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Figure 1: A simplecontroller demonstratestheuseof inversekinematics,dynamicattachmentsandsimplelogic to earntheskeletalteamtwo
points.

Abstract

We introducea toolkit for creatingdynamiccontrollersfor articu-
latedcharactersunderphysicalsimulation.Our toolkit allowsusers
to createdynamiccontrollersfor interactive or of�ine usethrough
a combinationof both visual and scripting tools. Userscan de-
sign controllersby specifyingkeyframeposes,usinga high-level
scriptinglanguage,or by manipulatingtherulesof physicsthrough
a group of helper functionsthat can temporarilymodify the en-
vironment in order to make the desiredanimationmore feasible
underphysical simulation. The goal of the toolkit is to integrate
dynamiccontrolmethodsinto a usableinteractive systemfor non-
computerscientistsandnon-roboticists,andprovide the meansto
quickly generatephysicallybasedmotion.

CR Categories: I.3.4 [ComputerGraphics]:GraphicsSystems—
Graphicspackages

Keywords: Physical simulation,dynamiccontrol, characterani-
mation

1 Motiv ation

Motioncapturetechniqueseffectively animatehumanoidcharacters
by recordingand reproducinglive performances.However, they
presentseveral limitations, mostnotably, an inability to adjustto
new environmentsanddifferentvirtual characters.Motion editing
is oftennon-trivial andproneto problemssuchasconstraintviola-
tion (e.g.footskating).

Physical simulation offers an alternative approachto generating
motion for animatedcharacters.Synthesizingmotion by numeri-
cally simulatingthe laws of physicsoffers the mostgeneralcon-
straintover the resultingmotionandensuresrealisticresults.The

dynamicnatureof suchapproachesmakesthemespeciallysuitable
for interactive applicationswherecharactersmay interactin ways
thatcannotbepredictedor pre-computed.For this reason,physical
simulationis becomingincreasinglypopularin interactive applica-
tionssuchascomputergames.

Although physical simulation is well-understood,controlling a
physicallysimulatedcharacterin orderto makeherperformdesired
actionsis not. The dif�culty in developingdynamiccontrollersis
partly dueto the complexity of control algorithmsandpartly due
to a lack of toolsfor animatorsto useto easilycreatedynamically-
basedmotion. While it is unlikely that themembersof thegraph-
ics communitywithout roboticsor biomechanicalknowledgewill
develop bettercontrol algorithmsthan thosein the roboticscom-
munity, the ability to changethe virtual environmentsto suit the
desiredbehavior of the animatedcharactersis an advantagefor
graphicsandanimationdevelopers. For example,motion capture
canbe combinedwith dynamics,characterscanbe constrainedto
maintainbalance,anddifferentcollision geometriescanbe added
andremoved during simulationruntime. This is the focusof our
work.

1.1 Contrib utions

We presenta toolkit for usein the developmentof dynamiccon-
trollers. The toolkit allows animatorsto develop dynamics-based
controllersthroughacombinationof:

� key-framedbasedcontrol,
� reduceddimensionalityphysics,
� scriptingcontrollersvia acontrollerlanguage,
� interactivecontrolof dynamiccharacters.

Althoughresearchershave identi�ed variouscontrolalgorithmsfor
speci�c scenarios,thebarrierto entryfor developingdynamiccon-
trollersis dueto averysparsetoolset.Wepresentasetof toolsthat
will allow animatorswith little or noskill in dynamicsto createdy-
namiccontrollersfor usein physical simulation. We demonstrate
thatsuchtoolscanbeeffectively usedfor thedevelopmentof char-
acteranimation.

Ourpaperis organizedasfollows: Section2 discussesrelatedwork.
Section3 givesdetailsof our pose-basedcontrolmethod.Section
4 discussesthe useof modi�ed physical environments.Section5
detailsour scriptingenvironment. Section6 discussesour useof
interactive control for physical simulation. Finally, Section7 dis-
cussestheproblemsfacingthedevelopmentof dynamiccontroland



concludes.

2 Related Work

Thefocusof thispaperis dynamiccontrolof humanoidcharacters.
Wereview work relatedto this topic.

Dynamiccontrollershave beendevelopedfor athleticmaneuvers,
such as running, bicycling, vaulting and balancingin [Hodgins
etal., 1995].Controlschemesusinglimit cyclesweredevelopedin
[Laszloet al., 1996]. [Faloutsoset al., 2001]describeda priority-
basedcontrolschemeandusedsupportvectormachinesto automat-
ically determinetheappropriatedynamiccontrollerfor thecharac-
ter's state.[Yangetal., 2004]layereddifferentlevelsof controllers
to achieve dynamics-basedswimming. [Zordanet al., 2004] used
simplecontrollersfor breathing.[PollardandZordan,2005]used
passivecontrollersfor graspingandgripping. [Smith,2003]useda
neuralnet to generatea stablewalking cycle. Dynamiccontrollers
thatuseproportionalderivative (PD) controlstrategiestendto pro-
ducemotion that appearsrobotic. [Neff and Fiume, 2002; Neff
and Fiume, 2003; Neff and Fiume, 2004] useddynamiccontrol
algorithmsin order to achieve natural-lookingmotion and create
expressiveanimationwith human-like �uidity .

Our work integratesmany techniquesdevelopedfor dynamiccon-
trol into ausable,interactivesystem.

Another set of methodsleveragewell known motion constraints,
suchas thosefrom motion captureor keyframing, to modify or
guide dynamicmotion. [Komuraet al., 2004] and [Zordan and
Hodgins,2002] enabledreactive motionsby trackingmotion cap-
ture and respondingto physical disturbances.[Yin et al., 2003]
tracksmotion captureby �xing the root of the characterthenap-
plying dynamiceffects on the rest of the body throughphysical
simulation.[Ooreetal.,2002]presentedlocalizeddynamicmodels
in combinationwith kinematics.

Hybrid strategiescombinetheuseof motioncaptureor otherdata-
driven kinematicmotion with physical simulation,dependingon
whichmethodis morelikely to generatethedesiredeffect. [Shapiro
etal., 2003]appliedkinematiccontrollersfor ordinarymotionthen
switchedto dynamiccontrollersunderphysical disturbances,and
alsospeci�ed a criteria for determiningwhensucha switch is ap-
propriate. [Mandel, 2004] usedthe samecontrol strategy under
physical contactandemphasizedreactive motions,suchasfalling
andrecovering. [Zordanetal.,2005]switchedfrom motioncapture
to physical simulation,tracked the projectedpathusing a simple
pose-basedcontroller, thenblendedthemotionto matchthebegin-
ning of anothermotion capturesequence.[Wrotek et al., 2006]
tracked motion capturedatausing global-spaceinsteadof local-
spaceunderanenvironmentwith modi�ed physics.

Otherresearchhandlesthe problemof interactionwith humanoid
charactersduring simulation. [Laszlo et al., 2000] interactively
controlled 2-D characterswith the keyboard and mouse. A
physically-basedskier was controlled throughbasic input of the
mouseor keyboardcausinga2-D characterto crouch,leanor jump
in the Ski StuntSimulator[van de PanneandLee, 2003]. [Zhao
andvan de Panne,2005] useda control padand interactive con-
trols to controla3-D humanoidcharacterduringdiving andskiing.
Most recently, [JoeLaszlo,2005] usedpredictive feedbackto de-
terminethe bestcontrol strategy for a 2-D character. Our toolkit
allows the interactive control of 3-D charactersthrougha combi-
nationof pose-basedcontrol, reactive controllersandscript-based
controllers.

Kinematic motion can also be parameterizedin order to approx-
imate impactsfrom external forces. [Arikan et al., 2005] syn-

thesizednew motion from a set of motion dataof peoplebeing
pushasa reactionto externalforcesin aninteractive environment.
[KangKang Yin and van de Panne,2005] createda data-driven
modelto simulatetheeffectsof externalforces.

[Liu et al., 2005]synthesizedmotionthatadheresto dynamiccon-
straintsby usingoptimizationandenforcinglinearandangularmo-
mentumconstraints.Ballistic motionis handledthroughoptimiza-
tion in [Liu andPopović, 2002]and[FangandPollard,2003].

Many commercialdynamics-basedsystemshave beendeveloped
that simulatepassive rigid bodies,such as [Ka�cić-Alesíc et al.,
2003].Of relationto ourwork arethosethatfocusondynamicsand
theusageof controlmechanismfor humanoidanimation.A limited
numberof commercialsystemssupportthe creationof physically
animatedmotion. Havok Behaviors [Havok Inc., 2007] andMas-
sivePrime[Regelous,2005]providesupportfor physicallytracking
existing animation(suchasfrom motioncapture)andusingsimple
passive control (”rag-doll”) whenthe motion divergessuf�ciently
from thetargettrajectory. NaturalMotion'sEndorphin[NaturalMo-
tion Ltd., 2007] goesfurther by providing a variety of parameter-
izedcontrollersto performsimpleactionssuchasstanding,jump-
ing andtackling. While noneof thesecommercialproductsallow
theuserto designnew controllers,DANCE [Shapiroetal.,2005],a
researchsystem,doessupportthecreationof dynamiccontrollers,
but by providing a low-level C++ interface.Our work differsfrom
thesein that we areproviding a toolsetand interfacefor creating
entirelynew dynamiccontrollers.

Severalcommercialandresearchsystemsareavailableto assistthe
developmentof controllersfor physical and physically simulated
robots,for example,the Webotsplatform [Michel, 2004] andthe
Microsoft RoboticsStudio[Microsoft Corp.,2007]. Both provide
physical simulationand supportleggedmechanisms.Our work
differs in that we focuson the developmentof controllersfor an-
imatedcharacters,not robots.In this respect,we have thefreedom
to changevariousaspectsof thevirtual environment.For example,
we canchangethe presenceor effect of gravity, allocatedifferent
collision geometryduringthesimulation,andsoforth. In addition,
our sensorsprovide unrestrictedknowledgeof thestateof thesys-
tem, and are not limited to information gatheredby sensorsthat
could be realistically implemented(e.g.,range�nders, touchsen-
sors,incrementalencodersfor wheels,etc.).

3 Pose-Based Contr ol

Keyframingis apopularkinematictechniquethatcanautomatically
generatesequencesof animationfrom asmallsetof user-described
poses. Physically simulatedcharacterscan also use keyframed
posesby treatingthekeyframeasthedesiredposeandusingpropor-
tional derivative (PD) control to drive the characterto the desired
position.Ourdynamicposesarede�ned asa3-tupleas:

� = ( ; � ; � ) (1)

where is thesetof desiredposeorientationsfor all thecharacter's
joints (exceptfor the root joint which is not actuated),� is theset
of gainvalues,and� is thesetof dampingvalues.

We obtaintheamountof force,� p appliedto eachconnectedbody
of ourcharacterasderivedfrom theposeas:

� p = ks (� � � d ) � kd ( _� ) (2)

where� p is the torqueto be appliedto the body. � representsthe
currentanglebetweenjoints, � d is thedesiredangle,ks is thegain



constant,kd is thedampingconstantand _� is therateof changeof
thejoint angle.Thegainconstantis determinedby:

ks = ksj ksg ksp (3)

whereksj is thegain of thejoint, ksg is a globalgain termandksp

is the gain of the desiredpose. The ksp term is usedto describe
how quickly andhow stronglythecharactershouldattainthepose.

In orderto maintainjoint limits, we alsoapplyexponentialspring
forces,� e to thebodiesif thejointshavepassedtheir limits:

� e = kse e( k se ( � � � limit ) � 1) � kde _� (4)

wherekse is thegainconstantfor theexponentialsprings,� limit is
thejoint limit, kde is thedampingtermfor theexponentialsprings.

3.1 Pose Interface

Theinterfacefor keyframedposecreationis straightforward. Ani-
matorscansetthepositionof thejoints throughinversekinematics
(IK) or by explicitly specifyingjoint angles. In additionto spec-
ifying individual poses,animatorscanspecifysequencesof poses
thatautomaticallytransitionbasedonparticularevents,asshown in
Figure2. Eventsthatcantriggertransitionsbetweenposesinclude
timer-basedevents,collision-basedevents,or sensor-basedevents.
In addition,the usercanusethe controllerscriptinglanguagede-
scribedin Section5 to testandimplementtransitionsaswell.

4 Modi�ed Physics Envir onments

Oneof the mostdif�cult goalsto achieve for dynamiccharacters
is balance.A numberof differentbalancingstrategiesexist for hu-
manoidcharacters[Kudoh, 2004]. For example,a charactercan
attemptto balanceby keepingits feet on the groundandmoving
the rest of the body to adjust the centerof mass(CM). Alterna-
tively, a charactercanmaintainbalanceby ensuringthat the zero
momentpoint (ZMP) trajectorystayswithin asubsetof theconvex
hull of the supportpolygon [Tak et al., 2000]. In addition, there
areotherstrategies that allow balanceby stepping[Vukobratovic
et al., 1990]. For largeperturbations,however, many of thesebal-
ancingstrategiesfail. Sincewe arenot alwaysable to model the
impressive balancingability of thehumanbody, it canbedesirable
to modify theconstraintsof ouranimationsystemin orderto better
accommodateour targetanimation.

4.1 Reduced Physical Dimensions and Forces

Weallow theanimatorto changethevirtual environmentin orderto
makethedesignof controllerseasier. For example,wecanimmedi-
atelyconstraintheforcesaffectingthecharacterto aparticularaxis,
aswell asreduceor eliminateaccelerations(andthusvelocities)in
otherdirections.

In Figure3, we usea posecontrollerto raisethe handsof a char-
acterto block anoncomingobject. Without theuseof a balancing
controller, the characterfalls down dueto the momentumcreated
from boththemovementof thecharacter's armsandtheimpactof
theobject. In thesame�gure, we eliminateforcesthat impactthe
rootbodyof thecharacter, thuskeepingthecharacteruprightduring
contact.Suchchangescanreducetherealismof the�nal animation.
However, it is often desirableto achieve a particulareffect during
animation,moresothanit is to achieve full physicalvalidity.

Figure 3: Physicalforcescan be modulatedon a character based
on certainevents.Theleft characterusesa posecontroller blocks
the ball, causingthe character to fall. For the character on the
right, forceson thehip aredisabledfor a shortperiodof timeafter
contact,allowing thecharacterto remainupright. However, forces
are still appliedto the remainderof the character and the impact
canbeseenon theupperbody.

Theeffectof reducingphysicalforcesonasimulatedcharactercan
changedramaticallythe ability of an animatorto createeffective
dynamiccontrollers.For example,walking in 2D is mucheasierto
do thanin 3D andcaneven be accomplishedfor limited stepsby
interactively selectingthe properposeasshown by [Laszlo et al.,
1996]andin our accompanying video. A 2D characteris statically
balancedandcannotfall sideways. By constrainingthe forcesor-
thogonalto thefacingdirectionof our simulatedcharacter, we can
greatlysimplify thedevelopmentrobustwalking controller. In ad-
dition, theconstraintforcesthatkeepthecharacterbalancedcanbe
disabledwhenadifferenttaskthatrequires3Dmovementisneeded,
freeingthecharacterto move in 3D again.

4.2 Modi�ed Collision Envir onment

In additionto changingthe forceson thecharacter, thecharacter's
collision geometrycanbe changedduring particulartimesof the
simulation. For example,in Figure4 we give our characterlong
skis in placeof normalsizedfeet. This makesthe processof bal-
ancingeasierdueto anenlargedsupportpolygon.At thesametime,
thischangewouldmakemovementmoreunrealisticandphysically
invalid. However, the animatorcanretaincontrol over the anima-
tion by restoringthe normal-sizedfeet during the simulationvia



Figure 2: An animatorcankeyframeposesandplacethemin sequence. Transitionsbetweenposesare handledthroughsimpleeventbased
transitionsor throughscript code.

Figure 4: Thetoolkit allowstheuserto change thephysicalcharac-
teristicsin order to makecomplex tasksmoreeasy. Here, a charac-
ter usesski-like feetin order to promotebalance.

controllerscripts.

5 Contr oller Scripting

Dynamic controllerscan be designedthrough a combinationof
pose-basedsketchingaswell asthroughscriptingwith acontroller-
centricscriptinglanguage.

We usescriptingfunctionsthat allow the designerto accessvari-
ousaspectsof the sensors.Sensor-basedinformationincludesthe
locationof the character's limbs, presenceof otherobjectsin the
environment,whetheror not the characterhasbeenimpactedby
anothercharacteror object,andsoforth.

The presenceof a scripting language,as opposedto writing the
controllersin acompiledlanguagesuchasC++,meansthatusersof
thesystemdonothave to know low-level programmingconstructs.
Scriptscanbe readily written, changed,tested,andthenmodi�ed
accordingto theperformanceof theanimation.

Although not novel to this work, the presenceof a scripting lan-

guageallows much of the complicatedbalancingand movement
strategiesto be abstractedfor the enduser. Expertscanwrite pa-
rameterizedfunctionsthat accomplishsimple tasksto be usedby
animators.For example,a controllerthat handlesgracefulfalling
might requirethat theupperbodyof a characteris facingtowards
(or directly away from the ground). In order to orient the upper
body of a character, the script writer must know which way the
characteris facing,how quickly thebodycanturn,whichdirection
to turn andsoforth. By abstractingthis logic, ananimatorcanuse
this functionalitywithoutneedingto understandhow this is accom-
plished.

An examplecontroller, providedin AppendixA, illustratesthatthe
toolkit allowsusefulbehaviorstobeobtainedfromrelativelysimple
scripts.

6 Interactive and Reactive Contr ol

Interactively controlling physically-basedcharactersis also dif�-
cult. Thedif�culty stemsfrom boththehighnumberof parameters
neededto control an interactive characteraswell asthe dif�culty
in specifyingproperparametersto accomplishmeaningfulmove-
ments.

In our system,a usermayinstructthecharacterto performspeci�c
tasksby selectingapose-basedcontrollerfrom our interface.These
pose-basedcontrollerscanbesimplekeyframedposes,asdescribed
in Section3, script-basedcontrollersasdescribedin Section5, or
otherautonomouscontrollerswrittenusingC++. Script-basedcon-
trollerscanincludemodi�ed physicsinstructions,suchasdisabling
or enablinglateral forces,which canassistthe userin controlling
the character. With a 2D characteror a constrained3D character,
keyframedposescanbeusedin sequenceto achieve a walk cycle,
throw punchesor kicks, hop, leanbackwards,pick up objectsand
soforth.

Userscantogglebetweeninteractive andautonomouscontrol. We
achieve this �e xibility by allowing theuserto combinecontrollers



that perform simple, posture-orientedmovementsand thosethat
performcomplex control strategiessuchasbalance.For example,
we have developeda setof falling, balancingandprotective strate-
giesfor 2D and3D characterswhich canbeactivatedinteractively
at any time. This incorporationof autonomouscontrol gives the
characterreactiveskills thatallow it to recovergracefullyfrom var-
ious undesirablepositionsand situations,suchas being proneor
supineon theground,or underattackfrom anothercharacter.

Thisdivisionof controllayersalsoallowsusersfrom differentareas
to contribute towardsa morerobust, interactive character. Anima-
tors and lay userscan specify keyframedposesand interactively
control the characters,while more technicaluserscan contribute
reactivecontrollersandbettercontrolalgorithms.

Thus,we cancontrolour interactive characterwith threedifferent
layersof control: 1) a keyframedposecontrol,2) a scriptinglayer
thatcombineskeyframeswith sensorinformation,and3) a layerof
reactive controlthatcanbeactivatedduringphysical interactionor
imbalancedstates.

Figure5 demonstratesthe useof interactive control of a 3D char-
acter. Pleasereferto our accompanying videoto seeour systemin
usefor this character, aswell asfor walking andrecoveringwith a
2D character.

7 Discussion and Conc lusion

Developing plausiblemotion for animatedcharactersis dif�cult.
Therearea varietyof differenttechniquesthatareusedto control
interactive charactersincludingtheuseof motioncapture,dynam-
ics andoptimization.However, no currentlyknown techniquecan
performacompleterangeof motionswhile interactingdynamically
with theenvironment.

Developing dynamiccontrollersfor autonomousbehavior is also
a very dif�cult task. Techniquesrangefrom hand-codingcon-
trollers basedon intuition, to borrowing techniquesfrom robotics
andbiomechanics,to trackingmotioncapture.Most dynamiccon-
trollers for animatedcharactersare either simple or brittle. The
simplecontrollerscanonly performbasictasks,while the brittle
controllerscanonly succeedunderspeci�c environments.

Our applicationseeksto �ll a void in the capabilitiesof anima-
tors and researchersto createcharacteranimation. This gap in
capability can be seenin the amountand quality of tools avail-
able for kinematically-driven characteranimationversusthat for
dynamically-driven characteranimation. Considerthat keyfram-
ing is a populartechniquefor animatingkinematiccharacters.It
is powerful becauseit allows the animatorto expressa nearlyun-
limited variety of movementandbehavior given enoughtime and
effort on the part of the animator. In addition,the barrierto entry
for designingkeyframedanimationis relatively low. Thus,a large
numberof animatorscandevelop a wide rangeof motion andbe-
havior. On theotherhand,no suchtool or techniqueyet exists for
the developmentof dynamiccontrol andinteractive physical con-
trol. Therefore,thebarrierto entryfor thedevelopmentof dynamic
controllersis high andleft in the handsof the expertsin robotics,
graphics,arti�cial intelligenceandsimilar technical�elds. This is
a majorobstaclein theadoptionanddevelopmentof dynamiccon-
trol in characteranimation,a �eld oftenpopulatedwith artistically-
orientedratherthantechnically-orientedpeople.
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Appendix A: Example Contr ol Script

A simplescript is providedto illustratebuilding a controllerusing
thedescribedtoolkit. As shown in Figure1, (andthesupplemental
video) inversekinematicsis usedto position the ball toward the
rim. This script is appliedafter the characterhasjumpedtoward
the basketball goal. setIKTarget() both solves the inverse-
kinematicsproblemandupdatesthetargetposeusingthecomputed
joint angles.

Overall pose control is managedvia the setTargetPose()
command.Simplesensoryinformationis providedby thefunctions
getPosition() andisColliding() .

The character's simulatedhandis not modeledaccuratelyenough
to grip the ball, so dynamicattachments(attachLink() and
detachLink() ) areusedto simulate“palming” theball.



Thecontrolleris implementedasaPython[vanRossumandDrake,
2006]class:

class DunkController:
def start(self):

skeleton.setTargetPose("PrepareDunk")
skeleton.attachLink("RightArm", "Ball")

def step(self):
# As long as we have the ball,
# continue to attempt the basket.
if skeleton.isLinkAttached("RightArm", "Ball") :

rimPos = getPosition("Rim")
skeleton.setIKTarget(rimPos)

# When the ball or the arm touches the rim,
# the dunk attempt is finished,
# so release ball and try to land.
if isColliding("Ball", "Rim") \

or isColliding(skeleton, "Rim") :
skeleton.detachLink("RightArm", "Ball")
skeleton.setTargetPose("Landing")

Two methodsarerequiredby thetoolkit. start() is calledonce
to initialize thecontrollerwhenit is �rst appliedto acharacterdur-
ing a simulation. step() is subsequentlycalledwith eachsimu-
lation time-stepandprovidesthemaincontrolfunctionality.
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