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Abstract
Standingis a fundamentalskill masteredbyhumansandanimalsalike. Althougheasyfor adults,it requirescareful
anddeliberatemanipulationof contactforces.Thevariation in contactcon�guration (e.g., standingon onefoot,
on unevenground,or while holding on for support)presentsa dif�cult challenge for interactivesimulationof
humansandanimals,especiallywhile performingtasksin thepresenceof externaldisturbances.We describean
analyticapproach for control of standingin three-dimensionalsimulationsbaseduponlocal optimization.At any
point in time, thecontrol systemsolvesa quadratic programto computeactuationbymaximizingtheperformance
of multiple motionobjectivessubjectto constraints imposedby actuationlimits and contactcon�guration. This
formulationis suitablefor interactiveanimationand it adaptsto theproportionsof anycharactermodelin any
non-planar, frictional contactcon�guration.

CategoriesandSubjectDescriptors(accordingtoACM CCS): I.3.7[ComputerGraphics]:ThreeDimensionalGraph-
icsandRealism,Animation

1. Intr oduction

Dynamic simulationof passive phenomena,suchas cloth,
�uids, andarticulatedbodies,is usedin many animationsys-
temsandhasenabledthe creationof increasinglycomplex
virtual environments,while reducingdemandson talented
humananimators.This is particularlythecaseof gamesand
simulationswheretruly interactivebodiesarerapidlyreplac-
ing static,precomputedmotions.

The simulationof active bodiessuchashumans,robots,
andanimalshaslaggedbehind,preventingautomatedani-
mationof charactersthat act in concertwith their dynamic
surroundings.Despite previous demonstrationsof simu-
lated charactersperforming impressive actions, including
walking, running,diving andswimming[HWBO95,WH96,
YLS04], many animationsystemsstill rely on recordedmo-
tionsor passive ragdollphysics.

The widespreadadoptionof simulatedactive bodiesis
hinderedby over-specialization.Most controllers operate
correctly only for speci�c body postures,geometries,or
physicalpropertiesof theenvironment.For example,a con-
troller designedto balancea standing characteron �at
ground many not work on uneven or slippery ground or
while leaningagainst a wall for support.The objective of

balancingis conceptuallysimilar in eachcase,but adapting
a controller from onesettingto anothercanbe asdif�cult
asdevelopinganew one.Hence,akey advantageof general
purposesimulation—automaticmotion synthesisunderall
circumstances—disappearswith currentcontroltechniques.

We describean analytic control formulation that solves
a local, onlineoptimizationto reduceover-specializationin
controllersfor activebodies.Theoptimizationautomatically
adaptsthecontrol to the frictional propertiesof thesimula-
tion, themasspropertiesof thecharacter, thepostureof the
character, andthechangingtask-speci�cgoalsof actionsbe-
ing performed.It alsoaccountsfor the constraintsimposed
by frictional contactswith theenvironment.Hencethesame
controllerappliesto simulationof activebodiesin many dif-
ferentsituations.

Weexplorethisapproachfor animportantclassof actions
involving sustainedfrictional contactwith the environment
(Figure1). Suchcontactoccurwhenever a characterpushes
againsttheenvironmentandusestheresultingforceto con-
trol its motion.We call this fundamentalbehavior standing,
notingthatit is aprecursorto locomotionandothercomplex
behaviors. Our approachsimpli�es the designof standing
controllersby decouplingthedescriptionof motionfrom the
computationof forcesrequiredto accomplishthem.A multi-
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Figure 1: Previous control systemsdemonstrate that manyhumanactionscan be simulated.Fundamentally, theseactions
require careful exploitationof externalcontactforcesduring periodsof sustainedcontact.We informally referto theseperiods
as“standing.” Multiobjectivecontrol ensuresrobustexecutionof actionswhilestanding. Givena control strategyandphysical
propertiesof thebodyandenvironment,our control systemusesthecurrentstateof theactivebody(q; �q) to solvea quadratic
programthat computesthenecessarycontrol torquesu. Thisallowsus to take a fundamentalbehaviorsuch asstandingand
expandits rangeof applicationin simulationswith differentbodies,poses,geometries,andfrictional properties.

objectiveformulationallowsfor acompromisebetweensev-
eral con�icting motion goals,suchasbalancingandtrack-
ing.

A key componentof our approachis a quadraticprogram
(QP) that maximizesinstantaneousperformanceobjectives
subjectto limits on actuationand contactforces.Related
formulationshave alsobeenproposedin robotic manipula-
tion [CHS88, FOK98, WC06], but currentanimationtech-
niquesstill rely onsimpler, spring-dampermechanisms.Our
experimentsreveal that a QP solutionimproveson the tra-
ditional spring-dampertechniquesby adaptingto changing
propertiesof thebody, theenvironment,andthecontact.We
describeits constructionfor frictional andnon-planarcon-
tacts,its usein simulationswith largedisturbances,andthe
speci�csof accomplishingmultipleobjectives.

We begin by reviewing the dynamicsof active bodiesin
frictional contactwith the environment and highlight the
dif�culties of controlling suchunderactuatedsystems(§2).
Next we de�ne multiobjective control with frictional con-
tactsin termsof a local optimizationthatmaximizesinstan-
taneousperformancemetricssubjectto limits on actuation
and contactforces(§3). Then we discusspracticalstrate-
gies neededto accomplishcommoncontrol objectives in
spiteof contactvariationscausedby signi�cant disturbances
(§4) andwe presentlifelik e,animationsof standingcharac-
tersin challengingphysicalenvironments(§5), all of which
were simulatedat interactive ratesusing a standardrigid-
bodysimulator. Theresultssuggestthatmultiobjective con-
trol maybecombinedwith previouslyproposedcontrolpoli-
cies for locomotionandothercomplex behaviors (§6) and
usedin the designof a new generationof adaptive control
systems(§7).

2. Contact Dynamics

Motion of a body in contactwith the environmentis more
complex thanunencumberedmotion in free space.This is

dueto thepresenceof reactionforcesthatpushon thebody
ateachcontactpoint.For thecommoncaseof sustainedcon-
tact,however, controlcanexploit the linearrelationshipbe-
tweenjoint torques,reactionforces,andjoint accelerations.
This relationshipcan be computedat interactive ratesand
usedto controlactivebodies.In thissectionweestablishour
notationby reviewing contactmechanicsandthe equations
of motionfor activearticulatedbodies[CHS88,Wie02].

2.1. Contact Mechanics
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Figure 2: Contactdynamicsexpressesthe relationshipbe-
tweenthemotion(q; �q; q̈) of anarticulatedbody, its internal
torques,andexternal forces.We modelthecontactbetween
two surfaceswith a set of point contactsp(1)

c : : :p(m)
c and

the matching contactforcesf(1) : : : f(m) . Each contactforce
is restrictedbya convex coneK(i) according to thestandard
Coulomb'smodelof friction.

Contactswith environment,asshown in Figure2, restrict

the relative velocity of eachcontactpoint p(i)
c 2 R3, for

i = 1: : :m. In the caseof a non-slippingcontact,the rela-

tive velocity is zero: �p(i)
c = 0. This condition can also be

expressedin termsof joint velocities �q 2 Rn by using the
Jacobianmatrix G(i) 2 R3� n to computethe bodyvelocity
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at thepointof contact:

G(i) �q = �p(i)
c = 0: (1)

A pointcontactyieldsafrictional contactforcef(i) 2 R3 that
preventsgeometricoverlap by pushingback on the body.
Unlike theforcesin a joint linkage(bilateralcontact),acon-
tact forcedoesnot pull thebody in caseof separation(uni-
lateralcontact)implying thatits normalcomponentmustbe

positive: f (i)
n � 0.Coulomb'smodelof friction limits thetan-

gentialcomponentof thecontactforce:kf(i)
t k � µf (i)

n , where
µ > 0 is acoef�cient of friction at thecontactpoint.Wecol-
lect theselimits into a friction coneK(i) that restrictsthe
directionandmagnitudeof thecontactforce:

f(i) 2 K(i) =
�

x
�
� kxtk � µxn

	
: (2)

By the principle of virtual work, a linear map G> f deter-
minesthetotal joint torqueby aggregatingall contactforces
andall Jacobianmatricesinto onevectorf 2 R3m andmatrix
G 2 R3m� n.

2.2. ActiveBody Dynamics

Conservation of momentumdictatesthat the total sum of
contactforcesequalsthe total changein linear andangular
momentum.In the absenceof contactforces,it is impossi-
ble for an active body to control the location of its center
of mass(COM). An active body propelsitself using joint
torquesu 2 Rn� 6. Thesetorquesaffect only internaljoints
q1 2 Rn� 6 leaving theglobalpositionandorientationof the
bodyq2 2 R6 asunactuateddegreesof freedom.Usingthis
sameseparationon equationsof motion producestwo sets
of equations,with andwithoutactuation:

M1(q)q̈+ n1(q; �q) + G>
1 (q) f = u (3)

M2(q)q̈+ n2(q; �q) + G>
2 (q) f = 0: (4)

The �rst two termsin both equationscombinethe inertial
andgravitationalforcesonthebody. Thetwo equationssum-
marizethemainchallengeof active bodycontrolwith fric-
tional contacts:the dimensionof the quantity we needto
controlq exceedsthedimensionof torquesu atourdisposal.
Carefulmanipulationof contactforcesf is theonly way to
accomplisha speci�c objective, andyet they arerestricted
by thefriction cone:f 2 K = K(1) � � � � � K(m) .

3. Multiobjecti veControl

Our multiobjective control computesthe joint torquesthat
drive themotionof anactivebodyin simulation.Thesejoint
torquesare chosento try and satisfy several objectives at
once.Eachobjectivedescribesadifferentfacetof thedesired
motion: oneobjective may track motion data,anothermay
commandthelocationof thecenterof mass,andyet a third
may force the handsto a speci�c destination.At eachin-
stancein time, thecon�icts andtrade-offs betweendifferent

objectivesaremanagedby a fastoptimizationthat respects
the dynamicsof the currentcontactsandautomaticallyac-
countsfor the physical propertiesof the active body. Since
speedis aprimaryrequirementof onlinecontrol,weexpress
all constraintsandobjectivesin aquadraticprogramthatcan
besolvedquickly.

3.1. Optimization

Given the currentposeq and velocity �q for the body, the
optimizationcomputesjoint torquesu, joint accelerations
a 2 Rn, andcontactforcesf thatmaximizeperformanceof
severalobjectivesg(1) : : :g(`) :

min
a;f ;u

f g(1) ; : : : ;g(`)g

subjectto Ma+ n + G> f =
�

I
0

�
u (5a)

f 2 K; u 2 L (5b)

Ga+ �G �q = 0 (5c)

In theabove, Equation(5a) restrictsthesolutionto becon-
sistentwith theinstantaneouscontactdynamicsof activear-
ticulatedbodies.This is a linearconstrainton thevectorun-
knowns becausethe remainingquantitiesM, n, and G are
constantfor thecurrentposeandvelocity. Equation(5b) lim-
its thecontactforcesandcontroltorquesaccordingtocurrent
friction conesKandconstant-boundtorquelimits L. Lastly,
Equation(5c) ensuresthataccelerationsremaincompatible
with theno-slipcontactcondition[Bar89] in Equation(1).

3.2. Quadratic Program

Our implementationapproximatesthe generalmultiobjec-
tive formulation with quadratic programming. This re-
quires choosingquadraticobjectives whosetrade-offs are
weighedeitherby strictprioritizationor throughacombined
weighted-sumobjective.We alsoapproximatethenonlinear
friction coneconstraintwith a conservative polygonalap-
proximation,noting that, if needed,interior point methods
couldalsomanagetheconicalconvex constraintin its origi-
nal form [BV04].

3.2.1. Quadratic Objectives

Controlstrategiesincludeoneor morequadraticobjectives.
For example,objectivescanbeusedto simultaneouslytrack
a desiredposturewhile commandingthe positionof hands
and feet. Quadraticobjectives regulate the valuesof such
kinematic quantitiesx(q) by choosingtheir accelerations
ẍ(q) ateachtimestep.

The valueof eachobjective g(i) measuresthe difference
betweenthecurrentẍ(i) anddesiredd(i) acceleration:

g(i) =



 ẍ(i) � d(i) 

 =




 J (i)a+ �J (i) �q� d(i) 

 ; (6)
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wheretheJacobianmatrix J (i) describesthelinearrelation-
shipbetweenjoint velocitiesandthevelocitiesof regulated
kinematicquantities:�x(i) = J (i) �q:

For example,we canincorporaterecordedmotiontrajec-
tories m(t) by computingthe desiredaccelerationsto en-
couragecritically dampedtracking:

d = ks
�
m(t) � x

�
+ 2

p
ks

�
�m(t) � �x

�
+ m̈(t); (7)

wheret is thecurrentsimulationtime andks is thetracking
stiffness.We usethesameequationto tracka singleposture
by choosingaconstantvaluefor m(t), setting �m(t) andm̈(t)
to zero.

Stiffness values will dependon desiredmotion. High
stiffnesswill producesanimationsthat follow motion data
despiteexternal disturbances.Low stiffnesswill produces
morerealisticanimationsthatreactto externaldisturbances.
Notethatlow-stiffnesstrackingwasmoredif�cult to achieve
with previoustechniques[ZH02,YCP03,YN03].

3.2.2. Control Trade-Offs

Multiobjective control seeksa compromiseamongvarious,
often con�icting, objectives.Oneapproachto con�ict res-
olution is to identify strict priority levels. A sequenceof
quadraticprogramscanthenrecursively optimizeeachob-
jective. First, we optimize the most important objective.
Next, weconstrainits valueto thecomputedoptimumin the
optimizationof the secondmostimportantobjective. Strict
priorities ensurethat someobjectives (e.g., reaching)are
minimizedbeforeothers(e.g.,posture)areevenconsidered.
However, our experimentsshow thatstrict prioritiesshould
not be usedfor control of standingbecausebalancetasks
usuallyinterferewith othertaskssuchastrackingrecorded
motions,which leadsto lessrealisticmotions.

Figure3: Theweightof a reachingobjectiveis graduallyin-
creased,pushingthecharacterto a more precariousstance.
In theaccompanyingvideo,thereach objectiveweightis in-
creasedto the point where it outweighsthe balanceobjec-
tive, andthecharacterfalls over. Objectiveweightsfromleft
to right are: 0.01,0.05,and0.15.

We attain a more �e xible schemeby using a weighted-
sum objective g to strike a compromisebetweendifferent
controlobjectives:

g = w1g(1) + w2g(2) + � � � + wng(n) : (8)

Theweightswi determinetherelativeimportanceof eachob-
jectiveg(i) andaccountfor scalingdifferencesin theunitsof
measure.Weshow theeffectof differentweightsin Figure3.
At �rst, the reachingobjective is givenzeroweightandthe
armdoesnotmove.As theimportanceof thereachincreases,
thebodyprogressively departsfrom its balancedstanceuntil
theimportanceof balanceis outweighedby theemphasison
reachandthe body falls over. This exampleillustratesthat
choosingweightsis not a burden,but a vital aspectof any
control strategy. Balance,for example,may be a top prior-
ity for athletesuntil they have theopportunityto dive for a
ball. Theweightingin theobjective functiondeterminesthe
precisemannerin whichsuchmotionsareaccomplished.

4. Practical StandingControl

In simulation,contactbetweentwo objectsis neitherper-
fectly detectednor perfectly maintained.Numericalerrors
dueto integrationcancreatevariationsin detectedcontact
pointsat almostevery time step.Externaldisturbancesare
even more disruptive. Applying multiobjective control in
suchan environment requiresaddressingtwo major chal-
lenges.First, we must complementour generaltheoretical
treatmentwith practicalstrategiesthataccountfor frequent
contactvariation. Second,we must devise strategies that
guidethe body to positionsfrom which it is capableof ac-
complishingcontrol objectivessuchasstandingupright to
avoid falling.

4.1. Stabilizing Contacts

Our theoreticalmodel of contactforcesassumesthat con-
tactsaremaintained.However, numericalerrorsin the dy-
namicsand the kinematicswill often createunintentional
contactchangesevenbeforeexternaldisturbancesareintro-
duced.Whencontactsbreak,thecontrolmustadaptor it will
fail.

Topreventcontactsfrombreakingin the�rst place,ween-
surethatcontactforcescomputedby thecontrolarestrictly
positive.Thefriction coneK(i) is modi�ed sothatthemagni-
tudeof contactforcesf(i) areaboveaconservative,threshold
(> 50 N in our experiments,for a 70 kg character).This di-
rectstheQPsolutionto computetorquesthatpushon each
contactpoint andhencediscourageincidentalchanges,or,
in the caseof small separation,re-establishthe contactsin
just a few simulationsteps.Higher valuesyield bettercon-
tactstabilization,but extremelylargethresholdsmaygener-
ateunrealisticmotion or infeasibleQP problems.The best
practiceis to scalethethresholdwith theweightof thechar-
acter.

Wealsouseconservativeestimatesof thelocationof each
contactpoint,p(i)

c . First,wede�ne acontactregion to bethe
closed,polygonalsurfacede�ned by a setof contactpoints
(e.g.,onecontactregion exist for eachfoot or handusedfor
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support).Theconservativeestimateassumesamodi�ed ver-
sion of the contactregion, shrunken to the strict interior of
the actualregion. This increasesthe likelihood that an ag-
gregatecontactforce (i.e., the sumof all contactforcesat
the contactpointssurroundinga contactregion) originates
within thestrict interiorof theactualcontactregion.TheQP

is modi�ed by relocatingeachcontactpoint,p(i)
c , (usedin the

constructionof K) to becloserto thecenterof theassociated
contactregion.A largerreductionwill producea morecon-
servativesolution,but alsorestrictthepossiblemovementof
thecharacter. In ourexperimentswefoundthatreducingthe
sizeof thecontactregion by 30 percentwasa nicecompro-
mise,thoughmany differentreductionsfrom 0 percentto 90
percentalsoworked.

Despitethesemodi�cations,externaldisturbanceswill in-
evitably causecontactsto break.We measurethescaleof a
contactdisturbanceby how far a contactpoint is from the
surfaceit shouldcontact.For small disturbances(< 1e� 4
m, for anormalhumansizedcharacter)we ignorethebreak,
reasoningthat the strictly positive contactforces will re-
establishcontactsoon.If the disturbancebecomesmedium
sized(< 2e� 2 m) wecollapsethefriction coneK(i) (setting
thecoef�cient of friction to zero)to disallow tangentialcon-
tact force and encourageimmediaterecovery without tan-
gentialslipping.However, if thedisturbancebecomeslarge
(> 2e� 2 m), we remove thecontactpoint from theQPfor-
mulation.In that case,we adda new motion objective that
guidestheformercontactpoint toward its projectionon the
externalcontactsurfaceasalast-ditchattemptto re-establish
thecontact.

In ourexperiments,controloutcomeswerenotoverly sen-
sitive to precisevaluesof thresholdparameters.We chose
thereportedvaluesto increasethestabilityof ourcontrolfor
larger disturbances.Most other settingsworked well with
smallerdisturbances.

4.2. Maintaining Balance

EverybodyfallsonoccasionandEquation(4) showsuswhy:
theglobalpositionandorientationof a body is not directly
controlledby joint torques.Humansadaptto this limitation
with both anticipatoryand reactive movements.Anticipa-
tory movements,suchasbracingfor themotionof a busby
leaningin the directionof its motion,generallyrequireso-
phisticatedmotionplanning.Our low-level controldoesnot
handleanticipatoryaspectsof balance,but it doesprovide a
reactivemechanismto maintainanuprightposturewhile ac-
complishingmotionobjectivesthatarenearlybalanced.This
is doneby regulatingthehorizontalpositionof thecenterof
mass.

OncetheCOM is too far from adesired,uprightposition,
it may becomeimpossibleto returnto that positiondueto
underactuation.Contactdynamicsgivesusa precisecondi-
tion for knowing whena given returntrajectoryis feasible

(§2). The motion of a body q(t) is feasibleif and only if
therearecontactforcesf 2 K thatsatisfyEquation(4):

M2(q)q̈+ n2(q; �q) + G>
2 (q) f = 0: (9)

This a strict generalizationof theoftenusedcriteriathatthe
zero-momentpoint (ZMP) should remainwithin the sup-
port polygon [Wie02]. Whereasthe ZMP criteria assumes
anin�nite coef�cient of friction andplanarcontactwith the
ground,the above conditionaccountsfor the friction cone
andappliesto any three-dimensionalcontactcon�guration.
As with the ZMP criteria, direct applicationof this condi-
tion to plananoptimal recovery from a givendynamicdis-
turbanceis beyondthecomputationalbudgetof onlinecon-
trol systems.(Theequationsarenolongerlinearbecausethe
stateof thebodychangesover time.) For example,ef�cient
implementationsof optimal control [SP05] requireseveral
secondsof computationtime,at leastanorderof magnitude
tooslow for onlinecontrol.

Insteadof computingan optimal recovery strategy, our
control implementsa simple heuristic strategy basedon
guiding thecenterof masstowarda morestablecon�gura-
tion for mostdisturbances.TheCOM for a humanstanding
on �at ground,for example,is usuallyabove themid-point
betweenthetwo footprints.In general,thisis astablecon�g-
urationfor many disturbancesbecause,for smalldeviations,
theCOM is fully controllablein thehorizontaldirectionand
canbebroughtbackto thedesiredposition.

SincetheCOM is a kinematicquantityx(q), we canuse
multiobjectivecontrolto directits motionby providing ade-
siredacceleration,d, in Equation(6). We found in our ex-
perimentsthat a simple�rst orderdampedapproachworks
well for many motions:

d = ks
�
xd � x

�
� kd �x; (10)

wherexd is thedesiredhorizontalpositionof theCOM and
ks andkd aremanuallytunedconstants.However, to recover
from larger deviations from the desiredpositionwe found
that this simplestrategy wasnot suf�cient. For high values
of ks the strategy tendedto be overly forceful, resultingin
instability. For lower valuesof ks thestrategy would fail to
reachthegoal.Instead,we foundthatwe couldachieve bet-
ter resultsby varying ks with the distancefrom the desired
COM position.In our experimentswe scaledks with thein-

versesquare-rootdistance:1=
q

jj xd � xjj .

When standingon uneven groundwith one foot on the
pedestalor with onehandon the wall, we still control the
COM in theplaneperpendicularto theforceof gravity. The
desiredlocation of the COM is placednearthe mid-point
of the horizontalprojectionof all contactpoints.This en-
suresthatfor smalldeviationsfrom thedesiredposition,the
COM is still controllablein thehorizontaldirectionandcan
bereturnedto thedesiredposition.Theexactlocationis not
important,but differentchoiceswill affect theability to re-
cover from different typesof disturbances.For example,a
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characterthatplacesmoreweighton a forwardfoot, will be
ableto recover from largerunexpectedforcescomingfrom
thefront.

The key to understandingour strategy is to observe that
it doesnot prevent falling on its own: the COM can fall
to thegroundandstill beabove thehorizontalposition.In-
stead,falls arepreventedwith a combinationof this objec-
tive andothersthatprescribestandingmotionsor postures.
When the COM wanderssigni�cantly outsidethe support
polygonthecharacterfalls becauseit canno longeraccom-
plish theobjective of standing.However, we foundthatour
simplestrategiesworkedwell evenfor many signi�cant dis-
turbances.

5. Results

Wedemonstratethecapabilitiesof multiobjectivecontrolby
discussinga few simulationswehavecreatedof activechar-
actersbalancing,trackingmotion, andrespondingto a dy-
namicdisturbances.

5.1. Experiments

The supplementaryvideo includesa few typical runsfrom
thefollowing experiments:

Sobriety. A human-like characterbalanceson a moving
platformwhile reachingfor its nosewith its hands.Both
balancingandreachingareaccomplisheddespitethesig-
ni�cant motionof theplatformandotherdisturbancesin-
troducedby ahuman,interactively, duringthesimulation.

Pelted. A human-like charactertracksmotion dataclosely
while balancingin responseto many collisionswith ob-
jects.As with all of thesesimulations,the characterbal-
ancesunderits own power andthereareno arti�cial aids
preventingthecharacterfrom falling over.

Platform. A human-like characterbalanceson a moving
platform.Varying the coef�cient of friction betweenthe
feetandtheplatformcausechangesin thebalancingmo-
tion.

Alien. Thehumancharacterin the"Pelted"and"Platform"
simulationsis replacedwith a lighter andsmallercharac-
ter. Although the geometry, weight,andproportionsdif-
fer from thoseof the humancharacter, the samecon-
trol works without modi�cation. Sincethe characterhas
a larger head,however, the posturestiffnessof the waist
joint wasdecreasedto encouragemorewaistmotion.

Wall. A humancharacterplacesits handon a nearbywall
for additionalsupportwhile balancingon a moving plat-
form. Thecontrolautomaticallyadaptsthestrategy of us-
ing the handto provide additional leverageto maintain
balancedespiteseveretipping of the platform.The con-
trol adaptseasilyto thenon-planarcontactcon�gurations,
involving bothfeetandhands,throughtheuseof friction
coneconstraints.

Mishap. The characterstandswith one leg perchedon a
�imsy table.Friction coneconstraintsprevent the char-
acterfrom immediatelytopplingthetable.Whenthetable
suddenlycollapses,the characterregains its balanceon
onefoot. The balancingmaneuver occursautomatically,
thoughwe do directthefreefoot to a desiredlocationus-
ing anend-effectorobjective.

We manuallymodeledthegeometryof bothcharactersin
oursimulations.Their inertialpropertieswerecomputedau-
tomaticallyusingthevolumeof eachlimb andstandardmass
distributions [Win90]. The motionstracked by our control
systemwererecordedwith anopticalmotioncapturesystem.
Forward dynamicswith frictional contactswere computed
with the OpenDynamicsEngine(www.ode.org), a general
purposerigid bodysimulator. TheQPproblemsweresolved
by the MOSEK softwaresystem(www.mosek.com), which
employs theinteriorpointmethodto solveconvex optimiza-
tion problems[BV04].

The QP control problemis solved 30 times per second
of simulation,while we usemany moresimulationstepsin
thesameinterval, between1000and5000.Eachsolutionre-
quiredaround15 iterationsto converge for anaveragerun-
ning time of 17 milliseconds.The "Wall" simulationtook
slightly longerthanthe others(seeTable1) becauseof the
additionalhandcontact.All simulationswerefastenoughto
allow theentiresystem(simulationandcontrol)to runat 30
framespersecond,or better, ona2.8GHz Intel Pentium4.

5.2. Dir ection

Ourexperimentsdemonstratethatmultiobjectivecontrolen-
ablesartisticdirectionof activebodieswith two familiaran-
imationmechanisms:controlof posesandendeffectorposi-
tions.

In most of our experiments,we track a single recorded
posture,but trackingmotionsis just aseasy. Tracking fast
motions,suchasdodgingincomingobjects,is accomplished
accurately, but "loosely" enoughto respondinterestinglyto
collisionswith otherobjects(Pelted).

End-effector objectives are used to control individual
limbs: arms,hands,feet, and so on. Our experimentsin-
cludetwo simpleexamples.Onedirectshandsto touchthe
nose(Sobriety)andtheothercontrolstheswingleg to direct
the look of a balancingmaneuver (Mishap).(§4.2). In both
cases,the accelerationsof the end-effectorswheresimply
chosento converge toward a desiredgoal position.Though
trackingof morecomplex trajectoriesis possible.

5.3. Friction Cones

Many control systemsassumeplanar contact with �at
ground,which limits possibleapplications.Multiobjective
controlmanagesthis specialcase(Pelted,Alien) but it also
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handlesmoregeneralcontactcon�gurationsby using fric-
tion coneconstraints.Examplesof this includeunevenfoot-
ing (Sobriety, Mishap)andhandcontactwith thewall (Wall).

Sincefriction conesprevent feet from slipping, the con-
trol neednot insistonaperfectmatchbetweenthebodyand
recordedpostures.A shortercharacter, for example,caneas-
ily tracktherecordedtrajectoryof a full-sizehuman(Alien)
withoutslippingcausinga fall.

Friction conescanalsobemanipulatedto createinterest-
ing animation.By restrictingthe allowable friction cones,
different balancingmotion that respectthose limitations
emerge automatically(Platform).Friction coneswere also
instrumentalin theMishapsimulationwherea very narrow
friction conewasusedinitially on the front foot to instruct
thecharacterto applyonly vertical forceson theprecarious
table.

5.4. BalanceObjective

Many of our experimentsfeaturea characteron a moving
platform.Undersuchconditions,our control systemmain-
tainsbalanceby coaxingtheCOM backtowarda conserva-
tively chosenposition.We emphasizethat treatingthecon-
trol of the COM asa strict priority, above all otherobjec-
tives,hasnotproducedsatisfactoryresultsin ourexperience.
Instead,thecorrective motion is weightedagainstotherac-
tiveobjectives,contributing to thequalityof themotion.Al-
thoughour simple balancestrategy can be improved with
further work, multiobjective control can easily accommo-
datenew strategiesoncethey areavailable.

5.5. Adaptation

Multiobjective controladaptsautomaticallyto externaldis-
turbancesand physical propertiesof the characterand the
environment.

The allure of physically based animation is clearly
demonstratedby a rich diversity of interactionscharacters
canhavewith theirenvironment.However, thisis only possi-
bleif characterscanadaptnaturallyto physicaldisturbances.
We presenta coupleof examples(Pelted,Mishap)thatsug-
gestde�nite progressin thisdirection.Complex motions,in-
cludingnaturalbutcounter-intuitivebalancerecoveries,such
aslungingin thedirectionof thefall (Mishap),emergewith-
outexplicit modeling.

Multiobjective controlalsoadaptto bodieswith different
inertial parameters(Alien). Our shortercharacteris capable
of withstandingsigni�cant disturbancesby usinga general
controlstrategy initially testedon a taller andheavier char-
acter. Thishighlightsakey advantageof ourcontrolsystem:
it decouplesthe descriptionof control strategies from the
computationof requiredtorques.Hence,the objectivesare
independentof massdistribution,modelgeometry, andcon-
tactdynamics.

Simulation Vars. Avg. QP Time Avg. Iterations
Platform 140 13ms 14.5
Pelted 140 13ms 14.5
Sobriety 146 16ms 13.8
Mishap 143 14ms 15.8
Wall 172 29ms 17.7

Table 1: The numberof variables, average optimization
time, and average numberof iterations for the multiobjec-
tiveQPpersimulation.

6. RelatedWork

Active body control has a long history in graphicsand
robotics.We review someof this work in thecontext of our
main designdecisions:the choiceof local optimizationfor
control,theform of thequadraticobjective function,andthe
choiceof constraintsfor modelinggeneralfrictional con-
tacts.

6.1. ActiveBody Control

Multiobjective optimizationscomplementstrengthsof pre-
vious approachesin computeranimationbut reducesthe
needfor manualadjustmentof control parameters.Raibert
andHodgins[RH91] relied on spring-dampermechanisms
to computetorquesfor online control, leadingto someof
the mostdramaticsimulationsof active bodies[HWBO95,
Woo98, FvdPT01]. Similar control strategies now appear
in commercialsoftware systemsfor computeranimation
(www.naturalmotion.com). The speci�cs of thesecommer-
cial systemsareunknown, but they likely requiretuningof
individual restlengthsandspringconstantsfor mostcharac-
ters,tasks,andsimulationenvironments,similar to thepre-
decessors[HP97,FvdPT01].

Manual tuning can be reducedto someextent with dy-
namicscalinglaws andautomatedsearch,but it reachesits
limits when adaptingto new environments,massdistribu-
tions, andothervariations[HP97]. Our control systemen-
ablesmodularspeci�cation of generalcontrol policies for
thecaseof sustainedfrictional contact.Insteadof designing
andtuningspring-baseddampersfor eachjoint, we divorce
thespeci�cationof controlpoliciesfrom thecomputationof
requiredcontrol torques.Hence,our control systemadjusts
moreeasilyto new situationsanddifferentenvironments.

Limit-cycle control tracksperiodic motionsby comput-
ing controlperturbationsneededto returnthepresentmotion
backto thedesiredlimit cycle (i.e. limit-cycle controlstrat-
egy or periodicmotiondata)[LvdPF96]. Insteadof relying
on explicit modelsof contactdynamics,it approximatesthe
Poincaréreturnmap.Theadvantageof suchanapproachis
thatit alsoincorporatestheeffectof collisionsinto execution
of controlpolicies:adif�cult problemthatwedonotaddress
in thispaper. A potentialliability is thatapproximatedreturn
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mapsmightbevalid only for smallperturbationsfrom limit-
cycle trajectories.

Other tracking alternatives have also beenproposedto
createdynamically responsive motions from kinematicor
preplannedtrajectories[ZH02,YCP03,ZMCF05]. Theseap-
proachesscalespring constantsby inertial parametersor
feed-forward torquesmagnitudesto reducethedif�culty of
tuning parameters,but noneexplicitly accountfor contact
dynamics.Sometechniqueshave pursueda hybrid alterna-
tive instead,accountingfor somedynamicparameterswith
thegoalof generatingdynamicallyfeasiblemotionsinstead
of controls[GM85, SC89, Pai90, SC92, YN03, KP06]. Our
multiobjective control was designedto integratewith any
generalpurposesimulatorof rigid bodies.As a result,we
caneasilyanimatecomplex interactionswith many moving
objectsusingany rigid-bodysimulator.

6.2. Quadratic Objective

Ourmultiobjectiveapproachwasinspiredbyprioritizedcon-
trol of articulatedbodies[KSPW04]. The principal advan-
tageof suchanapproachis automaticcoordinationof multi-
pleobjectives,whichmakesit easyto combinetask-speci�c
objectiveswith the lessspeci�c posturalobjectivesgleaned
from motion data[AP06]. Our experimentations,however,
showedthatprioritizationof balancecontrol interfereswith
posturetracking, which makes it dif�cult to combinethe
two in a life-lik e manner. Instead,we rely on the quadratic
weighted-sumobjective in all of our experimentsto attain
necessarytradeoffs betweentracking, balance,and other
tasks.

Earlierapplicationsof localoptimizationproposedsimilar
quadraticobjectiveswithout incorporatinga generalmodel
of contactdynamics[SC89, SC92]. Inaccuratemodelingof
contactdynamicsis alsoapotentialdrawbackof mostprior-
itized control systems:they often assumethe existenceof
bilateral contactconstraints,as if the bodieswere pinned
at contactpoints.As illustratedin Figure 4, bilateral con-
tactslead to unrealisticcontrol strategies.Recentdevelop-
mentsin prioritizedcontrolsuggestaniterativeactive-setso-
lution [SK06], but this approachis lessrobustandharderto
implementthanourQP-basedmethod.

Figure 4: This illustration underscores
the importanceof incorporating ground
contactconstraints into any control for-
mulation. Ignoring contactdynamics,a
character can reach for the objectas if
his feetwere pinnedto theground.With
propercontactdynamicsandmultiobjec-
tive control, thecharacterstrikesa com-
promisebetweenreachingandnotfalling
asseenin Figure 3.

6.3. Friction Cones

Friction-coneconstraintsgeneralizethe zero-momentpoint
(ZMP) constraint,which is oftenusedin localoptimizations
asan alternative to bilateralcontactconstraints[HMPH04,
KKI02]. The ZMP is a criterion of physical feasibility for
bodiesin contactwith the groundplane [VB04]. For ex-
ample,its positionoutsidethe contactpolygon indicatesa
physically infeasiblemotion. The ZMP criterion is some-
times incorrectly de�ned as a measureof dynamicstabil-
ity in both graphicsand robotics literature. Instead,the
ZMP criterion enablessuccessfultracking of controllable
trajectoriesby ensuringphysically realizablecontrol poli-
cies [SKG03, HHHT98]. Hofmannandcolleagues,for ex-
ample,usequadraticprogrammingto restricttheZMP to re-
mainwithin thecontactpolygon[HMPH04]. This approach
assumesplanarcontactcon�gurations(e.g.,standingon �at
ground)with in�nite friction. For example,controlsystems
basedon ZMP constraintsmay leadto slipping andfalling
in simulationswith realisticfrictional properties.In contrast,
we usefriction-coneconstraintsthataremoreaccurateand
valid for generalthree-dimensional(e.g.,standingonuneven
ground)contactswith friction [Wie02].

Accordingto a survey by Srinivasa[Sri05], the �rst con-
trol systemwith an explicit model of contact dynamics
appearedin the robotics literature as a solution to multi-
�ngered manipulationof two-dimensionalobjects[CHS88].
The control systemsproposedin graphicsliterature,how-
ever, did notemploy explicit formulationsof contactdynam-
ics until FangandPollard[FP03] demonstratedtheir value
in of�ine optimalcontrol.Wedemonstratethefeasibilityand
importanceof thismodelfor onlinecontrolin interactivean-
imationsof activebodies.

Two methodsin roboticsliteraturehave reliedon a simi-
lar QPformulationsto oursfor thecontrolof walkingbipeds
[FOK98, WC06], but without addressingcontactvariations
andsigni�cant disturbances.Our work alsode�nesthecon-
cept of multiobjective control with frictional contactsand
examinesits rolein animationsof standingactivebodies.We
emphasizetheresilienttreatmentof disturbances,reasoning
that locomotionandmorecomplex behaviors canberobust
only afterstandingis morerobust.

7. Conclusion

We have presenteda multiobjective control formulation
baseduponlocaloptimizationthatmodelsandrespectsfric-
tional contactdynamics.We arrive at threeimportantcon-
clusionsaboutsuchsystems.First, friction-coneconstraints,
which generalizeZMP constraints,improve control of ac-
tive bodiesin simulationwith arbitrary frictional contacts.
Second,the compromisebetweenmultiple con�icting mo-
tion objectivesshouldbe accomplishedwith soft trade-offs
ratherthanstrictpriorities,especiallywhenactively regulat-
ing thecenterof mass.And third, specialcaremustbetaken
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to stabilizefrictional contactsin simulationswith largedy-
namicdisturbances.

Our multiobjective control is restrictedin scope:it as-
sumesthe existenceof a properhigh-level control policy
insteadof searchingfor one. The more dif�cult problem
has beentackled of�ine with many approachesincluding
continuousoptimization [WK88], dynamic programming
[vdPFV90], geneticalgorithms[Sim94,NM93], neuralnet-
works [GTH98], andsimulatedannealing[vdPF93, GT95].
In thefutureweplanto applysimilar ideasto onlinecontrol
by solving appropriateapproximationsof the of�ine prob-
lem. Another possibledirection would be to complements
multiobjective control with kinematicmethodsthat ignore
physicsbut learnfrom dataandotherstudiesof naturalmo-
tion [KKKL94,RSC01,GMHP04,YKH04]. Thesewouldbe
the next stepstoward designingadaptive control strategies
for walking,running,jumping,andothercomplex behaviors.
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