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Figure1: A simplecontoller demonstatesthe useof inversekinematicsgdynamicattachmentsand simplelogic to earnthe skeletalteamtwo

points.

Abstract

We introducea toolkit for creatingdynamiccontrollersfor articu-
latedcharactersinderphysicalsimulation.Ourtoolkit allows users
to createdynamiccontrollersfor interactve or of ine usethrough
a combinationof both visual and scripting tools. Userscan de-
sign controllersby specifyingkeyframe poses,usinga high-level

scriptinglanguageor by manipulatingherulesof physicsthrough
a group of helperfunctionsthat can temporarily modify the en-

vironmentin orderto make the desiredanimationmore feasible
underphysical simulation. The goal of the toolkit is to integrate
dynamiccontrolmethodsnto a usableinteractive systemfor non-

computerscientistsand non-roboticistsand provide the meansto

quickly generatghysically basedmotion.
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1 Motiv ation

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

Physical simulation offers an alternatve approachto generating
motion for animatedcharacters.Synthesizingmotion by numeri-
cally simulatingthe laws of physics offers the mostgeneralcon-
straintover the resultingmotion andensuresealisticresults. The

dynamicnatureof suchapproachemakesthemespeciallysuitable
for interactive applicationswherecharactersnay interactin ways
thatcannotbe predictedor pre-computedFor this reasonphysical
simulationis becomingncreasinglypopularin interactve applica-
tionssuchascomputergames.

Although physical simulation is well-understood,controlling a
physically simulatedcharactem orderto make herperformdesired
actionsis not. Thedif culty in developingdynamiccontrollersis
partly dueto the compleity of control algorithmsand partly due
to alack of toolsfor animatordo useto easilycreatedynamically-
basedmotion. While it is unlikely thatthe membersof the graph-
ics communitywithout roboticsor biomechanicaknowledgewill
develop bettercontrol algorithmsthanthosein the roboticscom-
munity, the ability to changethe virtual ervironmentsto suit the
desiredbehaior of the animatedcharacterds an advantagefor
graphicsand animationdevelopers. For example, motion capture
canbe combinedwith dynamics,character€anbe constrainedo
maintainbalance anddifferentcollision geometriecanbe added
andremoved during simulationruntime. This is the focus of our
work.

1.1 Contrib utions

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

key-framedbasedcontrol,
reduceddimensionalityphysics,
scriptingcontrollersvia a controllerlanguage,
interactive controlof dynamiccharacters.

AlthoughresearcherBave identi ed variouscontrolalgorithmsfor
speci ¢ scenariosthebarrierto entryfor developingdynamiccon-
trollersis dueto avery sparsdoolset.We present setof toolsthat
will allow animatorswith little or noskill in dynamicgo createdy-
namiccontrollersfor usein physical simulation. We demonstrate
thatsuchtools canbeeffectively usedfor the developmeniof char
acteranimation.

QOurpaperis organizedasfollows: Section2 discusseselatedwork.
Section3 givesdetailsof our pose-basedontrolmethod. Section
4 discusseshe useof modi ed physical environments. Section5
detailsour scripting ervironment. Section6 discusse®ur use of
interactve control for physical simulation. Finally, Section7 dis-
cussesheproblemdacingthedevelopmenif dynamiccontroland



concludes.

2 Related Work

Thefocusof this paperis dynamiccontrolof humanoidcharacters.
We review work relatedto this topic.

Dynamic controllershave beendevelopedfor athletic maneuers,
such as running, bicycling, vaulting and balancingin [Hodgins
etal., 1995]. Controlschemesisinglimit cyclesweredevelopedin

[Laszloetal., 1996]. [Faloutsoset al., 2001] describeda priority-

basedtontrolschemeandusedsupportvectormachinego automat-
ically determinethe appropriatedynamiccontrollerfor the charac-
ter's state.[Yangetal., 2004]layereddifferentlevelsof controllers
to achieve dynamics-basedwimming. [Zordanet al., 2004] used
simplecontrollersfor breathing.[Pollard and Zordan,2005] used
passie controllersfor graspingandgripping. [Smith, 2003]useda
neuralnetto generatea stablewalking cycle. Dynamiccontrollers
thatuseproportionalderivative (PD) control stratgiestendto pro-
duce motion that appearsobotic. [Neff and Fiume, 2002; Neff

and Fiume, 2003; Neff and Fiume, 2004] useddynamic control
algorithmsin orderto achieve natural-lookingmotion and create
expressve animationwith human-lile uidity .

Our work integratesmary techniquesievelopedfor dynamiccon-
trol into ausablejnteractve system.

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] enabledreactize motionsby trackingmotion cap-
ture and respondingto physical disturbances.[Yin et al., 2003]
tracksmotion captureby xing theroot of the charactetthenap-
plying dynamiceffects on the rest of the body through physical
simulation.[Ooreetal., 2002] presentedbcalizeddynamicmodels
in combinationwith kinematics.

Hybrid stratgiescombinethe useof motion captureor otherdata-
driven kinematic motion with physical simulation, dependingon

whichmethods morelik ely to generat¢hedesiredeffect. [Shapiro
etal., 2003]appliedkinematiccontrollersfor ordinarymotionthen
switchedto dynamiccontrollersunderphysical disturbancesand
alsospeci ed a criteriafor determiningwhensucha switchis ap-
propriate. [Mandel, 2004] usedthe samecontrol stratgy under
physical contactand emphasizedeactize motions,suchasfalling

andrecovering.[Zordanetal., 2005]switchedfrom motioncapture
to physical simulation, tracked the projectedpath using a simple
pose-basedontroller thenblendedthe motionto matchthe begin-

ning of anothermotion capturesequence.[Wrotek et al., 2006]
tracked motion capturedata using global-spacédnsteadof local-

spaceaunderanernvironmentwith modi ed physics.

Otherresearcthandlesthe problemof interactionwith humanoid
characterduring simulation. [Laszlo et al., 2000] interactiely
controlled 2-D characterswith the keyboard and mouse. A
physically-basedskier was controlled through basicinput of the
mouseor keyboardcausinga 2-D characteto crouch leanor jump
in the Ski Stunt Simulator[van de Panneand Lee, 2003]. [Zhao
andvan de Panne,2005] useda control pad and interactive con-
trolsto controla 3-D humanoidcharacteduringdiving andskiing.
Most recently [Joe Laszlo, 2005] usedpredictve feedbackto de-
terminethe bestcontrol stratgy for a 2-D character Our toolkit
allows the interactize control of 3-D characterghrougha combi-
nationof pose-basedontrol, reactive controllersand script-based
controllers.

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

thesizednew motion from a set of motion data of peoplebeing
pushasa reactionto externalforcesin aninteractve ervironment.
[KangKang Yin and van de Panne, 2005] createda data-drven
modelto simulatethe effectsof externalforces.

[Liu etal.,2005]synthesizednotionthatadherego dynamiccon-
straintsby usingoptimizationandenforcinglinearandangulamo-
mentumconstraints Ballistic motionis handledthroughoptimiza-
tionin [Liu andPopuwi€, 2002]and[FangandPollard,2003].

Many commercialdynamics-basedystemshave beendeveloped
that simulate passie rigid bodies, such as [Kaci¢c-Alesi¢ et al.,
2003]. Of relationto ourwork arethosethatfocuson dynamicsand
theusageof controlmechanisnior humanoidanimation.A limited
numberof commercialsystemssupportthe creationof physically
animatedmotion. Havok Behaviors [Havok Inc., 2007] and Mas-
sive Prime[Regelous 2005]provide supportfor physicallytracking
existing animation(suchasfrom motioncapture)andusingsimple
passie control ("rag-doll”) whenthe motion divergessufciently
from thetamgettrajectory NaturalMotions Endorphin[NaturalMo-
tion Ltd., 2007] goesfurther by providing a variety of parameter
ized controllersto performsimpleactionssuchasstanding jump-
ing andtackling. While noneof thesecommercialproductsallow
theuserto designnew controllers DANCE [Shapiroetal., 2005],a
researchsystem doessupportthe creationof dynamiccontrollers,
but by providing a low-level C++ interface. Our work differsfrom
thesein that we are providing a toolsetandinterfacefor creating
entirelynew dynamiccontrollers.

Severalcommerciabindresearclsystemsareavailableto assisthe
developmentof controllersfor physical and physically simulated
robots,for example,the Webotsplatform [Michel, 2004] andthe
Microsoft RoboticsStudio[Microsoft Corp.,2007]. Both provide
physical simulation and supportlegged mechanisms. Our work
differsin that we focuson the developmentof controllersfor an-
imatedcharactersnotrobots.In this respectwe have thefreedom
to changevariousaspect®f thevirtual ervironment.For example,
we canchangethe presencer effect of gravity, allocatedifferent
collision geometryduringthe simulation,andsoforth. In addition,
our sensorgrovide unrestrictecknowledgeof the stateof the sys-
tem, and are not limited to information gatheredby sensorghat
could berealisticallyimplementede.g.,range nders, touchsen-
sors,incrementakncodergor wheels etc.).

3 Pose-Based Control

Keyframingis apopularkinematictechniquehatcanautomatically
generatesequencesf animationfrom a smallsetof userdescribed
poses. Plysically simulatedcharacterscan also use keyframed
posedy treatingthekeyframeasthedesiredposeandusingpropor
tional derivative (PD) control to drive the characteto the desired
position.Our dynamicposesarede ned asa 3-tupleas:

=(; ) 1)

where isthesetof desiredposeorientationdor all thecharactes
joints (exceptfor theroot joint which is not actuated), is theset
of gainvalues,and is thesetof dampingvalues.

We obtainthe amountof force, , appliedto eachconnectedody
of our characteasderivedfrom the poseas:

p=ks( a) ka(9 )

where , is thetorqueto be appliedto thebody  representshe
currentanglebetweerjoints, 4 isthedesiredangle ks is thegain



constantkq is the dampingconstaniand —is the rate of changeof
thejoint angle.Thegain constanis determinecy:

ks = kS] ksg ksp (3)

whereks; is thegain of thejoint, ksg is a globalgaintermandksp
is the gain of the desiredpose. The ksp termis usedto describe
how quickly andhow stronglythe characteshouldattainthe pose.

In orderto maintainjoint limits, we alsoapply exponentialspring
forces, . tothebodiesif thejoints have passedheir limits:

o = ksee(kse( limit ) 1) Kde — (4)

wherekse is the gain constanfor the exponentialsprings, imit IS
thejoint limit, kqge is thedampingtermfor the exponentialsprings.

3.1 Pose Interface

Theinterfacefor keyframedposecreationis straightforvard. Ani-
matorscansetthe positionof thejoints throughinversekinematics
(IK) or by explicitly specifyingjoint angles. In additionto spec-
ifying individual posesanimatorscan specify sequencesf poses
thatautomaticallytransitionbasecbn particularevents,asshovn in
Figure2. Eventsthatcantriggertransitionsbetweerposesnclude
timer-basedevents,collision-basedvents,or sensoibasedevents.
In addition, the usercan usethe controller scriptinglanguagede-
scribedin Section5 to testandimplementtransitionsaswell.

4 Modied Physics Environments

Oneof the mostdif cult goalsto achiere for dynamiccharacters
is balance A numberof differentbalancingstratgiesexist for hu-
manoidcharacter§Kudoh, 2004]. For example,a charactercan
attemptto balanceby keepingits feet on the groundand moving
the rest of the body to adjustthe centerof mass(CM). Alterna-
tively, a charactercan maintainbalanceby ensuringthat the zero
momentpoint (ZMP) trajectorystayswithin a subsebf the corvex
hull of the supportpolygon[Tak et al., 2000]. In addition, there
are other stratgiesthat allow balanceby stepping[Vukobratwic
etal., 1990]. For large perturbationshowever, mary of thesebal-
ancingstratgiesfail. Sincewe are not always ableto modelthe
impressie balancingability of thehumanbody; it canbedesirable
to modify the constraint®f our animationsystemin orderto better
accommodateur targetanimation.

4.1 Reduced Physical Dimensions and Forces

We allow theanimatorto changehevirtual ervironmentin orderto
malke thedesignof controllerseasier For example we canimmedi-
atelyconstrairtheforcesaffectingthecharacteto a particularaxis,
aswell asreduceor eliminateaccelerationgandthusvelocities)in
otherdirections.

In Figure 3, we usea posecontrollerto raisethe handsof a char
acterto block anoncomingobject. Without the useof a balancing
controller the characterfalls dowvn dueto the momentumcreated
from boththe movementof the charactess armsandtheimpactof
the object. In the same gure, we eliminateforcesthatimpactthe
rootbodyof thecharacterthuskeepingthecharacteuprightduring
contact.Suchchangesanreduceherealismof the nal animation.
However, it is often desirableto achieve a particulareffect during
animationmoresothanit is to achieve full physicalvalidity.

s
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Figure 3. Physicalforcescan be modulatedon a character based
on certain events. Theleft character usesa posecontmwller blocks
the ball, causingthe character to fall. For the character on the
right, forceson the hip are disabledfor a shortperiodof timeafter
contact,allowing the characterto remainupright. However, forces
are still appliedto the remainderof the character and the impact
canbeseerontheupperbody

Theeffect of reducingphysicalforceson a simulatedcharactecan
changedramaticallythe ability of an animatorto createeffective
dynamiccontrollers.For example,walkingin 2D is mucheasierto
do thanin 3D andcaneven be accomplishedor limited stepsby
interactively selectingthe properposeasshavn by [Laszloet al.,
1996]andin ouraccompaning video. A 2D characteis statically
balancedand cannotfall sidewvays. By constrainingthe forcesor-
thogonalto the facingdirectionof our simulatedcharacterwe can
greatlysimplify the developmentrobustwalking controller In ad-
dition, the constrainforcesthatkeepthecharactebalancedcanbe
disabledvhenadifferenttaskthatrequires3D movements needed,
freeingthecharacteto move in 3D again.

4.2 Modied Collision Environment

In additionto changingthe forceson the characterthe charactes
collision geometrycan be changedduring particulartimes of the
simulation. For example,in Figure 4 we give our charactelong
skisin placeof normalsizedfeet. This makesthe processof bal-
ancingeasiedueto anenlagedsupporfpolygon.At thesametime,
this changewvould make movementmoreunrealisticandphysically
invalid. However, the animatorcanretaincontrol over the anima-
tion by restoringthe normal-sizedfeet during the simulationvia



Figure 22 An animatorcan keyframeposesand placethemin sequenceTransitionsbetweerposesare handledthroughsimpleeventbased

transitionsor throughscriptcode

Figure4: Thetoolkit allowsthe userto change the physicalcharac-
teristicsin order to make comple tasksmore easy Here, a charac-
ter usesski-like feetin order to promotebalance

controllerscripts.

5 Controller Scripting

Dynamic controllerscan be designedthrough a combinationof
pose-basedketchingaswell asthroughscriptingwith a controller
centricscriptinglanguage.

We usescripting functionsthat allow the designerto accessvari-
ousaspectof the sensors.Sensoasednformationincludesthe
location of the charactes limbs, presenceof otherobjectsin the
ervironment,whetheror not the charactethasbeenimpactedby
anothercharacteor object,andsoforth.

The presenceof a scripting language as opposedto writing the
controllersin acompiledlanguagesuchasC++, meanghatusersof

the systemdo not have to know low-level programmingconstructs.

Scriptscanbe readily written, changedtested,andthenmodi ed
accordingo the performancef theanimation.

Although not novel to this work, the presenceof a scriptinglan-

guageallows much of the complicatedbalancingand movement
stratgjiesto be abstractedor the enduser Expertscanwrite pa-
rameterizedunctionsthat accomplishsimple tasksto be usedby

animators.For example,a controllerthat handlesgracefulfalling

might requirethat the upperbody of a charactetis facingtowards
(or directly away from the ground). In orderto orient the upper
body of a characterthe script writer must know which way the
characteis facing,how quickly the body canturn, which direction
to turn andsoforth. By abstractinghis logic, ananimatorcanuse
this functionalitywithout needingto understandiow thisis accom-
plished.

An examplecontroller providedin AppendixA, illustratesthatthe
toolkit allows usefulbehaiorsto beobtainedrom relatively simple
scripts.

6 Interactive and Reactive Contr ol

Interactively controlling physically-basedcharacterds also dif -
cult. Thedif culty stemsfrom boththe high numberof parameters
neededo control aninteractve characteraswell asthe dif culty
in specifyingproperparameterso accomplishmeaningfulmove-
ments.

In our systema usermay instructthe characteto performspeci ¢

tasksby selectinga pose-basedontrollerfrom ourinterface.These
pose-basedontrollerscanbesimplekeyframedposesasdescribed
in Section3, script-basedaontrollersasdescribedn Section5, or

otherautonomousgontrollerswritten usingC++. Script-basedon-

trollerscanincludemodi ed physicsinstructionssuchasdisabling
or enablinglateralforces,which canassistthe userin controlling

the character With a 2D characteor a constrainedD character
keyframedposescanbe usedin sequencéo achieze awalk cycle,

throw punchesor kicks, hop, leanbackwards,pick up objectsand

soforth.

Userscantogglebetweeninteractve andautonomougontrol. We
achieve this e xibility by allowing the userto combinecontrollers



that perform simple, posture-orientednovementsand thosethat
performcomplex control strat@iessuchasbalance.For example,
we have developeda setof falling, balancingandprotectie strate-
giesfor 2D and3D charactersvhich canbe activatedinteractively

at ary time. This incorporationof autonomousontrol gives the
charactereactve skills thatallow it to recover gracefullyfrom var

ious undesirablepositionsand situations,suchas being prone or

supineon the ground,or underattackfrom anothercharacter

Thisdivisionof controllayersalsoallows userfrom differentareas
to contribute towardsa morerobust, interactve character Anima-
tors andlay userscan specify keyframed posesand interactvely
control the characterswhile more technicaluserscan contritute
reactve controllersandbettercontrolalgorithms.

Thus,we cancontrol our interactve charactemwith threedifferent
layersof control: 1) a keyframedposecontrol, 2) a scriptinglayer
thatcombinekeyframeswith sensoinformation,and3) alayerof
reactie controlthatcanbe activatedduring physicalinteractionor
imbalancedstates.

Figure5 demonstratethe useof interactve control of a 3D char
acter Pleasaeferto our accompaning videoto seeour systemin
usefor this characteraswell asfor walking andrecoveringwith a
2D character

7 Discussion and Conclusion

Developing plausiblemotion for animatedcharacterds dif cult.
Therearea variety of differenttechniqueghatare usedto control
interactive charactersncluding the useof motion capture dynam-
ics andoptimization. However, no currentlyknown techniquecan
performacompleterangeof motionswhile interactingdynamically
with the ervironment.

Developing dynamiccontrollersfor autonomousehaior is also
a very dif cult task. Techniquesrangefrom hand-codingcon-
trollers basedon intuition, to borraving techniquedrom robotics
andbiomechanicsto trackingmotion capture.Most dynamiccon-
trollers for animatedcharactersare either simple or brittle. The
simple controllerscan only perform basictasks,while the brittle
controllerscanonly succeedinderspeci ¢ environments.

Our applicationseeksto Il a void in the capabilitiesof anima-
tors and researcherso createcharacteranimation. This gap in
capability can be seenin the amountand quality of tools avail-
able for kinematically-drven characteranimationversusthat for
dynamically-drven characteranimation. Considerthat keyfram-
ing is a populartechniquefor animatingkinematiccharacters.It
is powerful becauset allows the animatorto expressa nearly un-
limited variety of movementandbehaior given enoughtime and
effort on the part of the animator In addition,the barrierto entry
for designingkeyframedanimationis relatively low. Thus,alarge
numberof animatorscandevelop a wide rangeof motion andbe-
havior. Onthe otherhand,no suchtool or techniqueyet exists for
the developmentof dynamiccontrol andinteractive physical con-
trol. Thereforethebarrierto entryfor thedevelopmeniof dynamic
controllersis high andleft in the handsof the expertsin robotics,
graphicsarti cial intelligenceandsimilar technical elds. Thisis
amajorobstacldan the adoptionanddevelopmentof dynamiccon-
trol in characteanimationa eld oftenpopulatedwith artistically-
orientedratherthantechnically-orientegbeople.
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Appendix A: Example Control Script

A simplescriptis providedto illustratebuilding a controllerusing

thedescribedoolkit. As shavn in Figurel, (andthe supplemental
video) inversekinematicsis usedto position the ball toward the

rim. This scriptis appliedafter the charactethasjumpedtoward

the basletball goal. setlIKTarget() both solves the inverse-
kinematicgoroblemandupdateghetargetposeusingthecomputed
joint angles.

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

The charactes simulatedhandis not modeledaccuratelyenough
to grip the ball, so dynamic attachmentgattachLink() and
detachLink() ) areusedto simulate“palming” theball.



Thecontrolleris implementedasa Python[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.
isColliding("Ball", "Rim") \

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

B e

=

Two methodsarerequiredby thetoolkit. start() is calledonce
to initialize the controllerwhenit is rst appliedto acharactedur
ing asimulation.step()  is subsequentlgalledwith eachsimu-
lation time-stepandprovidesthe maincontrolfunctionality.
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