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Figurel: Exampleresponséollowing a disturbance.

Abstract

We demonstrat@ real-timesimulationsystemcapableof automat-
ically balancinga standingcharacterwhile atthe sametime track-
ing a referencemotion and respondingto external perturbations.
The systemis generalto non-humammorphologiesand resultsin
naturalbalancingnotionsemplgying the entirebody (for example,
wind-milling). Our novel balanceroutine seeksto controlthe lin-
ear and angularmomentaof the character We demonstraténow
momentumis relatedto the centerof massandcenterof pressure
of the characterand derive control rulesto changethesecenters
for balance. The desiredmomentumchangesare reconciledwith
theobjective of trackingthereferenceamotionthroughanoptimiza-
tion routine which producestamget joint accelerations.A hybrid
inverse/forvarddynamicsalgorithmdeterminegoint torqueshased
onthesegoint accelerationandthe groundreactionforces.Finally,
thejoint torquesareappliedto the free-standingharactessimula-
tion. We demonstrateesultsfor following bothmotioncaptureand
keyframedataaswell asbothhumanandnon-humamnorphologies
in presencef avariety of conditionsanddisturbances.

CR Categories: 1.3.7 [ComputerGraphics]: Three-Dimensional
GraphicsandRealism—Animation;

Keywords: Characteanimation physics-base@nimation

1 Introduction

Control of simulationcharacterss animportantproblemin com-
puter animationand has beenreceving renaved interestbased
on recentpublicationtrends. While data-drven techniqueshave
ooded theliteratureover the pastdecadea numberof researchers
have recentlyre-focusedntereston control techniquedor physi-
cal modelsfollowing the lull in suchpublicationssincethe data-
driven animationboom. Most recently a handful of nev motion

controlapproachebave beenproposedhat cantake advantageof

the realismof dataexampleswhile employing simulationto cre-
ate charactersvith movementsthat are both high quality and can
interactin a physically responsie manner[Abe et al. 2007; Sok
etal. 2007;Yin etal. 2007;Yin etal. 2008; DaSilva et al. 2008b;
DaSilva etal. 2008a].The crossbetweerthe useof motioncapture
dataandphysicalsimulationfor characterss revealingamyriad of

rich possibilitiesfor improved motionsynthesigechniques.

This paperintroducesa momentum-basedontrol techniquefor
charactesimulation.Our methodautomaticallyemploys full-body
balanceeffects suchasthe useof arm motion (for examplewind-
milling) while alsoresolvingcon icting signalsbetweenbalanc-
ing andfollowing a referencemotion taken from motion capture
or keyframedata. More speci cally, our techniqueguideschanges
in linearandangularmomentato controlthe centerof mass(CM)
andcenterof pressur€CP) simultaneouslySuchmomentunton-
trol leadsto mary of the phenomenave commonlyassociatevith
whole-body integrated,and extreme balanceactvities (seeFig-
urel). Thecontrollerguidesa physically basedfree-standinghar
acterthroughjoint torquescomputedirom desiredchangesn lin-
earandangulamomentaTheresultingsimulationis ableto retain
balanceand correctfor imbalancein the presencef disturbances
and changesdn the external ervironment. In additionto tracking
motion capturedatafor humanlile charactersywe demonstrateur
approaclon charactersvith uniquemorphologiesBecausave use
no heuristicsspeci ¢ to humanoidcharactersye candemonstrate
the power of our techniquerivially onimaginary multi-limb crea-
turesaswell.

Thenovelty of ourapproacttomesrom asetof controllawswhich
dictateappropriat¢argetchangeso angularandlinearmomentan
orderto maintainbalance.Thesebalancdaws specifymomentum
changeghat control the trajectoriesof the CM andthe CP simul-
taneously In addition,we presenta novel optimizationframewvork
which solvesfor idealizedjoint accelerationshat resole balance
and tracking objectives while constrainingthe foot to matchthe
acceleratiorof the ground. Theseoutputaccelerationsre trans-
formedinto joint torquesusing inversedynamicsto maintainthe
balanceof afree-standingimulatedcharacter

2 Background

Generatingontrollableresponsie characterss achallengingopen
problemin characteranimation. The goal of generatingdata-
driven, physically simulatedcharacterss sharedby several re-
searcherg§Zordanand Hodgins2002; Yin et al. 2003; Abe et al.
2007; Allen et al. 2007; Sok et al. 2007; Yin et al. 2007;



Yin et al. 2008; DaSilha et al. 2008a; DaSilva et al. 2008b]
(amongothers)aswell asindustryleaderssuchasNaturalMotion

(www.naturalmotion.com).The power of thesetechniquess that
they allow thecharacteto reactto disturbancethroughthedynam-
ics, while remainingfaithful to areferencamotion. Dueto competi-
tion betweercontrollingthe simulationandcarefullyfollowing the
input data, researcherbave suggestedeveral alternatvesin the
form of hybrids kinematic/dynamicsnodels[Shapiroet al. 2003;
Mandel 2004; Zordanet al. 2005] and techniqueswvhich modify

physics-denved parameterdpr example [Komuraetal. 2004;Ko-

muraetal. 2005;Arikan etal. 2005;Yin etal. 2005]. Theadwantage
of suchapproachesver purephysically basednesis thatthey do

not requiresophisticateatontrollersand problemsassociatedvith

dynamicssuchasbalancebecomeanonissueThemainlimitation

of thesetechniquess thatthey arenoteasilygeneralizablandrely

hearily on datafor realism.Becauseahey arenot physically based,
outsideof their intendedfocusthey will likely fail in anungrace-
ful manner For this reasonwe have pursuedhe physically based
motioncontrolapproach.

Balancecontrolis anareaof interestin several elds including hu-
manoidroboticsandcharacteanimation.In theseelds, wherethe
style of the motion is asimportantasits effectivenessoften the
controlproblemis framedasonein which a referencerajectoryis
usedto describehestyleof abehaior alongwith correctve activa-
tion to maintainanuprightstance Researcherattemptto solve the
balancecontrol problemby attendingto physical characteristics,
suchasthe centerof massor the zero-momenpoint (ZMP). How-
ever the meansby which control hasbeenattemptedvary widely,
for example,by directadjustmentso the joint angleWootenand
Hodgins2000]or, morerecently asa quadratigogrogrammingprob-
lem which solvesfor both referenceandbalanceobjectvessimul-
taneously{Abe et al. 2007]. This problemis challengingbecause
pre-recordeabr pre-generatechotionswhich aredesirablefor use
asreferencemotionsreveal discrepanciepetweernthe human(ac-
tor) and the simulatedcharacterand do not afford ernvironment-
speci ¢ reactionsleadingto a hostof solutions,for example,the
needfor motioncorrection[Sok etal. 2007]. Recentlyseveral pro-
posedmethodshave addressedhis questionfor locomotion[Yin
et al. 2007; Yin et al. 2008; DaSilva et al. 2008a;DaSilva et al.
2008b],but lesswork hasfocusedon balancedstanding.

Most researcherbave approachedbalancedstandingbasedsolely
on controlof the CM [ZordanandHodgins2002;Abe etal. 2007].
In contrastthe work describedn this paperusesmomentumcon-
trol to guideboththe CM andthe CP which is morerohustin ex-
tremebalanceasksbasedn our ndings andalsoleadsto therich
appearancef balancemotion, especiallyfor the upperbody. In
closelyrelatedwork [Kudohet al. 2002; Kudoh et al. 2006], the
ZMP is controlled along with the accelerationof the CM using
quadraticprogrammingQP)to generateesponsefo large pertur
bationin standingbalance. Their approachis similar to oursin
controlling both the ZMP (in our de nition, the CP) andthe CM.
This paperbuilds on their work with a few key differences.Fore-
most,they do not preciselycontrolthe CR insteadthey allow it to
move freely within the areaof the supportpolygon. And second,
they donotincorporateareferencemotionin their QP formulation,
leadingto responsewrhich do not tracka motion captureexample,
as ours does, and requiring additional (acceleration)constraints,
which our techniquecanignore. Further they modulatebetween
two control approachesstatingthattheir QP methodcreatedarge
correctionsto small disturbanceswhile our single methoduni es
all (non-steppingyesponsesvithin a singleframewvork. More ab-
stractly we make explicit the connectionbetweenour controlled
parametersCPandCM, andthe controlof momentaThis distinc-
tion is importantin thatit revealsa symmetrywhich we exploit in
our controllaws (describedn Section6).

In robotics,several researcherbave recentlybegun to investicate
the potentialfor angularmomentumin balancecontrol, largely for
locomotionandsteppingKajita etal. 2003; Goswami andKallem
2004; Popwic et al. 2004a;Popwic et al. 2004b;Hofmannet al.
2004]. GoswamiandKallem [2004] supportangulamomentunas
a methodfor balancewith the suggestiorthatit generalize®ther
balanceconceptsuchCM controlandZMP maintenancePopavic
andcolleagueutline a strongargumentfor humancontrol of an-
gular momentumand shav how it can be regulatedfor walking
movement[Popovic et al. 2004a; Popwic et al. 2004b]. There
arealsopapersin the roboticsliteraturethat useangularmomen-
tum control for balance althoughthe proposedcontrol laws vary
widely andtendto be simpleheuristicscraftedfor speci c effects.
Abdallahand Goswami [Abdallah and Goswami 2005] usea sim-
ple momentumcontrollerto absorbdisturbanceeffects. Stephens
employs a bang-bangcontrol to usethe body like a ywheel, ap-
plying maximumtorqueasnecessar{Stephen007]. And Kajita
andcolleaguesle ne acontrollaw to settheangulammomentunto
be zerofor control of a humanoidrobot [Kajita et al. 2003]. One
commonthemein all of theseroboticspaperds thateachtreatsthe
controlof angularmomentumasa damperi.e. to dissipatedistur
bance. In contrast,we regulate (non-zero)angularmomentumto
supportsimultaneouguidedcontrolof the CM andCP.

Figure2: Staticforceanalysisfor a standingcharacter

3 Momentum and the Mechanics of Balance

Basicmechanicshaws usthatin theabsencef externalforce,the
linearandangulamomentaof a systemgdenoted. andH, arecon-
sened. Also, forcesandtorquesappliedto the body areequivalent
to changesn momentaAppliedto astandingcharacternf noexter
nal perturbationgre presentmomentumchangecomesonly from
thegroundreactionforces(GRF) andforce dueto gravity. We can
summarizeéhe momenta/balanceelationshipsimply: assuminga
GRF force, f, is appliedto the CP at position, p, the linear and
angularmomentunderivativesare

L
H

mg+ f (1)
s f V3

whereg is the gravitational accelerationm is the total mass,c is
the CM of the characterands= p c (seeFigure2). A simple
analysigrevealsthatcontrollinglinearmomentunchanges equi-
alentto controlling the CM acceleration.If we let L; denotethe
linear momentumof the ith rigid body, thenL; = myv; wherem
is the massof bodyi. And, the momentumof the entire articu-
latedbody, L, is computedfrom the momentaof eachindividual
body L = &L, mv; with derivative,L = 4/L , ma. OrL= mcand
L= mé wherem= 4L, m. From this expressionwe nd that
controlling the derivative of the linear momentumis the sameas
controlling the mass-scale@€M acceleration.In addition,we can
obsenrefrom Equationl that,in theabsencef externalforcesother
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Figure3: Systemarchitecture

thanf, if we controlL with ourbalancerwe indirectly gain control
of the GRFthroughEquationl. And, startingfrom a known state
(i.e. aknown valuefor c), Equation2 completelyde nes the re-
lationshipbetweerthe CP andGRFthroughthe changen angular
momentum.Thus,usingthe proposedalancemethodwhich con-
trols the desiredchangein both angularand linear momenta,we
gainindirectcontroloverthe CM andCP.

Thelocationof the CM projectedon thegroundplaneis acommon
indicator of the stability of a standingcharacterand, not surpris-
ingly, a commonbalancestrat@y is to keepthe projectionsafely
within the boundariesof the supportpolygon. However, control
over the CP is alsoimportantbecausdaswe caneasily seefrom

our analysis)without careful control over the CP, rotationwill be
inducedthroughangulamomentumandthe charactercantip over.

As such,the CP providesa usefulmeasuref therotationalcharac-
teristicsof the charactes state.In addition,if the CPis within the
supportpolygon,where“in” excludesthe supportpolygonbound-
aries,thenthe supportitself is known not to be rotating. This is

importantfor maintainingbalanceand,in mary balancershatonly

controlthe CM, thecontrolleris liable to fail catastrophicallyvhen
the supportbeginsto tip.

4 System Overview

A diagramof the systemcomponentsappearsin Figure 3. A
quadraticoptimization with linear constraintsis responsiblefor
choosing idealized joint accelerations,q?, which meet user
speci ed goals. Theseaccelerationgre handedoff to aninverse
dynamicsmodulewhich determineghe control inputs, u, in the
form of joint torquesby solving a hybrid, oating-basealgorithm
thattakesasinput the GRFE f andproducesphysically consistent
torques. Finally, a forward simulationcomponentcomputesthe
new statebasednu, f, andary additionalexternalforces.Note,a
similar architecturas presentedby Hofmannetal [2004].

Optimizationobjectivesincludingbalanceandmotiontrackingmay
competeandthe optimizeris responsibldor choosingthe optimal
setof accelerationsvhich mutually satisfyeachobjective. The op-
timizer solvesa quadraticobjective function subjectto linear con-
straints. In our system,the numberof constraintsis low so this
optimizationcanbe solved ef ciently . The optimizationalgorithm
hasno knowledgeof the GRF or ary otherforcesexceptthosedue
to gravity. Insteadt reliesuponfeedbackrom theforwardsimula-
tion to correctfor disturbancesin theinversedynamicsstage,g” is
passeasinputalongwith groundreactionforces,f, to producethe
actuatortorqueswhich achieve the generalizedccelerationin the
presencef groundreactionforces. Torqueoutputfrom theinverse
dynamicss fed into theforwarddynamicsalongwith the GRFand
disturbancdorceswhereit is integratedto producethe nal anima-
tion. Incorporatingheforwarddynamicdoop allows thesystento
accuratelymodelexternalimpactdynamicsderived from external
perturbations.However, the simulationcausesa divergencefrom

the idealizedaccelerations. Theseerrorsare correctedin subse-
quentoptimizationrunsby thefeedbaclcomponentsf thetracking
andbalanceobjecties.

5 Dynamics

Theequation®f motioncanbewritten in matrix form:

F=M(g)g+ C(q;q) + G(q) ©)

whereq, q, q arethegeneralized¢oordinatesyelocities,andaccel-
erationsF arethegeneralizedorces;M is composeaf theinertial
coefcients; C representsentripetakndCoriolis componentsand
G representshe gravitational component.For our system,F has
threeinputs: controlinput torques,u; GRF, f; andary additional
externalforces. Equation3 canbe derived from a Lagrangiarfor-
mulationof therigid-body dynamics.Theforward dynamicsalgo-
rithm we useis Featherstonel-eatherstonés anefcient O(n) for
n bodies reduced-coordinatalgorithmwhich solvesthe equations
of motion throughrecursion. In contrastto the competingO(n2)
CompositeRigid Body Method, Featherstonean be shavn to be
fasterwhenn > 9 [Featherston000].

Once the optimization solves for the accelerations,a hybrid,

oating-base inverse dynamicsalgorithm describedby Feather
stone [1987] is usedto convert the accelerationdnto actuator
torques. Unlike the recursve Newton-Eulerinversedynamicsal-

gorithm, this algorithmassumeshe root is unactuatecand gener

atesconsistentorques.Theinversedynamicsalgorithmsolvesthe
following equation:

u= M(q)g+C(q;q) + G(q) + " f )

for internaljoint torques,u, by assumingno externalsforcesother
thanGREF, f. Here f representa vectorof Cartegiargroundforces

andJ' is the transposef the JacobianJ(q) = %(‘l whereX is
spatialpositionfor the bodies.

In our implementationa unilateral penalty-basedjround contact
model is used. Since the forces of penalty methodsare based
uponthe stateof the characterand not coupledwith the general-
izedaccelerationgpenaltyforcescanbe computedandpassednto
theinversedynamicsalgorithmbeforetheforward simulationstep.
Thisisin contrasto constraint-basedontactmodelswhichenforce
strict non-penetratiortonstraintsand solwve for the groundforces
andjoint accelerationsimultaneoushasa linear complementary
optimization.

6 Control Laws

Our control laws are separatednto two balanceobjectveswhich
attemptto govern the positionsof the CP and the projectedCM
andatrackingobjective which attemptgo follow a desiredmotion
example. The balancdaws dictatedesiredchangego the two mo-
menta. The trackinglaw speci es desiredaccelerationdasedon
thereferencamotion. Eachlaw is corvertedinto anobjectie func-
tion whichis handedff to the optimizationto achieve.

6.1 Linear Balance

By maintainingthe projectionof the CM within the supportpoly-
gonthe charactelis consideredstaticallybalanced.Our goalis to
controlthe trajectoryof the CM, for examplein orderto keepthe



projectedCM closeto the centerof support.A straightforvardrule
to controlthe CM throughdesiredaccelerationsanbe statedas

Cdes= ki(cr Q)+ di(c © ®)

wherek; andd, areproportionalandderivative gainsusedto control
theacceleratiorf recovery, andc; is thereferencgositionfor CM,

oftenchoserasthecenterf thesupport.c; is thereferenceselocity
of ¢, usuallychosero bezero.Note,bothtermscouldalsobesetto

follow their respectre counterpartsn a chosenreferencemotion,
if desired.Equation5 is only taken alongthe two orthogonalaxes
perpendiculato the gravitational axiswhich lie within the support
polygonplane.

Sincecontrollingthederivative of thelinearmomentunof thechar
acteris equvalentto controlling the CM accelerationg, asde-
scribedin Section3, we cantrivially transformour controllaw to
onewhich modi es thelinearmomentunof the characteto guide
the CM. Throughsubstitutionour linearbalancdaw becomes

Ldes= kim(cr ¢) diL (6)

whenwe setthedesiredCM velocity to zero.

For the optimization thelinearmomentunobjective C; follows di-
rectly.

Ci = klLges Lk?= KLdes (Rd"' rbias)k2 (7)

wherel gesis computedrom Equation6. Theseconcequatiorputs
theobjective in termsof theaccelerationgvhichwill bedetermined
bethe optimization. The calculationof R andrpjzs canbefoundin

theappendix.

6.2 Angular Balance

We usethe angularbalanceobjective to controlthe CR. An impor-
tantquestionis how to controlthe CPin orderto aid in thebalance
taskandnotto competewith thelinearbalanceobjectve. Onegoal
is to ensureghe CP doesnot reachthe edgeof the supportpolygon,
which could inducesupportrotation. In addition, we assumepre-
ventingthe CPfrom moving too quickly is generallyagoodchoice
andwill help the linear balanceravoid discontinuouschangesn
momentum.Startingfrom thesebasicheuristics we derive a con-
trol law similarto Equation5 for the CR, p.

Pdes= kn(Pr  P)+ dn(pr  P) 8)

wherek;, anddy, aregain constantsp, andp, arethereferenceval-
uesfor theCPandCPvelocity, respectiely. In ourimplementation,
pis determineddy nite differenceandwe foundthatthe centerof
supportis agoodchoicefor p,. We setp;, to zero.

Equation2 relatesthe changein angularmomentumH, with the
CP. Toremove dependencontheGREF f, we canreoganizeEqua-
tion 1 and substituteit in Equation2. From this, we derive our
desiredmomentunchangevalueas

Hdes= (Pdes ©) (Ldes MO )

where pges is the new tamgetlocationfor the CR. We computethis
value from the desiredaccelerationin Equation8 by integrating
it over the timestep. To align the angularwith the linear balance

Objectives

Tracking

Solver o

Linear ——]

Angular

Figure4: Layoutfor the optimizationblock.

term, we take the desiredlinear momentumderivative, Lges, from
Equation6.

As with the linearterm, the angularbalanceobjective function for
Ch is

Ch = KHges Hk? = KHges (Sq+ Sbias)k2 (10)

whereHges is computedrom Equation9. Thecalculationof Sand
Shias arealsofoundin theappendix.

6.3 Tracking

Trackingcontrol attemptgo follow a prescribednotiontrajectory
ascloselyaspossible. (In our results,motion dataare generated
through motion captureand keyframing). Trackingis primarily
usedto help maintainthe stylistic aspectsof the desiredmotion.
A controllersimilarto Abe etal. [2007]is usedto provide control:

Qoes= ki(gr Q)+ di(ar Q)+ a (11)
wheregr and gr arethe motion coordinatesand coordinateveloc-
ities, and g, is a feedforward acceleratiorterm extractedfrom the
motiondata.Introducingthefeedforwardtermallows thefeedback
trackinggainsto below which allows for lessstiff reactionsn the
presencef external disturbancegYin et al. 2003]. Our feedfor
ward accelerationsire calculatedrom the referencemotionby -
nite differences.

Thetrackingobjective C; maynow bestatedas

Ci = KWM(Gues G)K*: (12)

G is thesumof thesquarecerrorsbetweertheaccelerationsutput
from Equationl1 andthe accelerationg choserby the optimizer
W is a diagonaluserspeci ed weightingmatrix which allows for
additionaltracking emphasisor de-emphasi®n particularjoints.
Thus, a usercan createa motion which makes greaterutilization
of the armsduring balanceby simply lowering the weightsof the
correspondinghearmbodies.

7 Optimization

Our optimizationroutine determinesyeneralizedaccelerationof
the bodiesbasedon the objectves for tracking and balance(See
Figure4). In addition,a small numberof equality constraintsare
setin placein orderto preventthe supportffoot (or feet)from accel-
erating. Theoptimizationprogramis statedassuch:

n;ln Ci(g:q;q) + biC(g;q; q) + bnCn(q; g; q)

SubjeCIIOZ Jsupd"' \]supq = ésup



whereC;, Cj, Cy, representhetracking,linearandangularbalance
objective functionsof the form kW(b  Aq)kZ; eachb represents
the objective weights; and &g is the spatialaccelerationsf the
supports Jacobianlsp relatesgeneralizedccelerationso thesup-
portaccelerations.

Our constraintexpressiorensureghatthe (foot) supportamaintain
the linear and angularacceleratiorof the groundat the point of
contact. Let Jsyp be the submatrixof Jacobian) pertainingto the
support.We mapgeneralizedrelocitiesto spatialvelocitiesas

\75up = Jsup(CI)q . (14)

By computingthe deriative of Equation14 over the rows corre-
spondingto our supportbodieswe obtainthe constraintexpressed
in Equation13. This constraintis key to our approachbecause
throughit the unactuatediegreesof freedomof the root are “re-
gained’ Thebasicassumptioeadingto theform of theconstraint
is that whenthe characteiis statically stable(i.e. the feetareon
the groundandthe centerof massis within the supportpolygon)
it canrealizeary acceleratiorfor the root throughits contactwith
the ground.Of coursethisis limited by acceleratiordueto gravity,
but a maximumupward acceleratiorequalto (positive) g is fairly
conserative for our application.Note,the x ed supportconstraint
doesnotguaranteg¢hatthe supportwill notslip or lift-of f whenthe
inverse/forvard dynamicsphaseoccurs. The ultimateresponsibil-
ity of ensuringthatthe supportsemainon thegroundlies with our
momentum-baseblalanceobjecties.

Theresultof the optimizationis a singlesystenof linearequations
which canbe solved ef ciently usingary standardmatrix-solving
algorithm,suchasLU decompositioror SVD. Throughthe objec-
tive weightsthe animatormaytrade-of betweerstyle preseration
and balancerohustnessdependingon requirements.Note, while
thereis someoverlapin the structureof our optimizerwith theone
describedby Abe et al. [2007], our formulationis more ef cient
to executebecauseve do not useinequality constraintswhich re-
guiresamorecomplicatediterative QPsolver. Also, we have mary
fewer (6) constraints.

8 Extensions

We addsereral usefulextensiongo the basicsystemdescribed.

As we canseein Equationl, ary changén linearmomentunmust
beproducedy the GRFE We canindirectly controlthe GRFapplied
to the characteby controlling Lges, Or equivalently €4esin the op-
timization. In otherwords, the charactemay chooseto fall with

gravity or pushtowardsthegroundto increaseor decreas¢he GRF
if thefreedomexiststo doso(i.e. the charactecanacceleratéhe
CM up or down throughthe couplingwith thegroundandgravity).

Similarly, if pushedthe charactemay chooseto quickly deceler
atethe CM resultingin alargetangentforce andpossiblefoot slip,

or may chooseto presere mostof the impactresultingin a small
tangentialfriction force atthe expenseof the CM potentiallyaccel-
eratingoutsideof the supportpolygon. This extensionshavs how

it is possibleto extend the linear momentumobjective to handle
friction andcompliance.

Let N(f) denotethe magnitudeof the normalcomponenbf vector
f. We chooseo clampthenormalcomponenbf Lgesto controlthe
GRF suchthatit remainswithin auserspeci edrange:

S1 < N(f) = N(Lges M@ < Su (15)

wheres| > 0, sy, > N(mg) arethelower andupperboundson the
groundnormal magnitude. By regulating theseboundsa charac-

ter's conformity with the groundmay be intuitively controlled. In
practice we usedarangebetweerD:2 and1:8 timesthecharactes
total weight.

In additionto controllingthe normalforce of the GRF, we alsocan
controlthe tangentialfriction force to keepthe supportsstationary
with respecto translation.Let T(f) denotethe magnitudeof the
projectionof f ontothe groundtangentplane. We canintroduce
an additionalclampto ensurethatthe resultingGRF is within the
friction cone:

T(Lges MQ <

0<
N(Lges M@

(16)

where m is the coefcient of friction betweenthe supportand
ground. To determinethe modi ed Lges We rst clampthe nor
malcomponenandthenclampthetangentiabasedntheclamped
normalcomponenvalue. Thistermmodi es Equation6 in the op-
timizationpipeline.

We found better tracking of the referencemotion resultedfrom

addinga secondoptimizationloop. The rst optimizationpassig-

noresthe angularbalanceobjective (i.e. b, = 0) andcomputesa
preferred,ideal” locationof the CR, p?, basedon thetrackingand
linearbalanceermsalone.n practice we foundthatby replacing
the valuefor the CP, p, in the calculationof Equation8 with this

idealizedvalue, p?, bettertracking resulted. Becausehe rst op-

timization stepdoesnot upholdthe physical constraintgwhich is

doneinsteadby theforwardsimulationstep)this valuecanfall out-

sideof the supportpolygon. Thus,to accountfor the unrealizable
positionof p?, we projectits positiononto the supportareabefore
usingit.

It is desirableto control speci ¢ pointson a body without directly

specifying the forward kinematicsof the entire character This

problemis analogougo inversekinematics(IK) wherethe goalis

typically to direct an end-efector to a speci ed position without

deviating too much from a desiredposture. Within the proposed
optimizationframevork, soft point acceleratiorconstraintanbe

implementedasadditionalobjectives. They allow for theoptimiza-
tion to handlemultiple, possiblycon icting “constraints”aswell as
allow for mediatingamongthe optimizationobjectves. Thederiva-

tion of the objectivesfor suchpoint constraintsollows succinctly
from the de nitions for momentum. Note, aswith the other ob-

jectives,this objectie is met(or not) throughinternaljoint torques
in the nal animation.Thatis, only the charactes internalactua-
tors are usedto achieve the point tagets. We alsoimplementsoft

body-orientatiorconstraintsn a similar manner

We foundjoint limits necessaryo preventthe charactefrom mov-
ing into impossiblepostures. We implementedlimits using an
axis/twist decompositionwhere the quaternionrepresentinghe
joint transformation,q, is decomposednto an axis rotation fol-
lowedby atwist. For details,seeMacchietto[2008] .

9 Implementation and Results

Eachsimulatedactoris composeaf n links connectedogetherby
3-DOF actuatedoall joints, anda 6-DOF unactuatedoating joint
connectingherootto theinertial referencerame. All simulations
were performedin real-timeon a 4200+ AMD Athlon machine.
Forward-Eulerintegration with a stepsize size of 1-10 khz was
usedbaseduponthe groundstiffnessrequirement®f the motion.
Theoptimizationwasrecomputeata separatérequeng of 60 hz.
Testswereperformedacrossvarioushumanoidandnon-humanoid
charactergor bothsingle-supporanddouble-suppontnotions.All
referencemotion was generateckither by keyframing or motion



capture. For the latter, a morphologically-accuratbumansimu-
lation modelwas built to matchthe capturedactor To shavcase
therobustnes®of the algorithmto non-humanoidnorphologiesve
alsocreatedafour-armednsectoidandachicken-like characteand
generatedheir referencemotionsusing keyframing. All motions
were ltered usingIK to ensure at andlevel supportconditions
throughouthemotionclip. Minimal tuningof optimizationparam-
eterswasrequiredbetweerclips: the only tuning betweencharac-
terswasthe trackingweights,W, to provide greatertrackingem-
phasison particularbody parts.

To testour systemwe conductedhefollowing experiments.

Exercise The humanperformingbutter y andsquattingexercises,
anda side-kickingmotionwith varioustracking,linearandangular
balanceobjective combinationsenabled. The charactelis unable
to completethe motionswithout the angularbalanceobjective en-
abled.

Head Drag Thehumancharactedraggedaboutby theheadusinga
point constraintwhile performingrepeatedgquattingmotions.The
characters ableto staycloseto thedesirednotionwhile attempting
to meetthe userdemandsand maintain balance. To avoid joint

limitations, the charactemaneuersout of the planein which the
pointconstraintravels.

Cup The human characterperformsa single-supportside kick
while holding his headstraightand a cup upright. The character
managedo performthe sidekick while preservingrackingaccu-
rag). Headacceleratiortrackingimprovesthe posturein compari-
sonto nottrackingtheacceleration.

Grapple An imaginarycreaturetrackinga keyframedtwisting mo-

tion is knocked aroundby a few large impulses(seeFigure5) be-

fore beinggrappledto the groundby multiple userspeci ed point

acceleratiorconstraints. The characteradaptsthe motion grace-
fully to the multiple constraintawithout falling. As the creatures

“tied down,” themotionis adaptednto meetthesenew constraints
producingthe appearancef a struggle.

Platform A characteon a low-friction (m= :1) moving platform
is subjectedo multiple externaluserspeci ed impulses.The plat-
form s controlledusinga sumof sinewavesof variousfrequencies
andamplitudedo testtheability of thecharacteto adaptto rapidly
changingnormalforces. The characteadaptgo the slipperyforce
while reactingto moderatémpacts(SeeFigurel).

Theseexperimentsgmary shavn in Figure6) assessethe charac-
tersability to track the motion accuratelywhile maintainingbal-
ance.A morphologicallyrealisticmodelwasusedto trackcaptured
datafor single and double supportof a butter y and squatexer
cise motion, aswell asa single-supportnartial-artssidekick mo-
tion. We selectednotionswhich requiredlarge inducedmomenta
to performthe taskwell, andthe charactemwasableto follow the
datafaithfully. With only thetrackingandlinearobjectvesenabled
the charactettracked the joint anglesaccurately;however, dueto
the modelingerror betweerthe actorandthe simulationmodelas
well astheinability for the characteto controlthe CPthroughan-
gular momentumregulation, the systemfailed to balance. With
the angularobjective enabledhe charactemwasableto remainsta-
ble at the costof a minor reductionsin trackingaccurag. Visu-
ally, the charactestill managedo retainthe styleandaccurag of
the original motion. The systemalsodisplayedthe ability to adapt
andtrackmoderately-balancekeyframedmotionwhile upholding
overallstyle. Thesystemhaddif culty retainingthestyleof certain
keyframedmotionswhich weretoo enegetic, rhythmic,andunbal-
anced: as expected,the systemwould attemptto slov down the
motionto retaina desirableCP andthe overall style of the motion
waslost.

Figure5: The creaturerespondgo a disturbanceén a mannerap-
propriateto its morphology The unexpectedlifting of the lower
setof armsis both sensibleandaddsvisual air to its motion. In

a gamein which playersinventedtheir own creatureanda system
like theonedescribecherecouldbe usedto animatecharactersn a
morphologicallyconsistentnanner

We testedthe ability of the characterto adaptto a wide-variety
of intenseenvironmentalconditionsinvolving low-friction, exter
nal perturbationsand a moving ground. Extremebalancereac-
tions resulted. While we do not highlight themin the resulting
video, not surprisinglythe charactemwould topple over if the ap-
plied forcesweretoo aggressie. This is to be expectedsinceour
balancemethodcannotchangéts supportfoot, for exampleby tak-
ing a step. Yet, the charactedisplayedthe agile ability to adaptto
the varying groundforce magnitudeswhile reducingrelative mo-
tion of the supportwith respecto the platformsurface.ln addition
to retainingstability, the characteralso displayednatural, lifelik e
secondarynotionnot evidentin linearmomentuncontrolalone.

We testedthe systems ability to adaptto multiple potentiallycon-

icting objectiveswhile simultaneouslbalancing. In the second
row of Figure6, the charactewastestedwith bothorientationand

point constraints. Orientationconstraintswere usedto maintain
an upright headand cup. In addition, to avoid translationalarm

jerking, a point constraintwith only dampingenabledwas used
to reducetranslationalarm acceleration.The charactecompleted
bothtaskswhile balancingandtrackingwell without encountering
ary dif culty in maintainingeither heador cup orientation. Fig-

ure 6 shavs a repeatabldehaior in which a point constraintwas

draggedy theuseralongthecharactes sagittalplane.Whenfaced
with anearjoint-lockedscenariothe charactegracefullymanaged
to move outsideof theplaneto nd asolution.

10 Discussion

We have presentec novel control routinethatemploys linearand
angularmomentato maintainbalance. To control changein mo-
menta,we proposebalancelaws derived to guide acceleration®f
the centerof massandcenterof pressuresimultaneouslyAn opti-
mizationactsto turntheobjectivesinto idealizedoint accelerations
which are,in turn, transformednto joint torquesandappliedto a
full-body simulatedcharacter

Previous approachesave tackledsimilar problemsby incorporat-
ing the dynamicsandthe contactfriction coneof the characteras
anoptimizationconstraintwithin aquadratigprogram(QP) formu-

lation[Abe etal. 2007;DaSilva etal. 2008a;DaSilva etal. 2008b].

We attemptto devise a similar solutionthatis lesscomputationally
costlyby reducingthe guarantesslip-freeaccelerationslnsteadof

attemptingto optimize over the accelerationstorques,andground
forcessimultaneouslywe performan optimizationover the accel-
erationsonly andrely upontherobustnes®f our balanceobjectves
to avoid slip. Our argumentis thatif the characteis very closeto

enteringa slip condition,a new behaior controllershouldbe em-

ployed,for exampleto protectfrom catastrophidailure.

Certain challengesstill remain. Due to the stiff penalty-based



Figure6: Four Imstrips from thevideoassociateavith this paper Onthetop we seethe characterotatingout of the planeof motionasthe
userguidesthe characteiinteractively. Next, a sidekick is performedwhile keepingthe cup of coffee upright. The bottomtwo rows shav
imaginarycharacterdollowing simple keyframe animationloopswhile the userinteractswith the charactergshroughforcesand multiple
pointconstraintsAssociatednodel/parametetes for theseanimationsappeaiin theauxiliary les for this paper

groundcontactmodel, small integration stepswererequired. Fu-

ture work may involve revising the architectureto incorporatea
constraint-basedroundcontactmodel. This would requiresolv-

ing a new inversedynamicsproblemin which the ground force
and actuatortorqueswould needto be solved simultaneously In

addition,complianceis currentlythe resultof clampingthe linear
momentumcontrol, however resolvingthe problemof compliance
in a more principled mannerseemsanissing. Without compliance
themotionsweresusceptibleo teeteringandunresponsie to large
groundforcereactions And of coursethe next stepis steppingand
we anticipateour charactersimulationswill largely bene t from

beingableto take evena smallpurposefuktep.

In conclusion, this paperpresentsa unique balancecontrol ap-
proachfor characteanimationwhichusesmomentao drivetheCP
andthe CM simultaneouslyOurmethodachievesdesirednomenta
changevia an optimizationsystemthatchoosegoint accelerations
thatareheld constantat a lower frequeng while torquesarecom-
putedto meettheseaccelerationn atight feedbacKkoop usingin-
versedynamics We have shovn thatour charactersanremainbal-
ancingwhile following a diversesetof behaiors (keyframedand
motion capture) undera wide variety of conditions,while alsoal-
lowing thecharactemorphologyto rangefrom humanlile toimag-
inary.

A  Momentum Derivative Matrices

This appendixshavs hawv the momenturmderivative matricesused
in Equations7 and10 arecalculated We assumehatall valuesare
speci ed in the sameframe. This appendixalso utilizes the cross
productoperator[:] which transformsthe operandinto a3 3

skew-symmetricmatrix which performsa crogsproductwith the

multiplicand(i.e.[u] v=u v)and%[u] = %

For nlinks, de ne thefollowing 3 3n matrices:

T = M1 it My a7
u = my [rq] My [rn] (18)
VvV = Ii o0y (29)

wherem is the scalarmassr; is the vectorfrom the body to the
CM, M; isthe3 3 diagonallink massmatrix, andl; isthe3 3
inertiamatrix of link i computedaboutthe CM of link i. Let

T O
P= u v (20)
Themomenteaof theentirearticulatedrigid body maybecomputed
from P andthe Jacobian:

L al'myv;

H = alhwi+r my = PJg: (1)

Note, the productPJ is denotedthe centroidalmomentummatrix
by [Orin and Goswami 2008] andit is discussedt lengthin their
paperon thetopic. Takingthetime derivative of Equation21:



L

H o= PJg+ (PJ+ PJ)gq: (22)

ComputingT, U, andV from Equationsl 7—19we receve

T = 0 (23)
u = mvi Ma[vn c (24)
vV = [wi] 11 Wn] In (25)

P cannow be expressedn termsof T, U andV:

_ T 0
P= U v (26)

R, S rpias, @aNdsyias presentedn Section8.1 canbespeci edin the
termsdiscusse@s:

R _

s = PJ (27)
bas = (PJ+PJ)q: (28)
Soias
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