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Abstract

Standings a fundamentaskill masteedby humansandanimalsalike. Althougheasyfor adults, it requirescareful
anddeliberate manipulationof contactforces.Thevariation in contactcon guration (e.g., standingon onefoot,
on uneven ground, or while holding on for support) presentsa dif cult challenge for interactive simulationof
humansand animals,especiallywhile performingtasksin the presencef external disturbancesWe describean
analyticappmoad for contol of standingin three-dimensionadimulationshaseduponlocal optimization At any
pointin time the contmwl systensolvesa quadiatic programto computeactuationby maximizingheperformance
of multiple motion objectivessubjectto constaintsimposedby actuationlimits and contactcon guration. This
formulationis suitablefor interactiveanimationandit adaptsto the proportionsof any character modelin any
non-planayfrictional contactcon guration.

CatagyoriesandSubjectDescriptorgaccordingo ACM CCS) 1.3.7[ComputeiGraphics]:ThreeDimensionalGraph-

ics andRealism Animation

1. Intr oduction

Dynamic simulationof passve phenomenasuchas cloth,

uids, andarticulatedbodiesjs usedin mary animationsys-
temsandhasenabledthe creationof increasinglycomple
virtual environments,while reducingdemandson talented
humananimatorsThisis particularlythe caseof gamesand
simulationswheretruly interactve bodiesarerapidlyreplac-
ing static,precomputednotions.

The simulationof active bodiessuchashumansrobots,
and animalshaslaggedbehind, preventing automatecani-
mationof characterghatactin concertwith their dynamic
surroundings.Despite previous demonstrationsof simu-
lated charactersperforming impressie actions, including
walking, running,diving andswimming[HWBO95 WH96,
YLSO04], mary animationsystemsstill rely onrecordedno-
tionsor passie ragdollphysics.

The widespreadadoptionof simulatedactive bodiesis
hinderedby over-specialization.Most controllers operate
correctly only for speci c body postures,geometries,or
physical propertiesof the ervironment.For example,a con-
troller designedto balancea standingcharacteron at
ground mary not work on uneren or slippery ground or
while leaningagainsta wall for support.The objective of
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balancingis conceptuallysimilar in eachcase put adapting
a controller from one settingto anothercan be asdif cult
asdevelopinga new one.Hencea key advantageof general
purposesimulation—automatienotion synthesisunderall
circumstances—disappeargth currentcontroltechniques.

We describean analytic control formulation that solves
alocal, online optimizationto reduceover-specializatiorin
controllersfor active bodies.Theoptimizationautomatically
adaptshe controlto the frictional propertiesof the simula-
tion, the masspropertiesof the characterthe postureof the
characterandthechangingask-speci cgoalsof actionsbe-
ing performed.t alsoaccountdor the constraintamposed
by frictional contactawith the environment.Hencethe same
controllerappliesto simulationof active bodiesin mary dif-
ferentsituations.

We explorethis approachor animportantclassof actions
involving sustainedtrictional contactwith the environment
(Figurel). Suchcontactoccurwheneer a charactepushes
againstthe environmentandusesthe resultingforce to con-
trol its motion. We call this fundamentabehaior standing,
notingthatit is a precursoto locomotionandothercomplec
behaiors. Our approachsimpli es the designof standing
controllersby decouplinghe descriptiorof motionfrom the
computatiorof forcesrequiredto accomplistthem.A multi-
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Figure 1: Previous contiol systemdemonstate that many humanactions can be simulated.Fundamentallytheseactions
require careful exploitation of external contactforcesduring periodsof sustaineccontact.We informally referto theseperiods
as“standing”’ Multiobjectivecontol ensuesrobustexecutionof actionswhile standing Givena contmol strategy andphysical
propertiesof the bodyand ervironmentour control systenusesthe current stateof the activebody(q; q) to solvea quadiatic
program that computeghe necessargontmol torquesu. This allows usto take a fundamentabehaviorsud as standingand
expandits range of applicationin simulationswith differentbodies posesgeometriesandfrictional properties.

objective formulationallows for acompromiséoetweerses-
eral con icting motion goals,suchasbalancingandtrack-
ing.

A key componenbdf our approachs a quadraticprogram
(QP) that maximizesinstantaneougerformanceobjectves
subjectto limits on actuationand contactforces. Related
formulationshave alsobeenproposedn robotic manipula-
tion [CHS88 FOK98 WCO06], but currentanimationtech-
niquesstill rely onsimpler spring-dampemechanismOur
experimentsreveal thata QP solutionimproveson the tra-
ditional spring-dampetechniquesy adaptingto changing
propertiesof thebody, the ervironment,andthe contactWe
describeits constructionfor frictional and non-planarcon-
tacts,its usein simulationswith large disturbancesandthe
speci csof accomplishingnultiple objectives.

We begin by reviewing the dynamicsof active bodiesin
frictional contactwith the ervironmentand highlight the
dif culties of controlling suchunderactuatedystemg§2).
Next we de ne multiobjective control with frictional con-
tactsin termsof alocal optimizationthatmaximizesinstan-
taneougperformancemetricssubjectto limits on actuation
and contactforces (83). Thenwe discusspractical strate-
gies neededto accomplishcommon control objectves in
spiteof contactvariationscausedy signi cant disturbances
(84) andwe presentifelik e, animationsof standingcharac-
tersin challengingphysical ervironments(85), all of which
were simulatedat interactive ratesusing a standardrigid-
bodysimulator The resultssuggesthat multiobjective con-
trol maybecombinedwith previously proposedontrolpoli-
ciesfor locomotionand other complex behaiors (86) and
usedin the designof a new generatiorof adaptve control
systemg§7).

2. Contact Dynamics

Motion of a body in contactwith the ervironmentis more
complex than unencumberednotion in free space.This is

dueto the presencef reactionforcesthatpushon the body
ateachcontactpoint. For thecommoncaseof sustained¢on-
tact, however, control canexploit the linearrelationshipbe-
tweenjoint torques reactionforces,andjoint accelerations.
This relationshipcan be computedat interactie ratesand
usedto controlactive bodiesIn this sectionwe establistour
notationby reviewing contactmechanicsandthe equations
of motionfor active articulatedbodies] CHS88 Wie0Z].

2.1. Contact Mechanics
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Figure 2: Contactdynamicsexpresseghe relationshipbe-

tweenthemotion(q; g; §) of anarticulatedbody its internal

torques,and external forces.We modelthe contactbetween
two surfaceswith a set of point contactspgl) n pgm) and

the matding contactforcesf(l).: ::f(M Each contactforce

is restrictedby a corvex conek () accoding to the standad

Coulombs modelof friction.

Contactswith ervironment,asshavn in Figure2, restrict
the relative velocity of eachcontactpoint p(c') 2 R3, for
i = 1:::m. In the caseof a non-slippingcontact,the rela-
tive velocity is zero: p(c') = 0. This condition can also be
expressedn termsof joint velocitiesq 2 R" by usingthe
Jacobiamatrix G 2 R® " to computethe body velocity
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atthepointof contact:
cVq=pl =0 &

A pointcontactyieldsafrictional contactforcef() 2 R3 that
prevents geometricoverlap by pushingback on the body
Unliketheforcesin ajoint linkage(bilateralcontact)acon-
tactforce doesnot pull thebodyin caseof separatior{uni-
lateralcontact)implying thatits normalcomponentnustbe
positive: f,g') 0. Coulombsmodelof friction limits thetan-
gentialcomponenof thecontactforce:kfk  pfi?, where
> Oisacoefcient of friction atthe contactpoint. We col-
lect theselimits into a friction coneK( that restrictsthe
directionandmagnitudeof the contactforce:

fD2 kKO = x kxk pxn : )

By the principle of virtual work, a linear mapG~ f deter
minesthetotal joint torqueby aggreatingall contactforces
andall Jacobiammatricesinto onevectorf 2 R3™ andmatrix
G2 R N

2.2. Active Body Dynamics

Conseration of momentumdictatesthat the total sum of
contactforcesequalsthe total changein linearandangular
momentumIn the absencef 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 R" 6, Thesetorquesaffect only internaljoints
¢ 2 R" 6 leaving the globalpositionandorientationof the
bodya, 2 R® asunactuatediegreesof freedom.Using this
sameseparatioron equationsof motion produceswo sets
of equationswith andwithout actuation:

M1(a)g+ ni(g;q) + G1(a) f = u (©)

M2(e)g+ nz(g;q) + G2 (q)f = O: “

The rst two termsin both equationscombinethe inertial
andgravitationalforcesonthebody Thetwo equationsum-
marizethe main challengeof active body control with fric-

tional contacts:the dimensionof the quantity we needto

controlq exceedghedimensiorof torquesu atour disposal.
Carefulmanipulationof contactforcesf is the only way to

accomplisha speci ¢ objective, andyet they arerestricted
by thefriction cone:f 2 K = KD KM,

3. Multiobjecti ve Control

Our multiobjective control computesthe joint torquesthat
drive themotionof anactive bodyin simulation.Theseoint
torquesare chosento try and satisfy several objectives at
once Eachobjectvedescribesidifferentfacetof thedesired
motion: one objective may track motion data,anothermay
commandhe locationof the centerof massandyetathird
may force the handsto a speci c destination. At eachin-
stancen time, thecon icts andtrade-ofs betweerdifferent

¢ Associatiorfor ComputingMachinery Inc. 2007.

objectivesare managedy a fastoptimizationthatrespects
the dynamicsof the currentcontactsand automaticallyac-
countsfor the physical propertiesof the active body Since
speeds aprimaryrequiremenof onlinecontrol,we express
all constraintandobjectvesin aquadratiqgprogramthatcan
be solved quickly.

3.1. Optimization

Given the currentposeq and velocity q for the body, the
optimization computesjoint torquesu, joint accelerations
a2 R", andcontactforcesf that maximizeperformanceof
se/eralobjecti/esg(l) i :g(‘):

min fg(l);:::;g(‘)g

af;u
subjecto  Ma+n+ G’ f= (IJ u (5a)
f2K; u2L (5b)
Ga+ Gg=0 (5¢)

In the above, Equation(54) restrictsthe solutionto be con-
sistentwith theinstantaneousontactdynamicsof active ar

ticulatedbodies.Thisis alinearconstrainton thevectorun-
knowns becausdhe remainingquantitiesM, n, andG are
constanfor thecurrentposeandvelocity. Equation(5b) lim-

its thecontacforcesandcontroltorquesaccordingo current
friction conesK andconstant-bountbrquelimits L. Lastly,

Equation(5c) ensuregshataccelerationsemaincompatible
with the no-slipcontactcondition[Bar89 in Equation(1).

3.2. Quadratic Program

Our implementationapproximateghe generalmultiobjec-
tive formulation with quadratic programming. This re-

quires choosingquadraticobjectves whosetrade-ofs are
weighedeitherby strict prioritizationor throughacombined
weighted-sunobjective. We alsoapproximatehe nonlinear
friction cone constraintwith a conserative polygonalap-
proximation, noting that, if neededjnterior point methods
couldalsomanagehe conicalcorvex constraintn its origi-

nalform [BV04].

3.2.1. Quadratic Objectives

Control stratgjiesincludeoneor morequadraticobjectives.
For example,objectvescanbeusedto simultaneouslyrack
a desiredposturewhile commandinghe position of hands
and feet. Quadraticobjectives regulate the valuesof such
kinematic quantitiesx(qg) by choosingtheir accelerations
X(q) ateachtime step.

The value of eachobjective g(i) measureshe difference
betweerthe currentk) anddesiredd® acceleration:

= 50 0 = 30as30q g0 . (g



Y. Abe M. da Silva& J. Popovic / MultiobjectiveControl with Frictional Contacts

wherethe Jacobiarmatrix J ) describeshe linearrelation-
ship betweerjoint velocitiesandthe velocitiesof regulated
kinematicquantitiesx() = (¢

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

d=ks m(t) x + P ks m(t) x +mt); (7)

wheret is the currentsimulationtime andks is the tracking
stiffness We usethe sameequationto tracka singleposture
by choosinga constanwaluefor m(t), settingm(t) andm(t)
to zero.

Stiffness values will dependon desired motion. High
stiffnesswill producesanimationsthat follow motion data
despiteexternal disturbancesLow stiffnesswill produces

morerealisticanimationghatreactto externaldisturbances.

Notethatlow-stiffnesstrackingwasmoredif cult to achieve
with previoustechnique$ZHO02, YCP03 YNO3].

3.2.2. Control Trade-Offs

Multiobjective control seeksa compromiseamongvarious,
often con icting, objectves. One approachto conict res-
olution is to identify strict priority levels. A sequenceof

quadraticprogramscanthenrecursvely optimize eachob-

jective. First, we optimize the most important objectie.

Next, we constrainits valueto thecomputedptimumin the

optimizationof the secondmostimportantobjective. Strict

priorities ensurethat some objectves (e.g., reaching)are

minimizedbeforeothers(e.g.,posture)areevenconsidered.
However, our experimentsshav that strict priorities should
not be usedfor control of standingbecausebalancetasks
usuallyinterferewith othertaskssuchastrackingrecorded
motions,which leadsto lessrealisticmotions.

Figure 3: Theweightof areadingobjectiveis graduallyin-
creasedpushingthe characterto a more precariousstance
In theaccompanyingideo,theread objectiveweightis in-
creasedto the point whee it outweighsthe balanceobjec-
tive, andthecharacterfalls over Objectiveweightsfromleft
toright are: 0.01,0.05,and0.15.

We attaina more e xible schemeby using a weighted-
sum objective g to strike a compromisebetweendifferent
controlobjecties:

g= ng(l) + Wzg(Z) + + an(n): (8)

Theweightsw; determingherelativeimportanceof eachob-
jective g(i) andaccounfor scalingdifferencesn theunitsof
measureWe shaw theeffectof differentweightsin Figure3.
At rst, thereachingobjectie is given zeroweightandthe
armdoesnotmove.As theimportanceof thereachincreases,
thebodyprogressiely departdrom its balancedstanceuntil
theimportanceof balancas outweighedy theemphasi®n
reachandthe body falls over. This exampleillustratesthat
choosingweightsis not a burden,but a vital aspectof ary
control stratgy. Balance for example,may be a top prior-
ity for athletesuntil they have the opportunityto dive for a
ball. Theweightingin the objective functiondetermineshe
precisemannerin which suchmotionsareaccomplished.

4. Practical Standing Control

In simulation, contactbetweentwo objectsis neitherper

fectly detectednor perfectly maintained Numerical errors
dueto integration can createvariationsin detectedcontact
points at almostevery time step.Externaldisturbancesre
even more disruptive. Applying multiobjective control in

such an environmentrequiresaddressingwo major chal-
lenges.First, we mustcomplemeniur generaltheoretical
treatmentwith practicalstratgiesthataccountfor frequent
contactvariation. Second,we must devise strat@ies that
guidethe body to positionsfrom which it is capableof ac-
complishingcontrol objectves suchas standingupright to

avoid falling.

4.1. Stabilizing Contacts

Our theoreticalmodel of contactforcesassumeghat con-
tactsare maintained However, numericalerrorsin the dy-
namicsand the kinematicswill often createunintentional
contactchangesvenbeforeexternaldisturbancesreintro-
duced Whencontactdreak thecontrolmustadaptor it will
fail.

To preventcontactdrom breakingn the rst place ween-
surethat contactforcescomputedby the control arestrictly
positive. Thefriction conek ) is modi ed sothatthemagni-
tudeof contactorcesf( areabove aconserative, threshold
(> 50N in our experimentsfor a 70 kg character)This di-
rectsthe QP solutionto computetorquesthat pushon each
contactpoint and hencediscouragencidentalchangespr,
in the caseof small separationre-establistthe contactsin
just a few simulationsteps.Highervaluesyield bettercon-
tactstabilization but extremelylarge thresholdsmay gener
ate unrealisticmotion or infeasibleQP problems.The best
practiceis to scalethethresholdwith theweightof the char
acter

We alsouseconserative estimate®f thelocationof each
contactpoint, p(c'). First,we de ne acontactregionto bethe
closed,polygonalsurfacede ned by a setof contactpoints
(e.g.,onecontactregion exist for eachfoot or handusedfor
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support). Theconsenrative estimateassumesa modi ed ver
sion of the contactregion, shrunlento the strict interior of
the actualregion. This increaseshe likelihood that an ag-
gregate contactforce (i.e., the sumof all contactforcesat
the contactpoints surroundinga contactregion) originates
within thestrictinterior of theactualcontactregion. The QP

is modi ed by relocatingeachcontactpoint, p(c'), (usednthe
constructiorof K) to becloserto thecenterof theassociated
contactregion. A largerreductionwill producea morecon-
senative solution,but alsorestrictthe possiblemovementof
thecharacterln our experimentsve foundthatreducingthe
sizeof the contactregion by 30 percentwasa nice compro-
mise,thoughmary differentreductiondrom 0 percento 90
percentalsoworked.

Despitethesemodi cations, externaldisturbancewvill in-
evitably causecontactgo break.We measurehe scaleof a
contactdisturbanceby how far a contactpoint is from the
surfaceit shouldcontact.For small disturbanceg¢< 1le 4
m, for anormalhumansizedcharacterve ignorethebreak,
reasoningthat the strictly positive contactforceswill re-
establishcontactsoon.If the disturbancebecomesnedium
sized(< 2e 2m)we collapsethefriction conek (setting
thecoefcient of friction to zero)to disallow tangentiakon-
tact force and encouragémmediaterecovery without tan-
gentialslipping. However, if the disturbancébecomedarge
(> 2e  2m), weremore the contactpoint from the QP for-
mulation.In that case we adda nev motion objectie that
guidesthe former contactpoint toward its projectionon the
externalcontactsurfaceasalast-ditchattempto re-establish
the contact.

In ourexperimentscontroloutcomesverenotoverly sen-
sitive to precisevaluesof thresholdparametersWe chose
thereportedvaluesto increaseahe stability of our controlfor
larger disturbancesMost other settingsworked well with
smallerdisturbances.

4.2. Maintaining Balance

Everybodyfalls onoccasiorandEquation(4) shavsuswhy:
the global positionandorientationof a body is not directly
controlledby joint torques.Humansadaptto this limitation
with both anticipatoryand reactve movements.Anticipa-
tory movementssuchasbracingfor the motion of a bus by
leaningin the directionof its motion, generallyrequireso-
phisticatedmotion planning.Our low-level controldoesnot
handleanticipatoryaspect®f balanceput it doesprovide a
reactve mechanisnto maintainanuprightposturewhile ac-
complishingmotionobjectivesthatarenearlybalancedThis
is doneby regulatingthe horizontalpositionof the centerof
mass.

Oncethe COM is toofar from a desired uprightposition,
it may becomeimpossibleto returnto that positiondueto
underactuationContactdynamicsgivesus a precisecondi-
tion for knowing whena given returntrajectoryis feasible
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(82). The motion of a body q(t) is feasibleif andonly if
therearecontactforcesf 2 K thatsatisfyEquation(4):

M2(a)8+ na(g;0) + G2 (0)f = O 9)

This a strict generalizatiorof the often usedcriteriathatthe
zero-momentpoint (ZMP) should remainwithin the sup-
port polygon [Wie0Z. Whereasthe ZMP criteria assumes
anin nite coefcient of friction andplanarcontactwith the
ground,the abore conditionaccountsfor the friction cone
andappliesto ary three-dimensionatontactcon guration.
As with the ZMP criteria, direct applicationof this condi-
tion to planan optimalrecovery from a given dynamicdis-
turbancds beyondthe computationabudgetof online con-
trol systems(Theequationsarenolongerlinearbecausg¢he
stateof the body change®ver time.) For example,ef cient
implementationf optimal control [SP0J requireseveral
second®f computatiortime, atleastanorderof magnitude
too slow for onlinecontrol.

Insteadof computingan optimal recovery stratgy, our
control implementsa simple heuristic stratgyy basedon
guiding the centerof masstoward a more stablecon gura-
tion for mostdisturbancesThe COM for a humanstanding
on at ground,for example,is usuallyabore the mid-point
betweerthetwo footprints.In generalthisis astablecon g-
urationfor mary disturbancebecausefor smalldeviations,
theCOM is fully controllablein the horizontaldirectionand
canbebroughtbackto the desiredposition.

Sincethe COM is a kinematicquantityx(q), we canuse
multiobjective controlto directits motionby providing ade-
siredaccelerationd, in Equation(6). We found in our ex-
perimentsthata simple rst orderdampedapproachworks
well for mary motions:

d=ks Xg X  Kkgx; (10)

wherexy is the desiredhorizontalpositionof the COM and
ks andky aremanuallytunedconstantsHowever, to recover
from larger deviations from the desiredposition we found
thatthis simple strategy wasnot sufcient. For high values
of ks the stratgy tendedto be overly forceful, resultingin
instability. For lower valuesof ks the strategly would fail to
reachthe goal.Insteadwe foundthatwe couldachieve bet-
ter resultsby varying ks with the distancefrom the desired
COM position.In our experinaentswe scaledks with thein-

versesquare-rootlistancel=jjx; Xjj.

When standingon uneren groundwith one foot on the
pedestabr with one handon the wall, we still control the
COM in theplaneperpendiculato theforce of gravity. The
desiredlocation of the COM is placednearthe mid-point
of the horizontalprojectionof all contactpoints. This en-
sureghatfor smalldeviationsfrom the desiredposition,the
COM s still controllablein the horizontaldirectionandcan
bereturnedo thedesiredposition. The exactlocationis not
important,but differentchoiceswill affect the ability to re-
cover from differenttypesof disturbancesFor example,a
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charactethatplacesmoreweighton a forwardfoot, will be
ableto recover from larger unexpectedforcescomingfrom
thefront.

The key to understandingur stratay is to obsenre that
it doesnot prevent falling on its own: the COM can fall
to the groundandstill be above the horizontalposition.In-
stead falls are preventedwith a combinationof this objec-

tive andothersthat prescribestandingmotionsor postures.

When the COM wanderssigni cantly outsidethe support
polygonthe charactefalls becausét canno longeraccom-
plish the objective of standingHowever, we foundthatour
simplestratgiesworkedwell evenfor mary signi cant dis-
turbances.

5. Results

We demonstrat¢he capabilitiesof multiobjective controlby
discussingafew simulationswe have createdof active char
actersbalancing tracking motion, and respondingo a dy-
namicdisturbances.

5.1. Experiments

The supplementaryideo includesa few typical runsfrom
thefollowing experiments:

Sobriety. A human-lile characterbalanceson a moving
platformwhile reachingfor its nosewith its hands.Both
balancingandreachingareaccomplishediespitethe sig-
ni cant motionof the platformandotherdisturbancen-
troducedby ahuman ,nteractvely, duringthe simulation.

Pelted. A human-lile charactetracksmotion dataclosely
while balancingin responseéo mary collisionswith ob-
jects.As with all of thesesimulations the charactembal-
anceaunderits own power andthereareno arti cial aids
preventingthe charactefrom falling over.

Platform. A human-lile characterbalanceson a moving
platform. Varying the coefcient of friction betweenthe
feetandthe platform causechangesn the balancingmo-
tion.

Alien. Thehumancharactein the "Pelted"and"Platform"
simulationsis replacedwith alighterandsmallercharac-
ter. Although the geometryweight, and proportionsdif-
fer from thoseof the humancharacterthe samecon-
trol works without modi cation. Sincethe charactehas
a larger head,however, the posturestiffnessof the waist
joint wasdecreasetb encouragenorewaistmotion.

Wall. A humancharactemplacesits handon a nearbywall
for additionalsupportwhile balancingon a moving plat-
form. Thecontrolautomaticallyadaptshe strateyy of us-
ing the handto provide additionalleverageto maintain
balancedespiteseveretipping of the platform. The con-
trol adaptseasilyto thenon-planacontactcon gurations,
involving bothfeetandhandsthroughthe useof friction
coneconstraints.

Mishap. The characterstandswith one leg perchedon a
imsy table. Friction cone constraintsprevent the char
acterfrom immediatelytopplingthetable.Whenthetable
suddenlycollapsesthe characterregainsits balanceon
one foot. The balancingmaneuer occursautomatically
thoughwe do directthefreefoot to adesiredocationus-
ing anend-efectorobjective.

We manuallymodeledthe geometryof bothcharactersn
oursimulationsTheirinertial propertiesverecomputecau-
tomaticallyusingthevolumeof eachlimb andstandardnass
distributions[Win90]. The motionstracked by our control
systemwererecordedvith anopticalmotioncapturesystem.
Forward dynamicswith frictional contactswere computed
with the OpenDynamicsEngine (wwwodeorg), a general
purposeigid bodysimulator The QP problemsweresolved
by the MOSEK software system(wwwmosek.coi which
emplgystheinterior point methodto solve convex optimiza-
tion problemg BV04].

The QP control problemis solved 30 times per second
of simulation,while we usemary moresimulationstepsin
thesamenterval, between.000and5000.Eachsolutionre-
quiredaround15 iterationsto corverge for an averagerun-
ning time of 17 milliseconds.The "Wall" simulationtook
slightly longerthanthe others(seeTable 1) becausef the
additionalhandcontact All simulationswerefastenoughto
allow theentiresystem(simulationandcontrol)to run at 30
framespersecondpr better ona 2.8 GHz Intel Pentiumd4.

5.2. Direction

Ourexperimentgdlemonstratéhatmultiobjective controlen-
ablesartisticdirectionof active bodieswith two familiar an-
imationmechanismscontrolof posesandendeffectorposi-
tions.

In most of our experimentswe track a single recorded
posture,but tracking motionsis just as easy Tracking fast
motions,suchasdodgingincomingobjects,s accomplished
accuratelybut "loosely" enoughto respondnterestinglyto
collisionswith otherobjects(Pelted).

End-efector objectives are usedto control individual
limbs: arms, hands,feet, and so on. Our experimentsin-
cludetwo simpleexamples.Onedirectshandsto touchthe
nose(Sobriety)andthe othercontrolsthe swingleg to direct
the look of a balancingmaneuer (Mishap).(84.2). In both
casesthe acceleration®f the end-efectorswhere simply
choserto corverge toward a desiredgoal position. Though
trackingof morecomple trajectoriess possible.

5.3. Friction Cones

Many control systemsassumeplanar contact with at
ground, which limits possibleapplications.Multiobjective
controlmanageshis specialcase(Pelted,Alien) but it also
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handlesmore generalcontactcon gurationsby using fric-
tion coneconstraintsExamplef thisincludeunesenfoot-
ing (Sobriety Mishap)andhandcontactwith thewall (Wall).

Sincefriction conesprevent feet from slipping, the con-
trol neednotinsiston a perfectmatchbetweerthebodyand
recordecposturesA shortercharacterfor example caneas-
ily tracktherecordedrajectoryof afull-size human(Alien)
without slipping causingafall.

Friction conescanalsobe manipulatedo createinterest-
ing animation.By restrictingthe allowable friction cones,
different balancing motion that respectthose limitations
emege automatically(Platform)Friction coneswere also
instrumentain the Mishapsimulationwherea very narrav
friction conewasusedinitially on the front foot to instruct
the characteto apply only vertical forceson the precarious
table.

5.4. BalanceObjective

Mary of our experimentsfeaturea characteron a moving
platform. Undersuchconditions,our control systemmain-
tainsbalanceby coaxingthe COM backtoward a consera-
tively choserposition.We emphasizahattreatingthe con-
trol of the COM asa strict priority, above all other objec-
tives,hasnotproducedsatishictoryresultsin ourexperience.
Instead the correctve motionis weightedagainstotherac-
tive objectives,contributing to the quality of the motion. Al-
though our simple balancestrategyy can be improved with
further work, multiobjective control can easily accommo-
datenew stratgiesoncethey areavailable.

5.5. Adaptation

Multiobjective control adaptsautomaticallyto externaldis-
turbancesand physical propertiesof the characterand the
ervironment.

The allure of physically based animation is clearly
demonstratedby a rich diversity of interactionscharacters
canhavewith theirenvironment However, thisis only possi-

bleif charactersanadaptaturallyto physicaldisturbances.

We presenta coupleof examples(Pelted Mishap)that sug-
gestde nite progressn thisdirection.Complex motions,in-
cludingnaturalbut counterintuitive balanceecoveries such
aslungingin thedirectionof thefall (Mishap),emegewith-
outexplicit modeling.

Multiobjective controlalsoadaptto bodieswith different
inertial parametergAlien). Our shortercharacteis capable
of withstandingsigni cant disturbancedy usinga general
control stratgy initially testedon ataller andheavier char
acter This highlightsa key advantageof our controlsystem:
it decoupleghe descriptionof control stratgies from the
computationof requiredtorques.Hence,the objectivesare
independendf massdistribution, modelgeometryandcon-
tactdynamics.
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Simulation | Vars. | Avg. QP Time | Avg. Iterations
Platform 140 13ms 145
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, avelage optimization
time and average numberof iterations for the multiobjec-
tive QP per simulation.

6. RelatedWork

Active body control has a long history in graphicsand
robotics.We review someof this work in the context of our
main designdecisionsthe choiceof local optimizationfor
control,theform of the quadraticobjective function,andthe
choice of constraintsfor modeling generalfrictional con-
tacts.

6.1. Active Body Control

Multiobjective optimizationscomplementstrengthsof pre-
vious approachesn computeranimationbut reducesthe
needfor manualadjustmenof control parametersRaibert
andHodgins[RH9]] relied on spring-dampemechanisms
to computetorquesfor online control, leadingto someof
the mostdramaticsimulationsof active bodies[HWBO95,
W0098 FvdPTO0]. Similar control stratgies now appear
in commercialsoftware systemsfor computeranimation
(wwwnaturalmotion.cony The speci cs of thesecommer
cial systemsareunknawn, but they likely requiretuning of
individual restlengthsandspringconstantgor mostcharac-
ters,tasks,andsimulationenvironments similar to the pre-
decessorfHP97 FvdPTO0].

Manual tuning can be reducedto someextent with dy-
namicscalinglaws andautomatedsearchbut it reachests
limits when adaptingto new ervironments,massdistribu-
tions, and othervariations[HP97. Our control systemen-
ablesmodularspeci cation of generalcontrol policies for
the caseof sustainedrictional contact.Insteadof designing
andtuning spring-basedlampergor eachjoint, we divorce
thespeci cationof controlpoliciesfrom the computatiorof
requiredcontrol torques.Hence,our control systemadjusts
moreeasilyto new situationsanddifferentervironments.

Limit-cycle control tracks periodic motionsby comput-
ing controlperturbationsieededo returnthepresenmotion
backto thedesiredimit cycle (i.e. limit-cycle control strat-
egy or periodicmotiondata)[LvdPF9§. Insteadof relying
on explicit modelsof contactdynamicsjt approximateshe
Poincaréreturnmap. The advantageof suchan approachs
thatit alsoincorporatesheeffectof collisionsinto execution
of controlpolicies:adif cult problemthatwedonotaddress
in thispaperA potentialliability is thatapproximatedeturn
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mapsmightbevalid only for smallperturbationgrom limit-
cycletrajectories.

Other tracking alternatves have also beenproposedto
createdynamically responsie motionsfrom kinematic or
preplannedrajectorie§ZH02,YCP03ZMCF05. Theseap-
proachesscale spring constantsby inertial parametersor
feed-forward torquesmagnitudego reducethe dif culty of
tuning parametersbut none explicitly accountfor contact
dynamics.Sometechniqueshave pursueda hybrid alterna-
tive instead,accountingfor somedynamicparametersvith
the goal of generatinglynamicallyfeasiblemotionsinstead
of controls[GM85, SC89 Pai90, SC92 YN03, KP0§. Our
multiobjective control was designedto integrate with ary
generalpurposesimulatorof rigid bodies.As a result,we
caneasilyanimatecomplec interactionswith mary moving
objectsusingary rigid-bodysimulator

6.2. Quadratic Objective

Ourmultiobjective approachwasinspiredby prioritizedcon-
trol of articulatedbodies[KSPWO04. The principal advan-
tageof suchanapproachs automaticcoordinationof multi-

ple objectives,which makesit easyto combinetask-speci c
objectiveswith thelessspeci ¢ posturalobjectvesgleaned
from motion data[AP0§. Our experimentationshowever,

shavedthat prioritization of balancecontrolinterfereswith

posturetracking, which makes it dif cult to combinethe
two in a life-lik e mannerInsteadwe rely on the quadratic
weighted-sunobjective in all of our experimentsto attain
necessarytradeofs betweentracking, balance,and other
tasks.

Earlierapplication®f localoptimizationproposedimilar
quadraticobjectveswithout incorporatinga generalmodel
of contactdynamics[SC89 SC93. Inaccuratemodelingof
contactdynamicss alsoa potentialdravbackof mostprior-
itized control systemsithey often assumethe existenceof
bilateral contactconstraints as if the bodieswere pinned
at contactpoints. As illustratedin Figure 4, bilateral con-
tactsleadto unrealisticcontrol stratgies. Recentdevelop-
mentsin prioritizedcontrolsuggesaniterative active-setso-
lution [SKO€], but this approachs lessrobustandharderto
implementthanour QP-basednethod.

Figure 4: This illustration undescoes
the importanceof incorporating ground
contactconstaints into any control for-
mulation. Ignoring contactdynamics,a
character can read for the objectas if
his feetwere pinnedto the ground.Wth
propercontactdynamicsandmultiobjec-
tive control, the character strikesa com-
promisebetweeneadingandnotfalling
asseenin Figure 3.

6.3. Friction Cones

Friction-coneconstraintggeneralizehe zero-momenpoint
(ZMP) constraintwhichis oftenusedin local optimizations
asan alternatve to bilateral contactconstraintf HMPHO4,
KKI102]. The ZMP is a criterion of physical feasibility for
bodiesin contactwith the ground plane [VBO04]. For ex-
ample,its position outsidethe contactpolygonindicatesa
physically infeasiblemotion. The ZMP criterion is some-
times incorrectly de ned as a measureof dynamic stabil-
ity in both graphicsand robotics literature. Instead, the
ZMP criterion enablessuccessfultracking of controllable
trajectoriesby ensuringphysically realizablecontrol poli-
cies[SKG03 HHHT9g]. Hofmannand colleaguesfor ex-
ample,usequadratigprogrammingo restrictthe ZMP to re-
mainwithin the contactpolygon[HMPHO4]. This approach
assumesplanarcontactcon gurations(e.g.,standingon at
ground)with in nite friction. For example,control systems
basedon ZMP constraintamay leadto slipping andfalling
in simulationswith realisticfrictional propertiesin contrast,
we usefriction-coneconstraintghat are moreaccurateand
valid for generathree-dimensiondk.g.,standingpnuneven
ground)contactswith friction [Wie0Z].

Accordingto a suney by Srinivasa[Sri05, the rst con-
trol systemwith an explicit model of contact dynamics
appearedn the robotics literature as a solution to multi-

ngered manipulationof two-dimensionabbjects] CHS89.

The control systemsproposedin graphicsliterature, how-

ever, did notemplay explicit formulationsof contactdynam-
ics until Fangand Pollard[FP03 demonstratedheir value
in ofine optimalcontrol. We demonstratéhefeasibilityand
importanceof thismodelfor onlinecontrolin interactve an-
imationsof active bodies.

Two methodsin roboticsliteraturehave relied on a simi-
lar QPformulationsto oursfor the controlof walking bipeds
[FOK98 WCO0€], but without addressingontactvariations
andsigni cant disturbancesOur work alsode nesthe con-
cept of multiobjective control with frictional contactsand
examinedts rolein animation®f standingactive bodies We
emphasizeheresilienttreatmenbf disturbancesieasoning
thatlocomotionandmore complex behaiors canbe robust
only afterstandings morerobust.

7. Conclusion

We have presenteda multiobjectve control formulation
baseduponlocal optimizationthatmodelsandrespectdric-
tional contactdynamics.We arrive at threeimportantcon-
clusionsaboutsuchsystemskFirst, friction-coneconstraints,
which generalizeZMP constraintsjmprove control of ac-
tive bodiesin simulationwith arbitrary frictional contacts.
Secondthe compromisebetweenmultiple con icting mo-
tion objectivesshouldbe accomplishedvith soft trade-ofs
ratherthanstrict priorities, especiallywhenactively regulat-
ing thecenterof massAnd third, specialcaremustbetaken
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to stabilizefrictional contactsan simulationswith large dy-
namicdisturbances.

Our multiobjective control is restrictedin scope:it as-
sumesthe existenceof a proper high-level control policy
insteadof searchingfor one. The more dif cult problem
has beentackled ofine with mary approachesncluding
continuousoptimization [WK88], dynamic programming
[vdPFV9(Q, geneticalgorithms[Sim94 NM93], neuralnet-
works [GTH99, and simulatedannealingvdPF93GT95.
In thefuturewe planto applysimilarideasto online control
by solving appropriateapproximationsof the of ine prob-
lem. Another possibledirection would be to complements
multiobjective control with kinematic methodsthat ignore
physicsbut learnfrom dataandotherstudiesof naturalmo-
tion [KKKL94,RSC01GMHP04 YKHO04]. Thesewould be
the next stepstoward designingadaptve control stratgies
for walking, running,jumping,andothercomplex behaiors.
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