformableobjectsor particle-basedystemssuch
as re, smole or water

4.2 Actuator Class

We de ne the actuator classto representry sourceof
internal or externalloadsonto a system. Actuatorscan
apply forcesandtorquesto all objectsin a sceneor to
speci ¢ objects,link andjoints. The actuatorclasshas
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Figure5: ActuatorClassandsomesubclasses

provedto be a versatileclassthatis capableof modeling
awide rangeof physicalphenomenakigure5 shavs the
structureof theactuatotbaseclass.

Field actuators can be appliedglobally or on anin-
dividual objectbasis. We usethe eld actuatorto sim-
ulate the effects of Newtonian gravity, wind forcesor a
waterbasedeffects, suchasin [34]. By implementing
theseforcesas an actuatoy we can selectvely apply it
to objectsin the scene. The entire simulationenviron-
mentcanbe controlledby turningtheseforceson andoff
both interactvely and automaticallybasedon temporal
andcontact-baseeavents. Thus,userscanremove or ap-
ply thephysicaleffectsof actuatoronindividual objects.

Damperactuatos areglobalactuatorghatexertavis-
cousforce or torqueat the joints of an objectto emu-
late the effects of joint friction or air resistance.They
aremainly usedto provide a morerealistic physical en-
vironmentthatintroduceggradualenegy lossto the sys-
tem. Withoutthem,amoving passie objectwould never
cometo a completerestbecausehe physical simulation
conseresall the kinetic andpotentialenegy in the sys-
tem.

To modelperiodicmotions,we have built a PD-based
period actuatorthat can provide sinusoidalcontrol. We
have usedthis actuatotto createapping wingsin ahum-
mingbird modelshown in Figure6. Frequeng andam-
plitudeof the controlsignalcanbealteredto createmary
differentcontrollersfor periodiclocomotion. The details
for suchan actuatorandtheir relationshipto controllers
aredescribedn Sectionb.

Traditionally biomechanicaktudieshave usedlinear
actuatorsnodeledasline segmentsto representnuscles
in humanmotion studieg[4]. As aresult,forcesareap-
plied at single origin and insertion points at either end
of the muscle.We have built a detailedmuscleactuator,
shavn in Figure 8 that canapply forcesover an areaof
an objects surfaceinsteadof a singlepoint. The actua-

Figure6: A hummingbirdmodelcanbemodeledn Maya
in orderto enhanceéheappearancef anunderlyingphys-
ical model.

tor hasa deformablegeometrythatcanbe displayedand
manipulatednteractiely, shaving the e xibility of the
actuatorclass.

4.3 SystemClass

Systemsencapsulateobjectsthat are simulatedin the
DANCE ervironment. Systemscan be articulatedob-
jects,suchashumanoidcharactersor canrepresenhair
or cloth. A systemmaintainsa stateandit is oftenassoci-
atedwith a simulatorthatmodelshow the systems state
change®vertime.

An exampleof useof the systemclassis the gener
ation of articulated gures for simulationof humanoid
characters.We derive the ArticulatedObjectclassfrom
the DSystemclassfor this purpose Figure 7, described
belon. TheArticulatedObjectllows dynamicsimulation
of hierarchicaktructurewhile alsoproviding arepresen-
tationfor kinematicanimation suchasmotioncapture.

Articulated Object Class

The ArticulatedObjectlassprovidesthe animatableob-
jectsor charactersn DANCE. We de ne an articulated
objectto consistof oneor morerigid bodylinks heldto-
getherby constraints.The articulated objectclassis ac-
tually a containerclassfor joint andlink classinstances,
providing usefulmethodgor addingandremaving links.
A link representthe body segmentsof anobjectandcan
have their own geometryinstances.The geometryclass
canbe subclassedo createa variety of differentvisual
representationsuchas cylinders or triangle lists. The
joint classcanrepresenéary constrainbetweertwo links
andis responsibldor handlingthe display and manipu-
lation of theseconstraints DANCE supportsa variety of
translationahndrotationaljoints.



4.4 Modier Class

Modi ers are genericstructureswhich alter systemsin
DANCE. A modi er couldchangeasystemnby, for exam-
ple, transformingts underlyinggeometry Alternatively,
amodi er could changethe stateof a systemaccording
to someparameterssuchastime or numberof objectsin
thesceneWhereasSystemsarehearyweightobjectsthat
establistrulesandstructurefor objectsthatexistin asim-
ulationervironment,Modi ers arelightweightstructures
thatcanbeaddedandremovedfrom the simulationwith-
out disruptingthe basicoperationof the underlyingSys-
tem. As anexample we createa plug-inthatimplements
linearblendskinningasa modi er, whichin turn manip-
ulatesthe underlyinggeometryof an ArticulatedObject
instancefor bettervisual effect. The DANCE structure
allows the userto subclasghe basiclinear blend skin-
ning plug-in to createdifferentinteractive interfacesfor
skinning[19] or morecomplex characteiskinningalgo-
rithms,suchas[18].

Figure7: UML classdiagramshaving how articulated
charactersextend from the DSystemclass. Links and
joints aremanagedy the ArticulatedObjectlass.Char
acterskinningis implementedy subclassinghe DModi-
er, which changesheArticulatedObjecandunderlying
geometry

4.5 GeometryClass

Geometryrepresentsmodels, such as spheresmeshes
and surfaces. Basic geometrycan be designedusing
othermodelingtools andsubsequentlymportedinto the
DANCE ervironment.

5 Applications

While the plug-in primitivesestablishithe architectureof
thesystemthepower of the DANCE ervironmentcomes
from the developmentof plug-insthat canbe generated
by extendingthe plug-in primitives.

We describebelov anumberof plug-insthathave been
developedusingthe DANCE system. The designof the
systemallows usto to reusemodulesdevelopedfor one

applicationfor a different purpose. For example, the

developmentof a plug-in that representgravity canbe

reusedor ary applicationthatutilizesthe primitive plug-

in interfaces.Of specialinterestareplug-insthatenhance
the ability of the userto utilize physics-basednimation
in ameaningfulway.

Implementation of Controllers

Thecontrolleris a classof objectsthatcanapply control
loadsto speci ed objects.Its purposéds to allow theuser
to implementsimple or complex control techniques. It
extendsthe actuatomprimitive plug-into avoid restricting
usersto a speci ¢ type of controllersand alsoto avoid
overloadingthe systemfor usersthatdo not wish to use
control.

We derive our controllersby re ning the conceptof
an actuator The actuatorrepresent& muscleor exter
nal force independenbf an object. Controllers,on the
otherhand,can be thoughtof asa brain, which in turn
canaffect a numberof otheractuators.Controllerscan
hierarchicaliin structureandusesensorandfeedbacko
producecomplex motions.

The controllerimplementationis very generalandal-
lows virtually ary control paradigmthat is possibleto
be implementby othersystemsto be implementedasa
plug-infor DANCE. For demonstratiopurposesve have
implementedtwo different typesof controllersnamely
poseandkinematiccontrollers.

Posecontollers have beenusedextensvely asthe ba-
sic control structurein a variety of applicationg17, 7].
They aresuitedparticularlyfor periodicmotionsandcan
be usedwith or without feedback. Typically, they are
representedis a nite statemachine(FSM) with time
transitions. The statesare snapshotof the charactes
motion which, in most cases,drive appropriatesetsof
proportional-derivative controllers. The latter transform
the posesappropriatelyinto spring and dampingforces
thatactonthe object.

Our versionof kinematiccontmollers canprescribemo-
tion for articulatedobjectsusinginversedynamicsmeth-
odssimilarto thoseemploy/edin [36]. Theusercanspec-
ify functionsof timethatde ne theaccelerationyelocity
andpositionsof speci ¢ degreesof freedomof selected
objects. Purekinematic controllersthat utilize inverse
kinematicsaswell asotherkinematicmethodscanalso
be createdrom the basiccontrollerclass.

5.1 Drag Actuators and Spring Actuators

Drag actuatos and spring actuatoss allow an animator
to interactvely apply spring forcesto objects. A spring
actuatoris de ned by two endpoints1, p, which canbe
interactvely attachedo objectsor at x edlocationsary-

wherein the scene.lt is capableof automaticallyrecog-



nizing if its endpointsareattachecbn immobile or mov-
ing objects. It exerts springand dampingforceson the
endpointof theform:

- I
fpl = fpz = K(JIJ IO)m + Dl—;

whereK ; D arestiffnessanddampingconstantslg is the
springsrestlength,| = p, p;, thedotsindicatesatime

derivative. Theusercaninteractizely controlthe stiffness
anddamping the positionof theendpointsandtheloca-

tionsthey areattachedn ary time duringthe simulation.
Thusthespringactuatoiis a powerful tool thatallows the

userto positionandmanipulateobjectsin aphysicsbased
way. For example,usinga numberof springactuatorave

canturnasysteminto avirtual puppet.Thedragactuator
is a springactuatorwith one point alwaysfollowing the

mousepointerandtheotherattachednanobject. Its rest
lengthis by defaultzero,thusdraggingtheattachedoint

towardsthe locationof the pointer It allows the userto

quickly andeasily apply a springforce on a point of an

objectby a simplemouseclick.

A wide variety of animationapplicationsinvolve ob-
jectsinteractingwith a groundmodel. We avoid restrict-
ing the systento a speci ¢ type of groundmodelby im-
plementingthe latter as an actuator The plane ground
actuatorimplementsa planegroundof arbitraryorienta-
tion. We have implementeda simple collision detection
methodbasedon monitor points and we use a penalty
methodto resole the collisions. The usercaninterac-
tively affect the stiffness,dampingandfriction constants
ary time duringtheanimationto producedesiredaffects.
Using our interfaceit is trivial to createarbitrary plane
groundsonthe y with separatelycontrolledparameters
in orderto constructmorecomplex ernvironments.

5.2 Dynamic Muscle Modeling

We have appliedDANCE's openarchitecturgo produce
asetof wide rangeof differentsystems.

Figure8 displayspartsof ananatomically-basethod-
elerfor humanoidcharactersUnlike previousmodelsfor
anatomicalanimationp5, 32], DANCE wasusedto im-
plementthe musclesasactuatorghat are capableof ex-
ertingphysicalforceson the bonelinks they areattached
to, directly creatingmotionin thearticulatedmodel.Con-
straintobjectswere usedto establishpoint to point con-
tacts betweenportions of the muscle actuatorand the
links. In eachexample theuserinterfacesarecustomized
towards the speci c application,while still retaininga
commoncore architecture. Note that the muscleswere
addedto existing plug-ins that describedan articulated
character We believe that the ability to sharecomple
componentss the mostinterestingfeatureof a frame-
work like DANCE.

Figure 8:
DANCE.

Biomechanicalmodeling and simulation in

5.3 Hair Simulation

Figure 9 demonstrateinteractve hair simulation. The
hairmodel(derivedfrom systermpandtheassociatedim-
ulator are basedon particle systemsanddynamics. The
facemodelis aseparat@lugin derivedalsofrom the sys-
tem baseclassandis animatedusing a blendshapep-
proach.

Figure9: Hair simulationin DANCE usingparticlesys-
tems.

5.4 Speechand Facial Animation

By using blendshapesextendingthe animationclasses
andaddingvoice synthesidibraries,we areableto syn-
thesizespeechandanimatefacial expressionswithin the
DANCE ervironment,asshovn in Figure 10.

Figure10: Expressie facialanimation.



6 Limitations

Designing frameaworks that provide the right level of
granularitycanbetricky. A highly structuredsystenypro-
vides power to a programmerby allowing him to cre-
ate complicatedprogramswith small amountsof code.
Highly structuredsystemshowever, cansuffer from too
muchrigidity, requiringthe programmeito performad-
ditional work whendesigningbehaior thatfalls outside
of the scopeof the framavork. On the otherhand,too
little structurecanresultin a disparatesetof functions
thatis ignoredby the programmerwho seesthe frame-
work asunnecessargndpowerless.DANCE errsonthe
sideof too little structureratherthantoo much,because
we believe that an overly restrictve ervironmentwould
discouragéhe useof the systemasaresearchool.

6.1 Metadata Ef ciency

We desighedANCE to be e xible andmodular New el-
ementxanbedesignedsplug-insandreplaceor extend
existing functionality However, this architectural e xi-
bility comeswith a costin performance.The metadata
requiredto generalizethe interfacesis additional over-
headthatthe systemmusthandle.For example,a stand-
aloneversionof cloth simulationrannearlytwice asfast
asit was when integratedinto DANCE. However, the
cloth simulatorintegratedinto DANCE canhandlearbi-
trary cloth topologyandarbitrary collision geometry as
well asbeingableto coexist alongsideothersimulators.
Thus,our designpreferencdor compatibility limits per
formanceat the expenseof compatibility.

6.2 Optimization Limitations

It is dif cult to optimize componentinterfaceswithout
addingsomecostto the overall software system. This
costwill eithertake the form of: 1) circumwentingthe
interface by using the specialcapabilitiesof that com-
ponent,or 2) adaptingthe generalinterfaceto the opti-
mize componentforcing the othercomponentso adhere
to theoptimizedinterfacesthuscomplicatingthe system.
Utilizing amorecomplicatednterfacereducegheeffec-
tivenessof the framewvork by increasingthe amountof
work necessaryo integratevariouscomponents.Thus,
oursystermis generallyslowerthanmostcommerciabkys-
tems,which areusuallyoptimizedfor performanceRun-
ning dynamicsenginesdirectly throughtheir interfaces
will resultin betterperformancehanthroughDANCE,
sincethe metadataof the systemprovidesoverheadthat
isn't necessaryor all usesof thetool. For example,the
ArticulatedObject,which describesa hierarcly of con-
nectedbodies,updateghe local transformatiormatrices
of all rigid bodiesin thehierarcly ateverytimestep.This
updateis not necessaryor every applicationyet is per
formednonetheles$or compatibility with otherfeatures

of thesystemsuchascontrollers.

Loosevs. Tight Coupling
Certainplug-insrequireatight couplingwith otherplug-
ins in orderto work properly For example,simulators
needspeci c collisioninformationin orderto effect col-
lision resolutionon rigid bodies. Under our architec-
ture, a simulator a collision detectorand a collision re-
solver are threeseparatelug-ins derived from DSimu-
lator, DModi er and DActuatorrespectiely. However,
theinterfacesbetweerDSimulatorandDActuatorarenot
detailedenoughin orderto provide the properfunction-
ality betweenthe classes. Thus, instancesof the sim-
ulator, collision detectorand collision resoher override
the frameawork by referringto the speci ¢ functionality
of theothercomponentskFutureenhancementsould ei-
therdesignbetterinterfacesin orderto properlyseparate
the threeplug-insfrom eachother or combineall three
aspectsnto oneplug-in.

CodeManagement

The DANCE codebasehasbeenalteredby over 20 dif-
ferentpeopleover a periodof 5 years. This resultsin a
collectionof differentcodingstylesanddesigndecisions
asdifferentprincipalshave movedthe codein variousdi-
rections.As with ary large systemmaintenancef code
andthe eliminationof bugsis anongoingprocess.

7 LessonsL.earned

Below we presensomeof our ndings in building alarge
simulationsystem.

7.1 OneSizeFits All MakesA Slow System

It is relatively easyto develop an animationsystemthat
cansimultaneousijandletheneedsf differentcomple

phenomenasuchasrigid body simulationand uid sim-

ulation. However, it is dif cult to do so andhave those
aspectgun quickly and ef ciently. Computergraphics
applicationsn particularmustrun quickly. To do sore-

quiresoptimizationof variouspartsof the system. This

optimizationis dif cult to accomplishwhen the algo-

rithm mustaccommodatdisparate&kindsof dataandcan-
notmake usefulassumptiongboutthedata. Theoriginal

focusof the DANCE systenof a simulationervironment
for developing controllershasnot changedsinceits in-

ception,but it hasbeenadoptedo accommodate num-

ber of differentsimulationervironments.Theseadapted
ervironmentsunmoreslowly andpresentilesscohesie

programmingervironmentfor the userthanthey would

asstandaloneystems.

7.2 Developmentof Dynamic Controllers

Designingrobustdynamiccontrollersis dif cult. There
is no universally acceptedmethodfor the development



of dynamic controllers. Current methodsof develop-
mentinclude adaptingalgorithmsfrom biomechanicor
robotics, laborioushand coding of small actionsor the
use of machinelearningtechniquessuchas genetical-
gorithmsor reinforcementearning. One of the design
goalsof DANCE wasto createan ervironmentwhere
aninexperiencedisercoulddevelopdynamiccontrollers
without having to understanaontroltheory biomechan-
ics and machinelearning. We found it dif cult to pro-
vide the vastnumberof resourcesequiredfor suchdis-
paratemethodsfor useby an enduserwithout requiring
theenduserto have alargeamountof specializedknowl-
edge. Futureresearchwork in this areawill probably
needto describea limited framework for developingspe-
ci ¢ typesof dynamiccontrol. DANCE remainsa tool
for programmers.

8 Conclusionsand Futur e Work

With DANCE, we have built an open, extensible
physically-basedanimationsystemthat engagesthe ani-
matorto interactvely directa3-D animation.Theplug-in
architecturallowsalargelibrary of diverseactuatorand
controllersto beimplementedndintegratedusingastan-
dardobject-orientednterface.ln addition,DANCE plug-
ins extendthe systemto utilize kinematicanimationand
avariety of non-plysically-basedinimationstructures.

Controllerdesignerganbuild their own actuatorsun-
restrictedby ary particulartechniquelndeedcontrollers
can be built to perform prescribedmotion to integrate
pre-&isting motion path trajectoriessuchas thosecre-
atedwith keyframeanimationor spacetimeonstrainbp-
timization[33]. Practitionerf physics-base@nimation
canexchangecontrollerswith eachotherto testoutnovel
cooperatre andcompetitve tasks.Thisareahasnotbeen
exploredvery muchin computeranimation,but wasen-
ticingly hintedatin [27].

We use DANCE to build sophisticatedinteractive 3-
D environmentsjncludingthe physicalanatomical-based
modelershavn in Figure8. DANCE andits derivatives
have beenusedin anumberof differentresearclprojects,
including[24, 8, 26, 21, 22, 23]. We openlyandpublicly

distribute DANCE at http://wwwmagix.ucla.edu/dance/ [9]

in the hopeof encouraginghe further cooperatiorand

sharingof controllers,actuatorsand otherimplementa-
tions. We seethe DANCE platform asthe basisfor re-

searchinto computergraphicsin the areasof character
animation physically-basednotionandcontrol.
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