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Abstract

We implementa frameavork for animating interactive
characters by combiningkinematicanimationwith physi-
cal simulation. The combinationof animationtechniques
allows the characters to exploit the advantaes of each
technique For example characters can perform natural-
looking kinematic gaits and react dynamically to unex-
pectedsituations.

Kinematic techniquessud as those basedon motion
captue data can create very natural-looking animation.
Howerer, motioncaptuie basediedniquesare not suitable
for modelingthe comple interactionsbetweerdynamically
interacting characters. Physical simulation,on the other
hand,is well suitedfor sud tasks.Our work developskine-
matic and dynamiccontmllers and transitionmethodshe-
tweenthetwo contol methoddor interactivecharacteran-
imation. In addition,we utilize the motiongraphtecnique
to develop comple kinematicanimationfrom shorter mo-
tion clips asa methodof kinematiccontrol.

1. Intr oduction

Kinematiccontroltechniquesuchasthosebasednmo-
tion capturedata can createvery natural-lookinganima-
tion. Complex humanandanimalactivities canbe captured
andthenanimatedn CG charactersmnakingthe characters
move and behae realistically In addition, thesemotions
canbe combinedtogetherusingvariousblendingandtran-
sition techniquego producesequencesf realisticmaotion.
However, kinematictechniquesare not suitedfor dynami-
cally interactingcharacterr to producedynamiceffects.
In orderto do so, the kinematicallycontrolledmotion must
betwealedsoasto maintaintheappearancef dynamicin-
teractionin additionto maintainingcritical aspectsf the

original motion, often resultingin unnaturaleffects. Kine-
matic control techniquesalso mustbe designedor a spe-
ci ¢ environmentandcannoteasilyto adaptedo changing
ones.

Physical simulationis a techniquethat is well suitedto
modelinginteractize bodiessinceit automaticallysimulates
dynamiceffectsbetweerbodiesandtheirervironment.Dy-
namic control allows animatedcharactergo both actively
respondo achangingervironmentandproducephysically-
realisticeffectsby abidingto thelaws of physics. Dynamic
simulationandcontrol canbe employedto modelcomple
physical interactionshetweenanimatedcharactersand ob-
jectsthat would be impracticalor time-consumingo pro-
ducekinematically However, developingrobust dynamic
controllersthat producenaturallooking motionis in gen-
eralahardproblem.

By combiningkinematic control and dynamic control,
theadwantage®f bothtechniqueganberealized.Our sys-
tem canswitch betweerkinematicanimationand physical
simulationfor any numberof characterén theervironment
anddeterminesvhich effectswill be placedon eachchar
acter For example,it maybedesirableo fully animateone
charactehitting anotherby motion captureddataandonly
simulatethe impact of the force of the hit on the second
characterIn otherinstancesall characterganbe dynami-
cally simulated.The characterganreactto unexpectedcir-
cumstanceshroughthe useof dynamiccontrollerswhich
are automaticallyactivatedbasedon the stateof the char
acterandthe ervironment.For example,a charactefalling
down will automaticallyput its handsdown to cushionthe
impact.

Our systemusesboth kinematic and dynamic control
techniquest variousstagedor differentobjectsin the ani-
matedscenewvhereappropriate The kinematiccontroland
dynamiccontrolfor ary objectcanbe sequenceth ary or-
derandautomaticallycomposedogetheito produceeffects



not possiblewith eithertechniquealone.

We build uponour previouswork on dynamiccontroller
composition[3]. Within our framework, controllersare
now black boxesthat canencapsulatary kind of anima-
tion technique.For example,they canbe basedon the di-
rectapplicationof motion capture elaboratemotion graph
structureg7, 9] or dynamiccontrollerg[5, 3].

The restof the paperis organizedas follows: related
work is coveredin Section2. We describethe methodof
composingkinematic and dynamic controllersin Section
3. Controlleractivation is coveredin Section4. Section
5 detailsour implementationof the systemwhile Section
6 outlinesour results. Conclusionsandfuture work arein
Section?.

2. Previous Work

Previous researchfor synthesizingcomplex animation
has concentraten either using kinematicsand preserv-
ing theappearancef thedynamicaspect®f themotion,or
by physically modelingthe interactingcharactersisingdy-
namics.In addition,somehybrid approacheghatcombine
thetwo methodshave alsobeenproposed.

Kinematic Techniques.Many techniquesltilize theex-
plicit and implicit information of key framesto produce
plausible-lookingcharacteianimation. Motions graphs[7]
utilize a databaseof kinematic motion to capturetransi-
tions betweemmaovementsandproducetransitionsbetween
keyframes.The motiontexturing techniqueproposedn [9]
usesa stochastiomodelto capturethe dynamicnatureof
kinematicallycontrolledmotion.

Trajectoryandconstraintbasedtechniquesuchas|[20,
11,13, 15, 10, 16] employ physicsaspartof aconstrainbp-
timization problem. They areexcellenttools for authoring
motion, however, they cannotbe usedfor interactve char
actersin their presenform.

Dynamic Techniques. Developingdynamiccontrollers
for complex articulatedcharacterss not an easytask. [5]
implementa seriesof elaboratedynamiccontrollersfor hu-
manathletics. [8] develop a techniquethat canadaptbal-
anceandwalking controllersto varyingervironmentalcon-
ditions. Thereis alsoaninterestingbodyof work thatdevel-
opsdynamiccontrollersfor animalsand othernon-human
charactergl9, 18, 4]. Oneof the problemswith dynamic
controlis that, often, it creategobotic motionsthat do not
exhibit the uidity of real humanmotion. [12] proposes
an interestingtechniqueto incorporatetensionand relax-
ation aspectsn the dynamiccontrol of articulatedcharac-
ters. Finally, thereis a large amountof work on dynamic
controllersfor humanoidrobotsin the roboticscommunity
thatwe do notreview herefor spaceconsiderations.

Hybrid Techniques.Certaintechniquesittemptto mod-
ify thekinematicmotion by modelingdynamiceffectsand

applying thosechangedo the original kinematic motion.

In [22], akinematicallycontrolledboxer's headis adjusted
from the force of a punchfrom anotherboxer. Also, ady-

namicbalancecontrolleris usedto maintainan uprightpo-

sition of a ping pongplayer In [21], inversekinematicsare
usedto adjustthe positioningof charactearmsin orderto

properlycontactotherobjectsandto placedynamiceffects
during contactwith otherobjects,suchasthe effect on an

armof acharacteasit bangsonadrum.

Kinematicsand dynamicshave beencombinedin the
past,however the effect was mainly to incorporatephysi-
cal simulationalongwith kinematiccontrol, ratherthanto
have fully dynamicallycontrolledcharactersFor example,
characterémpactedoy alargeforceactedinanimatelyafter
beingimpactedby forces,thusachieving a physically plau-
sible motion, but not respondingas a "human-like” char
acterwould, suchasgraspingonesstomachafter beinghit
in the midsectionor preventinginjury by cushioningones
bodywhile falling to the ground.

Although, researcherbave suggestedeforethat com-
bining dynamicandkinematiccontrol would be useful,to
our knowledge, our work is the rst to combinedynamic
andkinematiccontrolin a uniform framevork. Within our
frameavork dynamicand kinematiccontrol techniquescan
beincorporatedsblackboxesenhancinghe motorcontrol
abilitiesof thecharacter

2.1. Composing Kinematic and Dynamic Con-
trollers

Supervisor Controller
Upper level intelligence

Lower level intelligence
Controller 1 oo Controller N

Figure 1. Two level composition scheme.

We build uponthe compositionframevork presentedn
[3]. In our framework, individual contollers are black
boxes encapsulatingpecializedcontrol knowledge. First,
anindividual controllermustbe ableto determinewhether
or notit cantakethedynamiccharactefromits currentstate
to somedesiredgoal state.Secondpnceanindividual con-
troller is active, it shouldbe ableto determinewhetherit is
operatingnominally whetheiit hassucceededyr whetherit
hasfailed. Any controllerthatcananswetthesequeriesmay
be addedto a pool of controllersmanagecy a supervisor
contoller whosegoal is to resolve more complex control
tasks. Hence,we have a two-level, hierarchicalcontroller
compositionschemeasillustratedin Fig. 1.



2.2.Dynamic Controllers

Controllersareactivatedandcontrol the animatedchar
acterasit passeshroughvariousstatesn the ervironment.
Dynamiccontrollersareactivatedby examiningthe stateof
thecharacteandtheervironmentandbiddingfor controlof
the characteiin this state.In addition,dynamiccontrollers
canutilize SupportVectorMachines(SVMs) to determine
succesr failure from variousstates. The SVMs canbe
computedfine sothatthedynamiccontrollercanrespond
in realtime to the state.Detailsaregivenin [3].

2.3.Kinematic Controllers

Kinematiccontrollersassumecontrol of the characteif
they areableto the currentstateof the charactewith one
of their keyframes.The matchingis basedon the similarity
valuewhich we computeby linearly combiningthe differ-
encedetweerthekeyframev andthe stateof theanimated
character:

Sz e
Si = Whi
n=0
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wheres; isthesimilarity valueatframei, sizeis thenumber
of DOFs,w,,; istheweightof thenth DOF of it ith frame,
Oni is the position of the nth DOF in framei, wp,; is the
weightfor thevelocity of thenth DOFin framei andvy,; is
thevelocity of themth DOF in thei frame.We computethe
velocitiesusing nite differencesandsplineinterpolation.
If the similarity value is under a threshold,the kine-
maticcontrollerwill bid for controlof thecharacterGlobal
translationis notincludedin the similarity searchallowing
theanimatedcharacteto be positionedanywherein space.
When determiningthe similarity valug certainDOFs are
weightedlessthanothers.For example,the positionof the
DOF of the charactes wristsis given lessweightthanthe
positionof the DOF of the charactess trunk. Sincethe hip
andtrunk affect larger partsof the body andhave a greater
in uence on the stateof the centerof massof the character
their stateis morein uential ontheoverallmotionandthey
mustgivenmoreweightthansmallerpartof thecharacter
Although a generalsimilarity formula canbe generated
for all kinematicmotions,speci ¢ weightingscould be ap-
plied for eachindividual kinematicmotion. For example,a
kinematicmotionof acharacteholdingontoahorizontally-
placedpole or climbing acrossmonkey-barswould require
exactpositioningof theshoulderandhandsput allow e x-
ibility in the positioningof the thigh, legs and feet since
thoseDOFsarenotrestrictecby contactconstraintsWe are
investicating the useof an adaptve weightingschemethat
triesto accountfor the particularnatureof differentclasses
of motionandwe arelooking for waysto incorporatecon-
tactconstraintsaaspartof the similarity metric.

2.4.Controller Activation

Our controllerscanrespondto both kinematicand dy-
namiccontrol. Thecontrollersareactvatedasaresponseo
interactionbetweerthecharacteandits ervironment,auto-
matically basedon their pre-conditionsandfollowing user
instruction. Eachanimatedcharacteiis undereitherkine-
maticor dynamiccontrolatary instantin time. The system
will incorporatehybrid techniquesndconstraintoptimiza-
tion methodsn thefuture.

Controltransitionscanoccurfrom ary typeof controller
to ary other The following sectionsdetail the four types
transitionsghatcanoccurduringanimationandsimulation:

1. Dynamicto KinematicTransition.
2. Kinematicto DynamicTransition.
3. Kinematicto KinematicTransition.

4. Dynamicto DynamicTransition.
2.5 Dynamicto Kinematic Transition

If a characterwhich is underphysical simulationand
controlledby a dynamiccontrollef switchesto kinematic
control, then we blend the currentstate of the character
to the the new statedictatedby the kinematic controllet
Blending occursover a short period of time (.5 seconds)
and can be doneeitherthroughlinear interpolationof the
differencebetweerkeyframesor via splines. Sincethe ac-
tivation of a kinematiccontrolleris basedupon the simi-
larity valugSection2.3), 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

Charactersgransitionfrom kinematicto dynamiccontrol
upon contactwith active objects. Active objectsarethose
objectsand characterghat apply physical forcesto each
otherthatare not part of the original motion. Suchforces
mayrequireareactionthatis differentfrom the currentmo-
tion andthereforethe systemhasto re-evaluateits control
stratgy and possiblyactivate anothercontroller For ex-
ample,two charactergolliding with eachothershouldre-
spondto theforcesthataresubsequentlympartedfrom the
impact. A ball thatis kicked by a charactewill apply a
forceonthecharactes foot andvice versa.ln mary cases,
an object needsto be speci ed as passive so that it will
not triggereda responsdrom the character For example,
groundcontactis anintegral part of a walking gait. When
akinematicwalking controlleris active the groundmustbe



speci ed asa passiveobjectso asto avoid triggeringa re-
sponsefrom the character In contrast,a ball hitting the
walking characteron the headshouldbe active in orderto
triggeraresponse.

In general,the implicit constraintsof a kinematicmo-
tion mustbe extractedin orderto determinewhich objects
will be consideredo be activeor passivg14]. 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 active or passivestateof the objectsarerelative
to eachobjectandaredirected whereanobjectcouldapply
its forcesto anothermbjectbut be unafectedby theforce of
thesecondbjectonit. Thebasebalbatin theabove exam-
pleis consideredo be passivewith respecto the character
swingingit during kinematiccontrol, and active for other
charactersandobjectsat all times. Objectsareall consid-
eredto beactivewhenthecharactersreunderfull physical
simulationandonly setto passivevhenthey arepartof the
implicit constraintof a kinematicallycontrolledcharacter
Currently thereis no automaticmethodof extractingthese
constraintgrom thekinematicmotionandthismustbedone
manually

The transitionfrom kinematicto dynamic control will
only occurif thekinematiccontrollerfailsto nd asimilar-
ity valuethatmeetghethresholdduringa similarity search.
Thus, a high similarity thresholdwill prevent a character
from transitioningto physical simulationanddynamiccon-
trol yetstill allow theanimatedccharacteto apply forcesto
otherobjects.In this way, the effect of the characteis sim-
ilar to secondarymotions[14] wherean objectimpartsa
forceonanotherbut it is not affectedby the action-reaction
effect.

Charactersanalsotransitionfrom kinematicto dynamic
controlasa re ex or protectve response.For example,a
dynamiccontrollerthatis actvatedwhenobjectsaremov-
ing towardsthecharactes headwill interruptthekinematic
controllerto preventinjury underthoseconditions.Suchre-
e X andprotectize controllersrequireconstantvaluationof
the stateof the characteandthe ervironment.

Our systemproperly matcheshe positionsandthe ve-
locities for the degreesof freedomof the charactersvhen
it switchesbetweerkinematicanimationanddynamicsim-
ulation. Thus,falling or swinginganimatedcharactersvill
presere theirlinearandangulatmomentumsvhenswitch-
ing to physicalsimulation.

2.6.1 Dynamic Tracking Controllers

In orderto provide a natural-lookingtransitionfrom kine-
matic control, eachkinematiccontrollerhasa correspond-
ing dynamictracking controller Dynamic tracking con-
trollersmake the charactefollow thekinematicmotion, es-

sentiallyactingasafollow throughmechanismin addition,
the dynamictracking controller provides a mechanismby
which the original kinematicallycontrolledmotion canbe
adjustedby smallinteractionforces. Sinceit is dif cult to
robustly applyaforceto a kinematicallycontrolledposture
anddeterminewhich aspect®f theposeto retain[2] while
simultaneouslymaintainingrealism,we have simulatethe
entire motion and rely uponthe robustnesof the similar
ity matchinganddynamiccontrollersto provide a plausible
result.

2.7 Kinematic to Kinematic Transition

Transitioningbetweerkinematiccontrollersis basedon
blendingmuchlike the transitionsfrom dynamicto kine-
matic control. We blendthe motionsover a window of 15
framesbasedon a 30 framespersecondgsamplingrate.

2.8 Dynamic to Dynamic Transition

Transitions betweendynamic controllers can happen
whenthe post-conditionf the rst controllerfall within
the pre-conditionsof the secondcontroller[3]. Dynamic
controllersmaintaincontrol of the charactewuntil they fall,
succeedthe userspeci esa new taskor thereis a needfor
are ex or protectve behaior.

2.9 Our Model

Animatedhumancharactergrearticulated3D skeletons
with 38 degrees-of-freedonfDOF) that are modeledas a
hierarcly of joints. Six (6) of the DOFscorrespondo the
globaltranslationandrotationparametersThe modelsare
equippedvith naturallimits onboththemotionof thejoints
andthe strengthof themuscled3].

2.10 Dynamic Simulation

Dynamic simulationis producedby SD/FAST, which
producesoptimizedsimulationcode[6]. Collision detec-
tion is handledby the useof of SWIFT++[2], a collision
detectiorsoftwarepackageCollisionresolutionis donevia
penaltymethodghatcorrectggeometryinterpenetrations-
ing spring-and-dampefiorces. Impulseforcesare applied
to non-stationarpbjectsundercollision.

2.11 Kinematic Engine

Recentresearchin kinematiccontrol[7, 1, 9] hasshavn
thatorganizingrecordedmotionsin a directedgraphstruc-
ture is a powerful paradigmfor motion reuse. This pro-
cessstartshy sggmentinga databasef motionsinto a setof



smallfragments.Thesegmentatioris performedby search-
ing for goodtransitionpointsbetweermotions. The graph
is built suchthateachpathrepresenta motionwith thesim-

ilar quality asthe recordedmotions. The "motion graph”

canthenbeusedto synthesizenovel motions:givena setof

geometricconstrainta searchin the graphreturnsthe best
pathcandidate.

In our experimentswe implementeda systemsimilar to
thework by [7]. In this implementatiorthe transitionbe-
tweenthe motionsare the local minima of pairwise mo-
tion disparity maps. To synthesizea new motion, we use
asquerya sequencef control pointsthatde nes a cardi-
nal spline. The searchs performedfollowing a branchand
boundstrategy with limited horizon. At eachstepof the
searchthe currentmotion candidatds comparedo thein-
putcardinalspline.

2.12 Software Environment

DANCE is a portable extensibleobject-orientednodel-
ing andanimationsystem[17]. It providesa platform for
implementinganimationandcontroltechniquesvith mini-
mal designandimplementatioroverhead.

The core systemsupportsfour baseclasses:Systems,
Simulators Actuatorsand Geometries All Systemobjects
have physical and dynamicproperties. Animated charac-
tersaremodeledas ArticulatedObjectsa subclasof Sys-
temthatsupportsskeletonhierarchies.

DANCE utilizes a plug-in model,whereobjectsof ary
type can be addedto the systemon-the-y. Controllers
areimplementedasplugin subclassesf the Actuatorcore
class.

3 Results

Our characterscan react autonomouslyto changesin
their ervironmentandto userinteractionaswell asfollow
userinstructions. The power of combiningkinematicand
dynamiccontrolis demonstratetly theimagesequencem
this section.

A kinematicallyanimatedcharactemperformsa martial
artskick andsendshis partner ying to the ground,Figure
3. Thecharactethatis hit reactgo theinteractionusingits
availabledynamiccontrollers.

A kinematicallywalking charactettrips over a ball and
performsadynamicroll overstuntin Figure2. Theroll over
controlleris parameterizeduchthatit canperformvaria-
tionsof theroll over motion.

Figure 4 demonstratedh kinematically animatedsoc-
cer playerkicking a ball towardsa dynamicallyanimated
goalie. The contactbetweernobjectsandthe motion of the
ball is dynamicallysimulated.In orderto generateéhe soc-
cerplayerkicking the ball, the ball wasplacedcarefully at

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 tracking contr oller.
Once the character realiz es that it is falling to
the ground, it attempts to perform an athletic
ip via a dynamic controller. Images are in
raster order.

the properpoint of contactwith thefoot. However, a more
intelligent kinematiccontrollercould useinversekinemat-
ics to matchthe positionof the foot with thatof theball, as
shavn in [21]. Thisimprovementwould requirelessinter-
actiononthe partof theanimator

4 Limitations

The kinematiccontrollersdependgreatly on the quality
of theoriginal motiondataandthey suffer from all the prob-
lemsassociatedvith data-drvenanimation(scaling,sliding
etc). Thedynamictrackingcontrollersmustoccasionallybe
handtunedto adjustthe forcesthat are appliedto particu-
lar DOF of the charactelin orderto avoid jumps. We are
investicatingautomatiovaysto eliminatesuchproblems.

The dynamiccontrollersfor falling are part of previous
work andarefairly robust. However, we would like to de-
sign a large library of controllersthat can producea wide
rangeof re exes, protective behaiors and voluntary mo-
tions.

5 Conclusions& FutureWork

We have implementedh simpleyet powverful framework
thatis capableof combiningdynamicsimulationandkine-
maticanimationtechniquesn auni ed fashion.Oursystem
is capableof integrating currentand future kinematicand



Figure 3. Kinematicall y controlled kick and
dynamicall y contr olled reaction and interac-
tion. The motion of the character on the
right is dynamicall y simulated. 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 include a variety of recentlypublishedanimationtech-

niquesasseparateontrollers.

Our methoddoesrequire,however, robustdynamiccon-
trollers in order to createplausible sequence®f anima-
tions. Dynamic controllerscurrently exist to fall to the
groundgracefully jump, tumbleandperformmary ballistic
motions. However, charactetbalanceusing dynamiccon-
trollersis dif cult andbrittle underthe in uence of strong
externalforces. In addition,the creationof hand-tunedly-
namiccontrollerscanbelaborious.Althoughsomeresearch
hasbeendoneon learningdynamiccontrolfrom kinematic
motion, no establishedechniqueexists to do so robustly.
We arecurrentlyinvestigating this problem.

We believe that our systemclosesa gap betweerkine-
matic and dynamictechniques.We have demonstratehat
by leveragingtheadwvantage®f bothtechniquesn auni ed
framework, we can producecomplex motion and interac-

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

tionsfor interactve characters.

6 Acknowledgements

We would lik e to thankIntel Corp. andMicrosoft Corp.
for their generousupportthroughequipmentandsoftware
grants.

This paperwasdevelopedwith fundsof the Department
of the Army undercontractnumberDAAD 19-99-D-0046.
Any opinions, ndings and conclusionsor recommenda-
tions expressedn this paperare thoseof the authorsand
do not necessarilyre ect the views of the Departmentof
the Army.

References

[1] O. Arikan and D. A. Forsyth. Synthesizingconstrained
motionsfrom examples. ACM Transactionson Graphics
21(3):483-490July 2002.



(2]

(3]

(4]

(5]

(6]

(7]

(8]

&

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

S.A. EhmannandM. C. Lin. Accurateandfastproximity
queriesbetweenpolyhedrausing corvex surfacedecompo-
sition. ComputerGraphicsForum 20(3):500-5102001.

P. Faloutsos M. vande Panne,andD. Terzopoulos.Com-
posablecontrollersfor physics-basedharacteranimation.
In E. Fiume, editor, SIGGRAPH2001, ComputerGraph-
ics Proceedingspages251-260.ACM Press/ ACM SIG-
GRAPH,2001.

R. GrzeszczulandD. Terzopoulos.Automatedearningof
muscle-basetbcomotionthroughcontrolabstraction.Pro-
ceedingsof ACM SIGGRAPH:ComputerGraphics pages
63—70,August1995.

J. K. Hodgins, W. L. Wooten, D. C. Brogan, and J. F.
O'Brien. Animating humanathletics. In Proceedingsof
SIGGRAPH95, ComputerGraphicsProceedingsAnnual
Conferenceseriespages’1-78,Aug. 1995.

M. G.Hollars,D. E. RosenthalandM. A. ShermanSd/fast.
SymbolicDynamics,Inc.,1991.

L. Kovar, M. Gleicher andF. Pighin. Motion graphs.ACM
Transactionon Graphics 21(3):473-482July 2002.

J. F. Laszlo,M. van de Panne,andE. Fiume. Limit cycle
controlandits applicationto theanimationof balancingand
walking. Proceedingsf SIGGRAPH96, pagesl155-162,
August1996.

Y. Li, T. Wang,andH.-Y. Shum. Motion texture: A two-
level statisticalmodelfor charactemotion synthesis ACM
Transactionon Graphics 21(3):465-472July 2002.

C. K. Liu andZ. Popwit. Synthesisof complex dynamic
charactemotion from simple animations. ACM Transac-
tionson Graphics 21(3):408—416July 2002.

Z. Liu, S. Gortler, and M. Cohen. Hierarchical space-
time control. Proceedingf ACM SIGGRAPH:Computer
Graphics pages293-302 August1994.

M. Neff andE. Fiume. Modelingtensionandrelaxationfro
computeranimation. In ACM SIGGRAPHSymposiunon
ComputerAnimation pages31-88,July 2002.

J.Ngo andJ. Marks. Spacetimeonstraintgevisited. Pro-
ceedingsof ACM SIGGRAPH:ComputerGraphics pages
343-350August1993.

J.F. O'Brien, V. B. Zordan,andJ. K. Hodgins. Combining
active andpassie simulationsfor secondarymotion. IEEE
ComputerGraphics& Applications 20(4),2000.
J.Popwi€, S. M. Seitz,M. ErdmannZ. Popwic, andA. P.
Witkin. Interactize manipulationof rigid body simulations.
In Proceeding®f ACM SIGGRAPH00Q ComputeiGraph-
ics Proceedingsinnual ConferenceSeries page209-218,
July 2000.

Z. Popwiic andA. Witkin. Physically basedmotion trans-
formation. In Proceeding®f the 26thannualconfeenceon
Computegraphicsandinteractivetechniquespagesl 1-20.
ACM Press/Addison-\asley PublishingCo.,1999.
Remavedfor blind review.

X. Tu andD. Terzopoulos.Arti cial shes: Physics,loco-
motion, perceptionbehaior. Proceedingf SIGGRAPH
94, pagesA3-50,1994.

M. van de Panne and E. Fiume. Senso+actuator net-
works. Proceeding®f ACM SIGGRAPHComputeiGraph-
ics, pages335-342 August1993.

[20] A. Witkin andM. Kass.SpacetimeonstraintsProceedings

of ACM SIGGRAPH:ComputerGraphics 22(4):159-168,
August1988.

[21] V. B. ZordanandJ. K. Hodgins. Trackingand modifying

upperbodyhumanmotiondatawith dynamicsimulation.In
ComputerAnimationand Simulation'99, Sept.1999.

[22] V.B. ZordanandJ.K. Hodgins.Motion capture-drrensim-

ulationsthathit andreact. In ACM SIGGRAPHSymposium
on ComputerAnimation pages89-96,July 2002.



