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Abstract

We implementa framework for animating interactive
characters by combiningkinematicanimationwith physi-
cal simulation. Thecombinationof animationtechniques
allows the characters to exploit the advantages of each
technique. For example, characters can performnatural-
looking kinematic gaits and react dynamically to unex-
pectedsituations.

Kinematic techniquessuch as thosebasedon motion
capture data can create very natural-looking animation.
However, motioncapture basedtechniquesare not suitable
for modelingthecomplex interactionsbetweendynamically
interacting characters. Physicalsimulation,on the other
hand,is well suitedfor such tasks.Our workdevelopskine-
matic and dynamiccontrollers and transitionmethodsbe-
tweenthetwocontrol methodsfor interactivecharacteran-
imation. In addition,weutilize themotiongraphtechnique
to developcomplex kinematicanimationfrom shortermo-
tion clipsasa methodof kinematiccontrol.

1. Intr oduction

Kinematiccontroltechniquessuchasthosebasedonmo-
tion capturedata can createvery natural-lookinganima-
tion. Complex humanandanimalactivitiescanbecaptured
andthenanimatedonCGcharacters,makingthecharacters
move andbehave realistically. In addition, thesemotions
canbecombinedtogetherusingvariousblendingandtran-
sition techniquesto producesequencesof realisticmotion.
However, kinematictechniquesarenot suitedfor dynami-
cally interactingcharactersor to producedynamiceffects.
In orderto do so,thekinematicallycontrolledmotionmust
betweakedsoasto maintaintheappearanceof dynamicin-
teractionin addition to maintainingcritical aspectsof the

original motion,often resultingin unnaturaleffects. Kine-
matic control techniquesalsomustbe designedfor a spe-
ci�c environmentandcannoteasilyto adaptedto changing
ones.

Physical simulationis a techniquethat is well suitedto
modelinginteractivebodiessinceit automaticallysimulates
dynamiceffectsbetweenbodiesandtheirenvironment.Dy-
namiccontrol allows animatedcharactersto both actively
respondto achangingenvironmentandproducephysically-
realisticeffectsby abidingto thelaws of physics.Dynamic
simulationandcontrolcanbeemployedto modelcomplex
physical interactionsbetweenanimatedcharactersandob-
jects that would be impracticalor time-consumingto pro-
ducekinematically. However, developing robust dynamic
controllersthat producenaturallooking motion is in gen-
eralahardproblem.

By combiningkinematiccontrol and dynamiccontrol,
theadvantagesof bothtechniquescanberealized.Oursys-
tem canswitch betweenkinematicanimationandphysical
simulationfor any numberof charactersin theenvironment
anddetermineswhich effectswill be placedon eachchar-
acter. For example,it maybedesirableto fully animateone
characterhitting anotherby motioncaptureddataandonly
simulatethe impact of the force of the hit on the second
character. In otherinstances,all characterscanbedynami-
cally simulated.Thecharacterscanreactto unexpectedcir-
cumstancesthroughthe useof dynamiccontrollerswhich
areautomaticallyactivatedbasedon the stateof the char-
acterandtheenvironment.For example,a characterfalling
down will automaticallyput its handsdown to cushionthe
impact.

Our systemusesboth kinematic and dynamic control
techniquesat variousstagesfor differentobjectsin theani-
matedscenewhereappropriate.Thekinematiccontroland
dynamiccontrolfor any objectcanbesequencedin any or-
derandautomaticallycomposedtogetherto produceeffects



notpossiblewith eithertechniquealone.
We build uponour previouswork on dynamiccontroller

composition[3]. Within our framework, controllersare
now black boxes that canencapsulateany kind of anima-
tion technique.For example,they canbe basedon the di-
rectapplicationof motioncapture,elaboratemotiongraph
structures[7, 9] or dynamiccontrollers[5, 3].

The rest of the paperis organizedas follows: related
work is coveredin Section2. We describethe methodof
composingkinematicand dynamiccontrollersin Section
3. Controller activation is coveredin Section4. Section
5 detailsour implementationof the systemwhile Section
6 outlinesour results. Conclusionsandfuture work arein
Section7.

2. PreviousWork

Previous researchfor synthesizingcomplex animation
hasconcentratedon either using kinematicsand preserv-
ing theappearanceof thedynamicaspectsof themotion,or
by physically modelingtheinteractingcharactersusingdy-
namics.In addition,somehybrid approachesthatcombine
thetwo methodshave alsobeenproposed.

Kinematic Techniques.Many techniquesutilize theex-
plicit and implicit information of key framesto produce
plausible-lookingcharacteranimation.Motionsgraphs[7]
utilize a databaseof kinematic motion to capturetransi-
tionsbetweenmovementsandproducetransitionsbetween
keyframes.Themotiontexturing techniqueproposedin [9]
usesa stochasticmodel to capturethe dynamicnatureof
kinematicallycontrolledmotion.

Trajectoryandconstraintbasedtechniquessuchas[20,
11, 13, 15, 10, 16] employ physicsaspartof aconstraintop-
timizationproblem. They areexcellenttools for authoring
motion,however, they cannotbe usedfor interactive char-
actersin their presentform.

Dynamic Techniques.Developingdynamiccontrollers
for complex articulatedcharactersis not an easytask. [5]
implementaseriesof elaboratedynamiccontrollersfor hu-
manathletics. [8] develop a techniquethat canadaptbal-
anceandwalkingcontrollersto varyingenvironmentalcon-
ditions.Thereis alsoaninterestingbodyof work thatdevel-
opsdynamiccontrollersfor animalsandothernon-human
characters[19, 18, 4]. Oneof the problemswith dynamic
control is that,often, it createsroboticmotionsthatdo not
exhibit the �uidity of real humanmotion. [12] proposes
an interestingtechniqueto incorporatetensionand relax-
ation aspectsin the dynamiccontrol of articulatedcharac-
ters. Finally, thereis a large amountof work on dynamic
controllersfor humanoidrobotsin theroboticscommunity
thatwedonot review herefor spaceconsiderations.

Hybrid Techniques.Certaintechniquesattempttomod-
ify thekinematicmotionby modelingdynamiceffectsand

applying thosechangesto the original kinematicmotion.
In [22], a kinematicallycontrolledboxer's headis adjusted
from the forceof a punchfrom anotherboxer. Also, a dy-
namicbalancecontrolleris usedto maintainanuprightpo-
sition of a ping pongplayer. In [21], inversekinematicsare
usedto adjustthepositioningof characterarmsin orderto
properlycontactotherobjectsandto placedynamiceffects
during contactwith otherobjects,suchasthe effect on an
armof acharacterasit bangsonadrum.

Kinematicsand dynamicshave beencombinedin the
past,however the effect wasmainly to incorporatephysi-
cal simulationalongwith kinematiccontrol, ratherthanto
have fully dynamicallycontrolledcharacters.For example,
charactersimpactedby a largeforceactedinanimatelyafter
beingimpactedby forces,thusachieving aphysicallyplau-
sible motion, but not respondingas a ”human-like” char-
acterwould, suchasgraspingonesstomachafterbeinghit
in the midsectionor preventinginjury by cushioningones
bodywhile falling to theground.

Although, researchershave suggestedbeforethat com-
bining dynamicandkinematiccontrol would be useful,to
our knowledge,our work is the �rst to combinedynamic
andkinematiccontrol in a uniform framework. Within our
framework dynamicandkinematiccontrol techniquescan
beincorporatedasblackboxesenhancingthemotorcontrol
abilitiesof thecharacter.

2.1. Composing Kinematic and Dynamic Con­
tr ollers

Controller 1 Controller N

Supervisor Controller
Upper level intelligence

Lower level intelligence

Figure 1. Two level composition scheme.

We build uponthecompositionframework presentedin
[3]. In our framework, individual controllers are black
boxesencapsulatingspecializedcontrol knowledge. First,
an individual controllermustbeableto determinewhether
ornotit cantakethedynamiccharacterfrom itscurrentstate
to somedesiredgoalstate.Second,onceanindividual con-
troller is active, it shouldbeableto determinewhetherit is
operatingnominally, whetherit hassucceeded,or whetherit
hasfailed.Any controllerthatcananswerthesequeriesmay
beaddedto a pool of controllersmanagedby a supervisor
controller whosegoal is to resolve morecomplex control
tasks. Hence,we have a two-level, hierarchicalcontroller
compositionscheme,asillustratedin Fig. 1.



2.2.Dynamic Controllers

Controllersareactivatedandcontrol theanimatedchar-
acterasit passesthroughvariousstatesin theenvironment.
Dynamiccontrollersareactivatedby examiningthestateof
thecharacterandtheenvironmentandbiddingfor controlof
thecharacterin this state.In addition,dynamiccontrollers
canutilize SupportVectorMachines(SVMs) to determine
successor failure from variousstates. The SVMs canbe
computedof�ine sothatthedynamiccontrollercanrespond
in realtime to thestate.Detailsaregivenin [3].

2.3.Kinematic Controllers

Kinematiccontrollersassumecontrolof thecharacterif
they areableto the currentstateof the characterwith one
of their keyframes.Thematchingis basedon thesimilarity
valuewhich we computeby linearly combiningthediffer-
encesbetweenthekeyframev andthestateof theanimated
character:

si =
siz eX

n =0

wni � � qni + wmi � � vmi ; (1)

wheresi is thesimilarity valueatframei , sizeis thenumber
of DOFs,wni is theweightof thenth DOF of it i th frame,
qni is the positionof the nth DOF in framei , wmi is the
weightfor thevelocityof thenth DOFin framei andvmi is
thevelocityof themth DOFin thei frame.Wecomputethe
velocitiesusing�nite differencesandsplineinterpolation.

If the similarity value is under a threshold,the kine-
maticcontrollerwill bid for controlof thecharacter. Global
translationis not includedin thesimilarity search,allowing
theanimatedcharacterto bepositionedanywherein space.
When determiningthe similarity value, certainDOFs are
weightedlessthanothers.For example,thepositionof the
DOF of thecharacter's wrists is given lessweight thanthe
positionof theDOF of thecharacter's trunk. Sincethehip
andtrunk affect largerpartsof thebodyandhave a greater
in�uence on thestateof thecenterof massof thecharacter,
theirstateis morein�uential on theoverallmotionandthey
mustgivenmoreweightthansmallerpartof thecharacter.

Althougha generalsimilarity formulacanbegenerated
for all kinematicmotions,speci�c weightingscouldbeap-
plied for eachindividual kinematicmotion. For example,a
kinematicmotionof acharacterholdingontoahorizontally-
placedpoleor climbing acrossmonkey-barswould require
exactpositioningof theshouldersandhands,but allow �e x-
ibility in the positioningof the thigh, legs and feet since
thoseDOFsarenotrestrictedby contactconstraints.Weare
investigating theuseof anadaptive weightingschemethat
triesto accountfor theparticularnatureof differentclasses
of motionandwe arelooking for waysto incorporatecon-
tactconstraintsaspartof thesimilarity metric.

2.4.Controller Activation

Our controllerscan respondto both kinematicanddy-
namiccontrol.Thecontrollersareactivatedasaresponseto
interactionbetweenthecharacterandits environment,auto-
maticallybasedon their pre-conditions,andfollowing user
instruction. Eachanimatedcharacteris undereitherkine-
maticor dynamiccontrolatany instantin time. Thesystem
will incorporatehybrid techniquesandconstraintoptimiza-
tion methodsin thefuture.

Controltransitionscanoccurfrom any typeof controller
to any other. The following sectionsdetail the four types
transitionsthatcanoccurduringanimationandsimulation:

1. Dynamicto KinematicTransition.

2. Kinematicto DynamicTransition.

3. Kinematicto KinematicTransition.

4. Dynamicto DynamicTransition.

2.5 Dynamic to Kinematic Transition

If a character, which is underphysical simulationand
controlledby a dynamiccontroller, switchesto kinematic
control, then we blend the current stateof the character
to the the new statedictatedby the kinematiccontroller.
Blending occursover a short period of time (.5 seconds)
andcanbe doneeither throughlinear interpolationof the
differencebetweenkeyframesor via splines.Sincetheac-
tivation of a kinematiccontroller is basedupon the simi-
larity value(Section2.3), the transitiontendsto look bet-
ter for small similarity values. Increasingthe similarity
value thresholdallows more �e xibility but createsnotice-
ableblendingeffects.

2.6.Kinematic to Dynamic Transition

Characterstransitionfrom kinematicto dynamiccontrol
uponcontactwith activeobjects. Activeobjectsarethose
objectsand charactersthat apply physical forces to each
otherthat arenot part of the original motion. Suchforces
mayrequireareactionthatis differentfrom thecurrentmo-
tion andthereforethe systemhasto re-evaluateits control
strategy and possiblyactivate anothercontroller. For ex-
ample,two characterscolliding with eachothershouldre-
spondto theforcesthataresubsequentlyimpartedfrom the
impact. A ball that is kicked by a characterwill apply a
forceon thecharacter's foot andvice versa.In many cases,
an object needsto be speci�ed as passive, so that it will
not triggereda responsefrom the character. For example,
groundcontactis an integral partof a walking gait. When
a kinematicwalkingcontrolleris active thegroundmustbe



speci�ed asa passiveobjectsoasto avoid triggeringa re-
sponsefrom the character. In contrast,a ball hitting the
walking characteron the headshouldbe active in orderto
triggera response.

In general,the implicit constraintsof a kinematicmo-
tion mustbeextractedin orderto determinewhich objects
will beconsideredto beactiveor passive[14]. As another
example,a kinematiccontroller that animatesa character
swinging a baseballbat must set the baseballbat object
to be passivewith respectto the characterthat swingsit.
Also, the activeor passivestateof the objectsarerelative
to eachobjectandaredirected,whereanobjectcouldapply
its forcesto anotherobjectbut beunaffectedby theforceof
thesecondobjecton it. Thebaseballbatin theaboveexam-
ple is consideredto bepassivewith respectto thecharacter
swinging it during kinematiccontrol, andactive for other
charactersandobjectsat all times. Objectsareall consid-
eredto beactivewhenthecharactersareunderfull physical
simulationandonly setto passivewhenthey arepartof the
implicit constraintsof a kinematicallycontrolledcharacter.
Currently, thereis no automaticmethodof extractingthese
constraintsfromthekinematicmotionandthismustbedone
manually.

The transitionfrom kinematicto dynamiccontrol will
only occurif thekinematiccontrollerfails to �nd asimilar-
ity valuethatmeetsthethresholdduringasimilarity search.
Thus, a high similarity thresholdwill prevent a character
from transitioningto physicalsimulationanddynamiccon-
trol yet still allow theanimatedcharacterto applyforcesto
otherobjects.In thisway, theeffectof thecharacteris sim-
ilar to secondarymotions[14] wherean object impartsa
forceonanotherbut it is notaffectedby theaction-reaction
effect.

Characterscanalsotransitionfromkinematictodynamic
control asa re�ex or protective response.For example,a
dynamiccontrollerthat is activatedwhenobjectsaremov-
ing towardsthecharacter'sheadwill interruptthekinematic
controllerto preventinjury underthoseconditions.Suchre-
�e x andprotectivecontrollersrequireconstantevaluationof
thestateof thecharacterandtheenvironment.

Our systemproperlymatchesthe positionsandthe ve-
locities for the degreesof freedomof the characterswhen
it switchesbetweenkinematicanimationanddynamicsim-
ulation. Thus,falling or swinginganimatedcharacterswill
preserve their linearandangularmomentumswhenswitch-
ing to physicalsimulation.

2.6.1 Dynamic Tracking Controllers

In orderto provide a natural-lookingtransitionfrom kine-
matic control,eachkinematiccontrollerhasa correspond-
ing dynamic tracking controller. Dynamic tracking con-
trollersmakethecharacterfollow thekinematicmotion,es-

sentiallyactingasafollow throughmechanism.In addition,
the dynamictrackingcontrollerprovidesa mechanismby
which the original kinematicallycontrolledmotion canbe
adjustedby small interactionforces. Sinceit is dif�cult to
robustly applya forceto a kinematicallycontrolledposture
anddeterminewhichaspectsof theposeto retain[21] while
simultaneouslymaintainingrealism,we have simulatethe
entiremotion andrely uponthe robustnessof the similar-
ity matchinganddynamiccontrollersto provideaplausible
result.

2.7 Kinematic to Kinematic Transition

Transitioningbetweenkinematiccontrollersis basedon
blendingmuch like the transitionsfrom dynamicto kine-
maticcontrol. We blendthemotionsover a window of 15
framesbasedona30 framespersecondsamplingrate.

2.8 Dynamic to Dynamic Transition

Transitions betweendynamic controllers can happen
whenthe post-conditionsof the �rst controller fall within
the pre-conditionsof the secondcontroller [3]. Dynamic
controllersmaintaincontrolof thecharacteruntil they fall,
succeed,theuserspeci�esa new taskor thereis a needfor
a re�ex or protective behavior.

2.9 Our Model

Animatedhumancharactersarearticulated3D skeletons
with 38 degrees-of-freedom(DOF) that are modeledas a
hierarchy of joints. Six (6) of theDOFscorrespondto the
global translationandrotationparameters.Themodelsare
equippedwith naturallimits onboththemotionof thejoints
andthestrengthof themuscles[3].

2.10 Dynamic Simulation

Dynamic simulation is producedby SD/FAST, which
producesoptimizedsimulationcode[6]. Collision detec-
tion is handledby the useof of SWIFT++ [2], a collision
detectionsoftwarepackage.Collisionresolutionis donevia
penaltymethodsthatcorrectsgeometryinterpenetrationus-
ing spring-and-damperforces. Impulseforcesareapplied
to non-stationaryobjectsundercollision.

2.11 Kinematic Engine

Recentresearchin kinematiccontrol[7, 1, 9] hasshown
thatorganizingrecordedmotionsin a directedgraphstruc-
ture is a powerful paradigmfor motion reuse. This pro-
cessstartsby segmentingadatabaseof motionsinto asetof



smallfragments.Thesegmentationis performedby search-
ing for goodtransitionpointsbetweenmotions.Thegraph
is built suchthateachpathrepresentsamotionwith thesim-
ilar quality as the recordedmotions. The ”motion graph”
canthenbeusedto synthesizenovel motions:givenasetof
geometricconstrainta searchin the graphreturnsthe best
pathcandidate.

In our experiments,we implementeda systemsimilar to
the work by [7]. In this implementationthe transitionbe-
tweenthe motionsare the local minima of pair-wise mo-
tion disparitymaps. To synthesizea new motion, we use
asquerya sequenceof control pointsthat de�nes a cardi-
nal spline.Thesearchis performedfollowing a branchand
boundstrategy with limited horizon. At eachstepof the
searchthecurrentmotioncandidateis comparedto the in-
put cardinalspline.

2.12 SoftwareEnvir onment

DANCE is a portable,extensibleobject-orientedmodel-
ing andanimationsystem[17]. It providesa platform for
implementinganimationandcontrol techniqueswith mini-
maldesignandimplementationoverhead.

The core systemsupportsfour baseclasses:Systems,
Simulators,ActuatorsandGeometries.All Systemobjects
have physical and dynamicproperties. Animatedcharac-
tersaremodeledasArticulatedObjects,a subclassof Sys-
temthatsupportsskeletonhierarchies.

DANCE utilizes a plug-in model,whereobjectsof any
type can be addedto the systemon-the-�y. Controllers
areimplementedasplugin subclassesof theActuatorcore
class.

3 Results

Our characterscan react autonomouslyto changesin
their environmentandto userinteractionaswell asfollow
userinstructions. The power of combiningkinematicand
dynamiccontrolis demonstratedby theimagesequencesin
thissection.

A kinematicallyanimatedcharacterperformsa martial
artskick andsendshis partner�ying to theground,Figure
3. Thecharacterthatis hit reactsto theinteractionusingits
availabledynamiccontrollers.

A kinematicallywalking charactertrips over a ball and
performsadynamicroll overstuntin Figure2. Theroll over
controller is parameterizedsuchthat it canperformvaria-
tionsof theroll over motion.

Figure 4 demonstrateda kinematically animatedsoc-
cer playerkicking a ball towardsa dynamicallyanimated
goalie. Thecontactbetweenobjectsandthemotionof the
ball is dynamicallysimulated.In orderto generatethesoc-
cerplayerkicking theball, theball wasplacedcarefullyat

Figure 2. The animated character trips on a
ball as it walks. Upon contact with the ball,
the character switc hes from kinematic contr ol
to the use of a dynamic trac king contr oller .
Once the character realiz es that it is falling to
the ground, it attempts to perf orm an athletic
�ip via a dynamic contr oller . Images are in
raster order.

theproperpoint of contactwith thefoot. However, a more
intelligent kinematiccontrollercould useinversekinemat-
ics to matchthepositionof thefoot with thatof theball, as
shown in [21]. This improvementwould requirelessinter-
actionon thepartof theanimator.

4 Limitations

Thekinematiccontrollersdependgreatlyon thequality
of theoriginalmotiondataandthey suffer from all theprob-
lemsassociatedwith data-drivenanimation(scaling,sliding
etc).Thedynamictrackingcontrollersmustoccasionallybe
handtunedto adjustthe forcesthat areappliedto particu-
lar DOF of the characterin orderto avoid jumps. We are
investigatingautomaticwaysto eliminatesuchproblems.

Thedynamiccontrollersfor falling arepartof previous
work andarefairly robust. However, we would like to de-
sign a large library of controllersthat canproducea wide
rangeof re�exes, protective behaviors and voluntary mo-
tions.

5 Conclusions& Futur eWork

We have implementeda simpleyet powerful framework
that is capableof combiningdynamicsimulationandkine-
maticanimationtechniquesin auni�ed fashion.Oursystem
is capableof integratingcurrentand future kinematicand



Figure 3. Kinematicall y contr olled kic k and
dynamicall y contr olled reaction and interac­
tion. The motion of the character on the
right is dynamicall y sim ulated. Images are
in raster order.

dynamictechniquessinceit imposesno restrictionson the
structureof individual controllers. We have incorporated
the motion graphtechnique[7] asan individual controller
into our system.In addition,we planto expandour system
to includea variety of recentlypublishedanimationtech-
niquesasseparatecontrollers.

Ourmethoddoesrequire,however, robustdynamiccon-
trollers in order to createplausiblesequencesof anima-
tions. Dynamic controllerscurrently exist to fall to the
groundgracefully, jump,tumbleandperformmany ballistic
motions. However, characterbalanceusingdynamiccon-
trollers is dif�cult andbrittle underthe in�uence of strong
externalforces.In addition,thecreationof hand-tuneddy-
namiccontrollerscanbelaborious.Althoughsomeresearch
hasbeendoneon learningdynamiccontrolfrom kinematic
motion, no establishedtechniqueexists to do so robustly.
Wearecurrentlyinvestigatingthisproblem.

We believe that our systemclosesa gap betweenkine-
matic anddynamictechniques.We have demonstratethat
by leveragingtheadvantagesof bothtechniquesin auni�ed
framework, we canproducecomplex motion and interac-

Figure 4. Kinematicall y animated soccer
player, dynamic ball and goalie .

tionsfor interactive characters.
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