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Abstract
We introducethe DynamicAnimation andControl En-

vironment(DANCE) as a publicly available simulation
platform for researchandteaching.DANCE is an open
andextensiblesimulationframework andrapidprototyp-
ing environmentfor computeranimation.Themainfocus
of theDANCEplatformis thedevelopmentof physically-
basedcontrollersfor articulated�gures. In this paper
we (a) presentthearchitectureandpotentialapplications
of DANCE as a researchtool, and (b) discusslessons
learnedin developinga largeframework for animation.
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Figure 1: Two skeletonsusing different control meth-
ods.Theleft skeletonis key-framed,while theright char-
acterrespondsto physical forcesderived from the kine-
maticmotion. Both characterscansimultaneouslycoex-
ist andinteractunderDANCE.

1 Moti vation

Physics-basedanimationresearchhasa high barrier of
entry. Researchgroupsmustdedicateresourcestowards
building graphical tools and systemsas a prerequisite
to new research. Most systemsdevelopedby the dy-
namic animationcommunity are not shared,requiring
nearlyevery researchgroupto re-engineerthe sameset

of tools. Openlyavailabletool setsusuallytake theform
of libraries,suchasRAPID [10] for collision detection
or OpenDynamicsEngine[28] for dynamicsimulation.
However, thesedisparatelibrariesaddressonly partsof
what are neededto properly implementphysical simu-
lation with articulated�gures. In addition, they often
have overlappingaspects,resulting in duplicatedcode
that needsto be reconciled. Many individual libraries
use different code basesfor primitive modeling types,
suchas vectorsand matrices,resulting in heavyweight
conversionsbetweenfunctioncalls.Developinga frame-
work for dynamiccharactersimulationrequiresa great
dealof engineeringwork in orderto generatea reusable
system.In addition,thevariousproblemareasthathave
beenneatlysegmentedby theresearchcommunity, such
astheseparationof collisiondetectionfrom collisionres-
olution, must be uni�ed in practice. We have found it
dif�cult to cleanlyseparatetheseandotherareasaswell
asthetheorieswouldsuggest.

We have developedtheDynamicAnimationandCon-
trol Environment (DANCE) as an open framework for
computeranimationresearch.DANCE'sprimaryfocusis
thedevelopmentof simulationsanddynamiccontrollers.
Thisis in contrasttomany otheranimationsystemswhich
areorientedtowardsgeometricmodelingandkinematic
animation.

1.1 Contrib utions

DANCE offerssolutionsto theproblemsof �e xible reuse
of controllers,actuatorsand interactive participationin
3-D physically basedanimation. In particular, DANCE
hasbuilt-in supportfor physicalsimulationof articulated
�gures. In addition, DANCE provides basicmodeling
capabilitiesandsupportfor kinematicanimationsuchas
motioncaptureandkey framing.

DANCE demonstratesa powerful, opensystemmodel
thatpermitsa wide varietyof differentapplicationsto be
built with a commonfundamentalcoreandallows 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
standardinterfaceso that they canbe sharedin a com-
monphysicalenvironment.

The power of an openplug-in architecturelies in the
ability for acommunityof developersto work togetherto
rapidlybuild averycomplex systemmadeupof relatively
simpleparts.As plug-inscanbeselectively includedinto
the main system,DANCE canbe a useful researchtool
thatenablesvariousaspectsof asystemto beisolatedfor
study.

Section2 discussesDANCE's relationto otheranima-
tion systems.Section3 discussesthea numberof design
issuesthatwereconsideredin constructingDANCE.Sec-
tion 4 highlights the key baseclasscomponents,called
primitiveplug-ins,of DANCE'sarchitectureandoutlines
how someof themwereusedto createinterestingsub-
classes.Section5 presentsa setof examplesthat illus-
tratethe�e xibility of our systemwith a focuson thede-
velopmentof dynamiccontrollers. In Section6 we dis-
cusslimitations and restrictionsof the system. In Sec-
tion 7 we discusslessonsthatwe learnedwhile develop-
ing this systemandpresentrecommendationsfor build-
ing similar systemsin the future. Finally, Section8 dis-
cussespossibleresearchdirectionsto extendDANCE or
thatDANCE canbeappliedto.

2 RelatedWork

Many tools,librariesandsystemshavebeendesignedfor
thepurposeof creatinganimations.Commercialsystems
suchas Maya [1] and3D StudioMax [5], focuson an
interactive interfacefor modelingandanimation.These
toolsareprimarily orientedtowardskinematicanimation,
suchaskey-framing. They incorporatedynamicsin the
form of particlesystemsandpassive dynamicsfor rigid
bodiesby extendingtheir modelingand kinematicani-
mationsystems.Our systemdiffers from thesein that it
is tailoredtowardsphysics-basedanimationandcontrol,
ratherthanmodelingor kinematicanimation. The con-
trol architectureof DANCE enablesactive dynamicsand
interactivecontrolduringphysicalsimulation,ratherthan
passive dynamicsandsimple”rag doll” effects.DANCE
alsoprovidesmodelingandkinematicfunctionality, but
doessoasanextensionof its dynamiccapabilities,rather
thanvice-versa. Houdini [29] usesproceduralnetworks
to producesimulationandmodelingresults. DANCE's
componentsare of a larger granularity than thosepro-
videdby Houdiniandit doesnotutilize aproceduralnet-
work paradigm.

Endorphin[20] is a commercialsimulationtool that
providesbasicdynamiccontrol strategies for humanoid
charactersduring physical simulation. Endorphinpro-

videsa setof behaviors for their dynamiccharactersand
a simulationframework for developingcharacteranima-
tion underphysical simulation. We provide a research
framework for designingcontrollersfor dynamiccharac-
terswith any topologyor complexity.

Breve [16] is a simulationenvironmentmeantfor the
developmentof arti�cial life in a physically simulated
world. It usesa scripting languagethat allows control
strategies and event-basedreactionsto the environment
for largenumbersof agents.DANCE differs in that it is
designedto supportrobustarticulatedobjectswith com-
plicatedcontrolstrategiesfor smallnumberof agents.

Otherdocumentedanimationsystemsexist but arenot
openlyavailablefor use. IndustrialLight & Magic [15]
createda dynamicsanimationsystemsuitablebasedon
a spring-massmodel. Their solver is basedon a second
orderVerletintegration.

Many dynamicsenginesexists to assistthe develop-
mentof physics-basedanimation,bothopensystemslike
Open DynamicsEngine (ODE) [28], and commercial
onessuchas Havok [11], Vortex [3] and SD/Fast [13].
Oursystemprovidesa framework andAPI with which to
incorporateany simulationengine. To date,� ve differ-
entsimulatorsarecurrentlyimplementedin theDANCE
framework, includingODE,SD/Fastandothers(seeSec-
tion 4.1).

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

2.1 Controllers
An interestingareaof researchin physics-basedanima-
tion is thedesignandconstructionof controllers thatcan
computethe active forcesand torquesrequiredto con-
trol a character, either as an articulated�gure or a de-
formableobject. Controllershave beencreatedto pro-
ducea rangeof locomotive and non-locomotive tasks,
such as swimming[30, 34], running[12], walking[17]
andbreathing[35]. Although controllersare inherently
reusable,theiractualimplementationsareoftenrestricted
and embeddedin customsystemsbuilt by various re-
searchgroupsfor their own speci�c purposes. Other
experimentalsystemsallowed only a limited numberof
differenttypesof controllersto coexist [30]. The incor-
porationof new controllersinto suchsystemsoften im-
plied a large undertakingin coderedesignanddevelop-
ment. DANCE allows controllersto bebuilt asseparate



programsthatadhereto restricted,but general,interfaces
usingstandardobject-orienteddesign. The endresult is
thatananimationcanbeconstructedconsistingof several
controllerscooperatingor competingwith eachotheras
in [8], [7] and[26].

A truephysicallybasedcharactercouldreactto chang-
ing obstaclesin its environmentandproduceuniquemo-
tionsthatdonotsuffer from therepetitive,pre-fabricated
motion commonin existing gamesand virtual worlds.
Currentinteractive applicationsstoresequencesof �x ed
motion trajectoriesin �nite statemachinesthat selec-
tively play backdifferentsequencesof motionaccording
to userevents.

Systemshavebeenintroduced,suchastheMOTIVATE
Intelligent Digital Actor System[6], that attemptto syn-
thesizemotiondynamicallyandmodelhigh-level behav-
iors. However, we do not believe thatany physical sim-
ulation is beingperformedat the lower levelsof motion.
Many existingstrategiesattemptto parameterizeexisting
motion kinematically to adaptit to different situations.
Suchstrategiesdo not offer true interactivity, asthe pa-
rameterizedmotionis still inherentlyrelatedto a limited
setof pre-recordedactions.

Figure2: UML classdiagramdemonstratingthe design
of thedynamicsimulators,kinematicsimulatorsandcon-
trollers. The OpenDynamicsEngine(ODE) is imple-
mentedusingtheDSimulatorclass.Kinematicanimation
canalsobederivedandusedconcurrentlywith dynamic
controllers,suchas a proportional-derivative (PD) con-
troller. This enablessimulationof mixed kinematicand
dynamiccontrol.

3 SystemDesign

DANCE's designfocus is on the creationof a modular
andopenphysics-basedanimationsystem.In somecases,

Figure3: A dynamiccharacteris programmedwith dy-
namiccontrollersthatallow it to roll andgetupfollowing
aninteractionwith aphysicalobject.

compromiseshadto be madeto �nd a balancebetween
competingrequirements,like speedanddataabstraction.
Othertimes,seeminglycontrastinggoalslike tight inte-
grationandmodularityhadelegantsolutionsthatallowed
bothto beful�lled.

DANCE is structuredusingtheprincipledapplication
of object-orienteddesignanddynamically-linkedobjects
(plug-ins). The corearchitecturemaintainsa simpleset
of baseclassesthat it usesin its user-interface,display
andphysicalsimulationsubsystems.We have purposely
restrictedthe numberof differentprimitives in order to
have a relatively simplecore,while leaving all the func-
tionality andcomplexity within theplug-ins. For exam-
ple, the interfaceto the actuator primitive hasallowed
us to serendipitouslyimplementa wide set of features
that includecollision detection,groundmodels,interac-
tivedragmanipulatorsanddeformablemusclesasshown
in Figure5. Thesefeaturescanbe selectively included
in an animation,empowering the animatorwith a �e xi-
ble setof toolsthatcanbecombinedin differentwaysto
produceanimations.

Realizingthatphysically-basedanimationis only one
possiblemeansof creatingmotion,DANCE allowskine-
matically basedcontrollers to handle traditional key-
framedanimationin a mannerthat is consistentandsen-
sitive to thephysical,dynamics-basedenvironment.Fur-
thermore,animationgeneratedwith DANCE canbe ex-
porteddirectly into commercialanimationandrendering
systemssuchasMaya[1] or theRenderManlanguage[31]
to take advantageof theadvancedrenderingandmodel-
ing capabilitiesthatsuchfacilitiesoffer.

AlthoughDANCE is primarily a programmingtool, it
canbeusedasaninteractive modelingenvironment.It is
asystemthatallowsanarticulated�gure andits physical
environmentto be constructedwith completespeci�ca-
tion andmanipulationof different joint types. Without



leaving DANCE's environment,a systemof equationsof
motion for the �gure canbe generated,followed by the
resultingsimulationwhichcanbeadjustedandviewedin
real-timeusinginteractive camerasanddirectmanipula-
tion. DANCE supportsa numberof different input de-
vicessuchasmice, joysticksandhapticdevices. These
devicescanbeusedasa meansof interactively manipu-
lating a runningsimulationby providing real-timeforce
andtorqueinformation.

4 Plug-in Primiti ves

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

Many other classesexist that are necessaryfor the
properexecutionof theDANCE environment,including
thosethatprovide theunderlyinggluethatconnectsvari-
ouscomponents.For example,classesfor management
of the graphical interface, script interpreterand driver
subsystem.The detailsfor thoseclasseswill not be de-
scribedin thispaperasthey appearin thesourcecodeand
their detailsdo not needto beunderstoodin orderto use
thefunctionalityof thesystem.Thissectiondiscussesthe
mostimportantclassesof thesystem,thatwe refer to as
theplug-inprimitives.

There are several diagramsgiven in this paper that
detail the structureof the relevant partsof the DANCE
system. Figure 4 shows the generalstructureof the
plug-in primitives,describedbelow. Figure7 shows the
derivation of systemsof hierarchicalobjectsnecessary
for thedevelopmentof complex articulated�gures, such
ashuman-like characters.Figure 2 shows the structure
weusedfor thedevelopmentof 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 describedin thesectionsbelow.

Ourplug-inmechanismis basedontheobject-oriented
facilitiesof theC++ programminglanguageandthedy-
namicruntimelinking providedby modernoperatingsys-
tems.DANCE exchangesinformationthroughthe inter-
facesof the plug-in primitives, representedby classes,
which canbe sub-classedto the dynamicallylinked ob-
jects.

4.1 Simulator Class
Thesimulatoris oneof themostimportantcomponentsof
aphysics-basedsystemasit performsthenumericalinte-
grationto createmotionover time. DANCE implements
simulatorsasplug-insso that they canbe compiledand
linkedby thesystemat runtime.

To provideauniformsimulationinterfacefor DANCE,

Figure4: UML classdiagramshowing theDANCE plug-
in primitives. For readability, importantattributesand
methodsareshown to clarify theuseof eachclass.

weboundthemainsimulationroutinesto methodsof the
simulatorclassso that the simulatorcould be encapsu-
latedandassociatedwith an individual Systeminstance
(describedin Section4.3) such as articulatedobjects.
This allows DANCE to containseveraldifferentSystem
instances,eachwith their own individual simulators.Of
numericalimportance,separatesimulatorscanbeapplied
in situationswheretherearelargedifferencesbetweenthe
naturalmotionfrequenciesof severalarticulatedobjects.
Objectswith highfrequency motioncouldusesmallerin-
tegrationtimesteps,while objectswith smoothermotion
would still beableto uselargertimesteps.In contrast,if
only asingle,globalsimulatorexisted,thetimestepmust
besetto thesmallestvalueto ensurestabilityof theover-
all system.

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

Thesesimulatorimplementationscansolve the equa-
tionsof motionfor any plug-inthatconformsto theprim-
itive plug-in API. Othersimulatorscanbeaddedto sim-
ulatedeformableobjectsor particle-basedsystems,such
as�re, smokeor water.

4.2 Actuator Class

We de�ne the actuatorclassto representany sourceof
internalor external loadsonto a system. Actuatorscan
apply forcesand torquesto all objectsin a sceneor to
speci�c objects,link and joints. The actuatorclasshas
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provedto bea versatileclassthat is capableof modeling
a wide rangeof physicalphenomena.Figure5 shows the
structureof theactuatorbaseclass.

Field actuators can be appliedglobally or on an in-
dividual objectbasis. We usethe �eld actuator to sim-
ulatethe effectsof Newtoniangravity, wind forcesor a
water-basedeffects, suchas in [34]. By implementing
theseforcesas an actuator, we can selectively apply it
to objectsin the scene. The entire simulationenviron-
mentcanbecontrolledby turningtheseforcesonandoff
both interactively and automaticallybasedon temporal
andcontact-basedevents.Thus,userscanremove or ap-
ply thephysicaleffectsof actuatorsonindividualobjects.

Damperactuatorsareglobalactuatorsthatexertavis-
cousforce or torqueat the joints of an object to emu-
late the effects of joint friction or air resistance.They
aremainly usedto provide a morerealisticphysical en-
vironmentthat introducesgradualenergy lossto thesys-
tem.Without them,amoving passiveobjectwouldnever
cometo a completerestbecausethephysicalsimulation
conservesall thekinetic andpotentialenergy in thesys-
tem.

To modelperiodicmotions,we have built a PD-based
period actuatorthat canprovide sinusoidalcontrol. We
haveusedthisactuatorto create�apping wingsin ahum-
mingbird modelshown in Figure6. Frequency andam-
plitudeof thecontrolsignalcanbealteredto createmany
differentcontrollersfor periodiclocomotion.Thedetails
for suchan actuatorandtheir relationshipto controllers
aredescribedin Section5.

Traditionally, biomechanicalstudieshave usedlinear
actuatorsmodeledasline segmentsto representmuscles
in humanmotionstudies[4]. As a result,forcesareap-
plied at single origin and insertionpoints at either end
of themuscle.We have built a detailedmuscleactuator,
shown in Figure8 that canapply forcesover an areaof
an object's surfaceinsteadof a singlepoint. The actua-

CB

A

Figure6: A hummingbirdmodelcanbemodeledin Maya
in orderto enhancetheappearanceof anunderlyingphys-
ical model.

tor hasa deformablegeometrythatcanbedisplayedand
manipulatedinteractively, showing the �e xibility of the
actuatorclass.

4.3 SystemClass

Systemsencapsulateobjects that are simulatedin the
DANCE environment. Systemscan be articulatedob-
jects,suchashumanoidcharacters,or canrepresenthair
or cloth. A systemmaintainsastateandit is oftenassoci-
atedwith a simulatorthatmodelshow thesystem's state
changesover time.

An exampleof useof the systemclassis the gener-
ation of articulated�gures for simulationof humanoid
characters.We derive the ArticulatedObjectclassfrom
the DSystemclassfor this purpose,Figure7, described
below. TheArticulatedObjectallowsdynamicsimulation
of hierarchicalstructure,while alsoproviding arepresen-
tationfor kinematicanimation,suchasmotioncapture.

Articulated Object Class

TheArticulatedObjectclassprovidestheanimatableob-
jectsor charactersin DANCE. We de�ne an articulated
objectto consistof oneor morerigid bodylinks heldto-
getherby constraints.Thearticulatedobjectclassis ac-
tually a containerclassfor joint andlink classinstances,
providing usefulmethodsfor addingandremoving links.
A link representsthebodysegmentsof anobjectandcan
have their own geometryinstances.The geometryclass
canbe subclassedto createa variety of differentvisual
representationssuchas cylinders or triangle lists. The
joint classcanrepresentany constraintbetweentwo links
andis responsiblefor handlingthe displayandmanipu-
lation of theseconstraints.DANCE supportsa varietyof
translationalandrotationaljoints.



4.4 Modi�er Class
Modi�ers are genericstructureswhich alter systemsin
DANCE.A modi�er couldchangeasystemby, for exam-
ple, transformingits underlyinggeometry. Alternatively,
a modi�er could changethe stateof a systemaccording
to someparameters,suchastimeor numberof objectsin
thescene.WhereasSystemsareheavyweightobjectsthat
establishrulesandstructurefor objectsthatexist in asim-
ulationenvironment,Modi�ers arelightweightstructures
thatcanbeaddedandremovedfrom thesimulationwith-
out disruptingthebasicoperationof theunderlyingSys-
tem.As anexample,wecreateaplug-in thatimplements
linearblendskinningasa modi�er, which in turnmanip-
ulatesthe underlyinggeometryof an ArticulatedObject
instancefor bettervisual effect. The DANCE structure
allows the userto subclassthe basiclinear blend skin-
ning plug-in to createdifferent interactive interfacesfor
skinning[19] or morecomplex characterskinningalgo-
rithms,suchas[18].

Figure7: UML classdiagramshowing how articulated
charactersextend from the DSystemclass. Links and
joints aremanagedby theArticulatedObjectclass.Char-
acterskinningis implementedby subclassingtheDModi-
�er , whichchangestheArticulatedObjectandunderlying
geometry.

4.5 GeometryClass
Geometryrepresentsmodels,such as spheres,meshes
and surfaces. Basic geometrycan be designedusing
othermodelingtoolsandsubsequentlyimportedinto the
DANCE environment.

5 Applications

While theplug-in primitivesestablishthearchitectureof
thesystem,thepowerof theDANCE environmentcomes
from the developmentof plug-insthat canbe generated
by extendingtheplug-inprimitives.

Wedescribebelow anumberof plug-insthathavebeen
developedusingthe DANCE system.The designof the
systemallows us to to reusemodulesdevelopedfor one

applicationfor a different purpose. For example, the
developmentof a plug-in that representsgravity canbe
reusedfor any applicationthatutilizestheprimitiveplug-
in interfaces.Of specialinterestareplug-insthatenhance
theability of theuserto utilize physics-basedanimation
in ameaningfulway.

Implementation of Controllers

Thecontrolleris a classof objectsthatcanapplycontrol
loadsto speci�edobjects.Its purposeis to allow theuser
to implementsimpleor complex control techniques.It
extendstheactuatorprimitiveplug-in to avoid restricting
usersto a speci�c type of controllersandalso to avoid
overloadingthesystemfor usersthatdo not wish to use
control.

We derive our controllersby re�ning the conceptof
an actuator. The actuatorrepresentsa muscleor exter-
nal force independentof an object. Controllers,on the
otherhand,canbe thoughtof asa brain, which in turn
canaffect a numberof otheractuators.Controllerscan
hierarchicalin structureandusesensorsandfeedbackto
producecomplex motions.

The controllerimplementationis very generalandal-
lows virtually any control paradigmthat is possibleto
be implementby othersystems,to be implementedasa
plug-infor DANCE.For demonstrationpurposeswehave
implementedtwo different typesof controllersnamely
poseandkinematiccontrollers.

Posecontrollers have beenusedextensively astheba-
sic control structurein a variety of applications[17, 7].
They aresuitedparticularlyfor periodicmotionsandcan
be usedwith or without feedback. Typically, they are
representedas a �nite statemachine(FSM) with time
transitions. The statesare snapshotsof the character's
motion which, in most cases,drive appropriatesetsof
proportional-derivative controllers.The latter transform
the posesappropriatelyinto springanddampingforces
thatacton theobject.

Ourversionof kinematiccontrollerscanprescribemo-
tion for articulatedobjectsusinginversedynamicsmeth-
odssimilar to thoseemployedin [36]. Theusercanspec-
ify functionsof timethatde�ne theacceleration,velocity
andpositionsof speci�c degreesof freedomof selected
objects. Purekinematiccontrollersthat utilize inverse
kinematicsaswell asotherkinematicmethodscanalso
becreatedfrom thebasiccontrollerclass.

5.1 Drag Actuators and Spring Actuators

Drag actuators andspring actuators allow an animator
to interactively apply springforcesto objects. A spring
actuatoris de�ned by two endpointsp1, p2 which canbe
interactively attachedto objectsor at �x edlocationsany-
wherein thescene.It is capableof automaticallyrecog-



nizing if its endpointsareattachedon immobileor mov-
ing objects. It exertsspringanddampingforceson the
endpointsof theform:

f p1 = � fp2 = K (jl j � l0)
l

klk
+ D _l;

whereK ; D arestiffnessanddampingconstants,l0 is the
spring's restlength,l = p2 � p1, thedotsindicatesatime
derivative. Theusercaninteractively controlthestiffness
anddamping,thepositionof theendpoints,andtheloca-
tionsthey areattachedonany timeduringthesimulation.
Thusthespringactuatoris apowerful tool thatallowsthe
userto positionandmanipulateobjectsin aphysicsbased
way. For example,usinganumberof springactuatorswe
canturnasysteminto avirtual puppet.Thedragactuator
is a springactuatorwith onepoint alwaysfollowing the
mousepointerandtheotherattachedonanobject.Its rest
lengthis by defaultzero,thusdraggingtheattachedpoint
towardsthe locationof thepointer. It allows theuserto
quickly andeasilyapply a springforce on a point of an
objectby asimplemouseclick.

A wide variety of animationapplicationsinvolve ob-
jectsinteractingwith a groundmodel.We avoid restrict-
ing thesystemto a speci�c typeof groundmodelby im-
plementingthe latter asan actuator. The planeground
actuatorimplementsa planegroundof arbitraryorienta-
tion. We have implementeda simplecollision detection
methodbasedon monitor points and we usea penalty
methodto resolve the collisions. The usercan interac-
tively affect thestiffness,dampingandfriction constants
any timeduringtheanimationto producedesiredaffects.
Using our interfaceit is trivial to createarbitraryplane
groundson the�y with separatelycontrolledparameters
in orderto constructmorecomplex environments.

5.2 Dynamic MuscleModeling
We have appliedDANCE's openarchitectureto produce
asetof wide rangeof differentsystems.

Figure8 displayspartsof ananatomically-basedmod-
elerfor humanoidcharacters.Unlikepreviousmodelsfor
anatomicalanimation[25, 32], DANCE wasusedto im-
plementthe musclesasactuatorsthat arecapableof ex-
ertingphysicalforceson thebonelinks they areattached
to,directlycreatingmotionin thearticulatedmodel.Con-
straintobjectswereusedto establishpoint to point con-
tacts betweenportions of the muscleactuatorand the
links. In eachexample,theuserinterfacesarecustomized
towards the speci�c application,while still retaininga
commoncorearchitecture.Note that the muscleswere
addedto existing plug-ins that describedan articulated
character. We believe that the ability to sharecomplex
componentsis the most interestingfeatureof a frame-
work likeDANCE.

Figure 8: Biomechanicalmodeling and simulation in
DANCE.

5.3 Hair Simulation

Figure 9 demonstratesinteractive hair simulation. The
hairmodel(derivedfrom system) andtheassociatedsim-
ulator arebasedon particlesystemsanddynamics.The
facemodelis aseparatepluginderivedalsofrom thesys-
tem baseclassand is animatedusing a blendshapeap-
proach.

Figure9: Hair simulationin DANCE usingparticlesys-
tems.

5.4 Speechand Facial Animation

By using blendshapes,extendingthe animationclasses
andaddingvoicesynthesislibraries,we areableto syn-
thesizespeechandanimatefacialexpressionswithin the
DANCE environment,asshown in Figure10.

Figure10: Expressive facialanimation.



6 Limitations

Designing frameworks that provide the right level of
granularitycanbetricky. A highly structuredsystempro-
vides power to a programmerby allowing him to cre-
ate complicatedprogramswith small amountsof code.
Highly structuredsystems,however, cansuffer from too
muchrigidity, requiringthe programmerto performad-
ditional work whendesigningbehavior that falls outside
of the scopeof the framework. On the otherhand,too
little structurecan result in a disparateset of functions
that is ignoredby the programmer, who seesthe frame-
work asunnecessaryandpowerless.DANCE errson the
sideof too little structureratherthantoo much,because
we believe that an overly restrictive environmentwould
discouragetheuseof thesystemasa researchtool.

6.1 Metadata Ef�ciency

WedesignedDANCE to be�e xible andmodular. New el-
ementscanbedesignedasplug-insandreplaceor extend
existing functionality. However, this architectural�e xi-
bility comeswith a cost in performance.The metadata
requiredto generalizethe interfacesis additionalover-
headthat thesystemmusthandle.For example,a stand-
aloneversionof cloth simulationrannearlytwice asfast
as it was when integratedinto DANCE. However, the
cloth simulatorintegratedinto DANCE canhandlearbi-
trary cloth topologyandarbitrarycollision geometry, as
well asbeingableto coexist alongsideothersimulators.
Thus,our designpreferencefor compatibility limits per-
formanceat theexpenseof compatibility.

6.2 Optimization Limitations

It is dif�cult to optimize componentinterfaceswithout
addingsomecost to the overall software system. This
cost will either take the form of: 1) circumventing the
interfaceby using the specialcapabilitiesof that com-
ponent,or 2) adaptingthe generalinterfaceto the opti-
mizecomponent,forcing theothercomponentsto adhere
to theoptimizedinterfaces,thuscomplicatingthesystem.
Utilizing amorecomplicatedinterfacereducestheeffec-
tivenessof the framework by increasingthe amountof
work necessaryto integratevariouscomponents.Thus,
oursystemis generallyslowerthanmostcommercialsys-
tems,whichareusuallyoptimizedfor performance.Run-
ning dynamicsenginesdirectly throughtheir interfaces
will result in betterperformancethanthroughDANCE,
sincethe metadataof the systemprovidesoverheadthat
isn't necessaryfor all usesof the tool. For example,the
ArticulatedObject,which describesa hierarchy of con-
nectedbodies,updatesthe local transformationmatrices
of all rigid bodiesin thehierarchy atevery timestep.This
updateis not necessaryfor every applicationyet is per-
formednonethelessfor compatibilitywith otherfeatures

of thesystem,suchascontrollers.

Loosevs. Tight Coupling
Certainplug-insrequirea tight couplingwith otherplug-
ins in order to work properly. For example,simulators
needspeci�c collision informationin orderto effect col-
lision resolutionon rigid bodies. Under our architec-
ture, a simulator, a collision detectoranda collision re-
solver are threeseparateplug-insderived from DSimu-
lator, DModi�er andDActuator respectively. However,
theinterfacesbetweenDSimulatorandDActuatorarenot
detailedenoughin orderto provide theproperfunction-
ality betweenthe classes. Thus, instancesof the sim-
ulator, collision detectorandcollision resolver override
the framework by referring to the speci�c functionality
of theothercomponents.Futureenhancementswouldei-
therdesignbetterinterfacesin orderto properlyseparate
the threeplug-insfrom eachother, or combineall three
aspectsinto oneplug-in.

CodeManagement
TheDANCE codebasehasbeenalteredby over 20 dif-
ferentpeopleover a periodof 5 years. This resultsin a
collectionof differentcodingstylesanddesigndecisions
asdifferentprincipalshavemovedthecodein variousdi-
rections.As with any largesystem,maintenanceof code
andtheeliminationof bugsis anongoingprocess.

7 LessonsLearned

Below wepresentsomeof our�ndings in building alarge
simulationsystem.

7.1 OneSizeFits All MakesA Slow System
It is relatively easyto develop an animationsystemthat
cansimultaneouslyhandletheneedsof differentcomplex
phenomena,suchasrigid bodysimulationand�uid sim-
ulation. However, it is dif�cult to do so andhave those
aspectsrun quickly and ef�ciently . Computergraphics
applicationsin particularmustrun quickly. To do sore-
quiresoptimizationof variouspartsof the system.This
optimization is dif�cult to accomplishwhen the algo-
rithm mustaccommodatedisparatekindsof dataandcan-
notmakeusefulassumptionsaboutthedata.Theoriginal
focusof theDANCE systemof asimulationenvironment
for developingcontrollershasnot changedsinceits in-
ception,but it hasbeenadoptedto accommodatea num-
berof differentsimulationenvironments.Theseadapted
environmentsrunmoreslowly andpresentalesscohesive
programmingenvironmentfor the userthanthey would
asstandalonesystems.

7.2 Developmentof Dynamic Controllers
Designingrobust dynamiccontrollersis dif�cult. There
is no universally acceptedmethodfor the development



of dynamic controllers. Current methodsof develop-
mentincludeadaptingalgorithmsfrom biomechanicsor
robotics, laborioushandcoding of small actionsor the
useof machinelearningtechniquessuchas genetical-
gorithmsor reinforcementlearning. One of the design
goalsof DANCE was to createan environmentwhere
aninexperiencedusercoulddevelopdynamiccontrollers
without having to understandcontroltheory, biomechan-
ics andmachinelearning. We found it dif�cult to pro-
vide thevastnumberof resourcesrequiredfor suchdis-
paratemethodsfor useby anenduserwithout requiring
theenduserto havea largeamountof specializedknowl-
edge. Future researchwork in this areawill probably
needto describea limited framework for developingspe-
ci�c typesof dynamiccontrol. DANCE remainsa tool
for programmers.

8 Conclusionsand Futur e Work

With DANCE, we have built an open, extensible
physically-basedanimationsystemthatengagestheani-
matorto interactively directa3-D animation.Theplug-in
architectureallowsalargelibrary of diverseactuatorsand
controllerstobeimplementedandintegratedusingastan-
dardobject-orientedinterface.In addition,DANCE plug-
ins extendthesystemto utilize kinematicanimationand
avarietyof non-physically-basedanimationstructures.

Controllerdesignerscanbuild theirown actuators,un-
restrictedby any particulartechnique.Indeed,controllers
can be built to perform prescribedmotion to integrate
pre-existing motion path trajectoriessuchas thosecre-
atedwith keyframeanimationor spacetimeconstraintop-
timization[33]. Practitionersof physics-basedanimation
canexchangecontrollerswith eachotherto testoutnovel
cooperativeandcompetitivetasks.Thisareahasnotbeen
exploredvery muchin computeranimation,but wasen-
ticingly hintedat in [27].

We useDANCE to build sophisticated,interactive 3-
D environments,includingthephysicalanatomical-based
modelershown in Figure8. DANCE andits derivatives
havebeenusedin anumberof differentresearchprojects,
including[24, 8, 26, 21, 22, 23]. Weopenlyandpublicly
distribute DANCE at http://www.magix.ucla.edu/dance/
in the hopeof encouragingthe further cooperationand
sharingof controllers,actuatorsand other implementa-
tions. We seethe DANCE platform asthe basisfor re-
searchinto computergraphicsin the areasof character
animation,physically-basedmotionandcontrol.
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