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Abstract

Thispaperdescribesmethodsanddatastructuresusedto leveragemotionsequencesof complex linked
figures. We presenta techniquefor interpolatingbetweenexamplemotionsderived from live motion
captureor producedthroughtraditionalanimationtools. Thesemotionscanbecharacterizedby emotional
expressivenessor controlbehaviorssuchasturningor goinguphill or downhill. Wecall suchparameterized
motions“verbs”andtheparametersthatcontrol them“adverbs.” Verbscanbecombinedwith otherverbs
to form a “verb graph,” with smoothtransitionsbetweenthem,allowing an animatedfigure to exhibit a
substantialrepertoireof expressivebehaviors.

A combinationof radial basisfunctionsandlow orderpolynomialsis usedto createthe interpolation
spacebetweenexamplemotions. Inversekinematicconstraintsareusedto augmentthe interpolationsin
orderto avoid, for example,thefeetslippingon thefloor duringasupportphaseof awalk cycle.

Oncetheverbsandverbgraphhave beenconstructed,adverbscanbemodifiedin real-timeproviding
interactive or programmaticcontrol over thecharacters’actions. This allows thecreationof autonomous
charactersin avirtual environmentthatexhibit complex andsubtlebehavior.

1 Introduction

Creatingbelievable animatedhumanfiguresis a difficult task, even with the most sophisticatedsoftware
available. Oncean acceptablesegmentof animationhasbeencreated,either by an animatoror through
motioncapture,the resultsarestill difficult to reuse.Theadditionalwork to modify theanimationmaybe
almostas time consumingascreatingthe original motion itself. Furthermore,the exact style or structure
neededfor aparticularmotionmaynotbeknown until runtime.A real-timecontrollableanimationsystemis
neededfor interactiveapplications,suchasa3D videogame,or avirtual environment.

Researchinto controllablehumanfigureanimationcanbedividedinto threemajorgroupings:procedural,
simulated,andinterpolated.Proceduralanimationusescodefragmentstoderivethedegreeof freedom(DOF)
valuesat a particulartime. The procedurescanbe assophisticatedasneededin orderto provide different
motionstylesor to reactto differentconditionsof thesimulatedenvironment.Dynamicallysimulatedfigure
animationusescontrollerstogetherwith a simulatedhumanto generatemotion. The degreeto which this
methodsucceedsisboundedbyhow accuratelyhumanmotionisunderstoodandmodeled.Boththesemethods
havethedisadvantagethatthey canalienateclassicallytrainedanimatorsandthatthey donoteasilymakeuse
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of motioncapturetechnology. This is importantsinceanimatorsandmotioncapturesystemseachproduce
compellingresults.To leveragetheir qualities,asystemmustusewhattheseresourcesprovide.

Interpolatedanimationis thethirdmajorgrouping.Thismethodusessetsof examplemotiontogetherwith
aninterpolationschemeto constructnew motions.Theprimaryproblemsof thisapproacharein providing a
setof meaningful,highlevel controlknobsto theanimatoror runtimesystem,maintainingtheaestheticof the
sourcemotionsin theinterpolatedmotions,andmotionextrapolation.Anotherconsiderationis thedifficulty
of acquiringtheexamples.Eachis precious.Additionally, for aninterpolatedmotionschemeto beusedin a
run-timeenvironmentratherthanearlierin a productionpipeline,it mustbeefficient. For thesereasons,an
approximationschemeusingradialbasisfunctionswaschosen.

Thispaperdescribesasystemfor real-timeanimationby examplethataddressessomeof theseproblems.
Throughthecreationof parameterizedmotions,which we call “verbs”parameterizedby “adverbs”,a single
authoredverbproducesacontinuousrangeof subtlevariationsof agivenmotionatreal-timerates.Asaresult,
simulatedfiguresaltertheir actionsbasedon their momentarymoodor in responseto changesin their goals
or environmentalstimuli. For example,we demonstratea “walk” verbthat is ableto show emotionssuchas
happinessandsadness,anddemonstratesubtlevariationsdueto walking uphill or downhill while turningto
theleft andright.

Thepaperalsodescribestheconstructionof “verbgraphs”thatactastheglueto assembleverbsandtheir
adverbsinto a runtimedatastructure.Verbgraphsprovide themeansfor thesimulatedfiguresto seamlessly
transitionfrom verbto verbwithin aninteractiveruntimesystem.Finally, webriefly discussthediscreteevent
simulatorthathandlestheruntimemainloop.

2 Related Work

The ideaof alteringexisting animationto producedifferentcharacteristicsis not new. Unumaet al. [16]
useFourier techniquesto interpolateandextrapolatemotiondata. Amayaet al. [1] alterexisting animation
by extractingan“emotionaltransform”from examplemotionswhich is thenappliedto othermotions. For
example,“anger”from anangrywalk is appliedto arunto generatean“angry” run. Ourwork doesnotfollow
this approachin that it doesnot applycharacteristicsof onemotionto another, but insteadassumesthat the
initial library of motionscontainstheseemotions.Unlike thesetwo techniques,our methodis not basedin
thefrequency domainandthuscanhandlenon-periodicmotionswhichearliermethodsfail to capture.

Bruderlin and Williams [6] usemultitarget interpolationwith dynamictimewarping to blend between
motions,anddisplacementmappingsto alter motionssuchasgrasps. Witkin andPopović [19] presenta
similar systemfor editingmotioncaptureclips. Theformerwork is in thesamespirit asours,andaddresses
many of thesamedifficulties,specificallythenecessityof selectingappropriatekey timesfor interpolation
andtheconsequentneedfor time warping. Onedifferencebetweenthetwo approacheslies in thechoiceof
interpolationtechniques:BruderlinandWilliams usemultiresolutionfiltering of joint anglesin thefrequency
domain,whereasour techniquedecouplessolutionrepresentationfrom interpolationmechanism.Perlin[11]
hasapproachedthis problemin a very differentway by usingnoisefunctionsto simulatepersonalityand
emotionin existinganimation.

BothWiley andHahn[18] andGuoandRobergé [8] producenew motionsusinglinearinterpolationona
setof examplemotions.BothtechniquesrequireO(2d) examples,whered is thedimensionalityof thecontrol
space.Our techniqueusingradialB-splinesrequiresO(n) examplesto establishthebaselineapproximation
andO(n3) to computetheresultinganswer. To compare,a Delaunaytriangulationof thedatawould require

O(nceil(d/2)) to compute,whend ≥ 3.
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Thework of Wiley andHahnis closelyrelatedto our own, theadditionaldifferencebeingthattheir time
scalingisuniform,whereasoursisnon-uniformandbasedonkey events.Whileuniformtime-scalingobviates
theneedfor ananimatorto selectstructurallysimilar posesduringmotions,it assumedthattherepertoireof
motionsbeinginterpolatedbetweenmustbeverysimilar in time. Whenthis assumptionis violated,oddities
in themotioncanresult.Wiley andHahnalsoreparameterizeandsampletheirmotionsonamultidimensional
grid andthenperformsimpleinterpolationsat runtime.This requirescomputationandstorageexponentialin
thenumberof parameters.

Additionally, neitherWiley andHahnnor GuoandRobergé discusstheblendingof subsetsof examples,
whichwouldarisewhennew examplesareplaced“between”oldexamplesasadesignerrefinestheinterpolated
motion space. Our technique,on the otherhand,is refinedby moreexamplesasrequired. As we usean
approximationmethodbaseduponradial B-splineswith compactsupportto performthe interpolation,our
exampleshavelimited effectoverthespaceof animations,thusensuringthatsubsetsof theexamplesareused
at runtimeasappropriate.

HodginsandPollard[9] interpolateover thespaceof control laws asopposedto joint trajectories.The
control functionsdefinethegainsin the joints within a physicaldynamicsframework. By interpolatingthe
control,for anactionsuchasrunning,they canalterthephysicalcharacteristicsof thefigurefrom a child to
anadultor from amaleto a femalecharacter.

An importantdistinctionin our work is that the interpolationis performedsimultaneouslyin real-time
over multiple dimensions,suchasemotionalcontentandphysical characteristics.Although we apply the
techniquesto interpolatingtrajectoriescharacterizedby coefficientsof splinecurves,themethodspresented
herearealsoapplicableto coefficients in the Fourier andotherdomains. It may alsobe possibleto apply
similar ideasto controltheparametersof aphysicallybasedmodel.

In thecontext of autonomousagents,our work presentsa back-endfor applicationssuchasgames,the
Improv [12] system,andthework proposedby Blumberg andGalyean[4]. Thehigh level controlstructures
foundin suchapplicationsarecapableof selectingverbsandadverbswhile thework wepresenthereprovides
thelow level animationitself. Thus,wecreatethemotionin real-timefor “directable”creaturesasdiscussed
by Blumberg andGalyean.

3 Verbs, and Adverbs

Thefigureanimationsystempresentedhereconsistsof two mainparts.An offline authoringsystemprovides
the tools for a designerto constructcontrollablemotions,verbs,from setsof examples. In addition, the
authoringsystemprovides tools for constructingtransitionsbetweenverbsand for putting the verbsand
transitionstogetherin a verb-graph.This structurebecomesthecontrolledobjectfor theruntimeportionof
theVerbsandAdverbssystem.Theruntimesystemcontrolstheinvocationof verbsandtheevaluationof the
figure’s poseat eachframeof theanimation. We begin with a discussionof theauthoringsystemandthen
moveon to theruntimesystem.Referto Table1 for thesymbolsusedin thetext.

Thesimulatedfigures,or “creatures,” discussedhereareassumedto bewell representedasa hierarchy
of rigid links connectedby joints. Eachjoint maycontainoneor morerotationaldegreesof freedom(DOF).
The root of the hierarchy hassix specialDOFswhich representthe positionandorientationof the figure
in the global coordinateframe. In particular, we usea 46 DOF humanfigure. EachDOF’s motion is
representedasa function throughtime θj(T ), j = 1 . . .NumDOF , whereT representsclock time from
[0..durationof themotion] which will shortlybedefinedaskeytime time. Giventhesemotionsof theDOFs,
onecanrenderthecreatureatany point in time.

Traditionally hand-craftedor motion capturedanimationsegmentshave DOF functionsof 1 variable,
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Object Variable Subscript subscriptmeaning subscriptrange

Motion example M i Motion examplenumber 1..NumExamples
DOF θ i Motion examplenumber 1..NumExamples

j DOF index 1..NumDOF
B-spline B k B-splineindex 1..NumCP
B-S ControlPoint b i, j, k
Pointin AdverbSpace p i
Keytime K m Keytime index 1..NumKeyT imes
Radialbasis R i basisassociatedwith Mi

RadialCoefficient r i, j, k
LinearBasis A l Adverbindex 1..NumAdverbs
LinearCoefficient a j, k, l
Distance d i Distanceto pi

Time Variable range

Clock time τ
Keytime time T 0..KNumKeyTimes

Generictime t 0..1

Table1: Terminology

time. TheDOFfunctionsfor averbareneverexplicitly represented,but ratherevolveat runtimethroughthe
interpolationof examplemotionsweightedby changinginterpolationparametersor adverbs.Theseadverbs
mayrepresentemotionalaxessuchashappy-sad,knowledgeable-clueless,andphysicalparameterssuchas
whether, in thecaseof awalk verb,thefigureis walkinguphill, or downhill andwhetherthemotionis curving
to the left or right. Thesetof adverbaxesdefinea multidimensionaladverbspaceof all possiblevariations
for aparticularverb.

Verbsareconstructedfrom setsof similar, but distinctexamplemotions.Theseexamplescanbeobtained
keyframingor with amotioncapturesystem.In eithercase,certainrestrictionson thesetof examplesapply.
The primary restrictionis that all examplesfor a verb be structurallysimilar. A setof examplewalks, for
instance,mustall startout on thesamefoot, take thesamenumberof steps,have thesamearmswingphase,
andhave no spuriousmotionssuchasa head-scratch.Theotherprimaryrestrictionis consistentuseof joint
angles.Anatomicallyimplausiblesettingsof theDOF valuescanyield thesameoverall effect asa plausible
settingdueto theredundantnatureof two andthreeDOF joints. Bodenheimeret al. [5] presentmethodsto
ensureconsistentDOF valuesfor motioncaptureddata.

Eachexamplemotion is annotatedby handwith a setof adverbvalues,placingtheexamplesomewhere
in theadverbspace.Additionally, a setof “keytimes”, instantswhenimportantstructuralelementssuchasa
foot-down occurs,mustbespecified.Thesekeytimesareusedto preprocesstheexamplesinto a canonical
timelinefor interpolationandfor latersynthesisof thephrasingfor theinterpolatedmotions.Finally, examples
aredefinedby a setof intermittentconstraints(e.g., that the foot shouldnot slip while in contactwith the
floor).

A verbM is thereforedefinedby asetof examplemotionsMi,

Mi = {θij(T ),pi, Km : i = 1 . . .NumExamples ,

j = 1 . . .NumDOF , m = 0 . . .NumKeyTimes}
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wheretheθij(T ) aretheDOFfunctionsfor theith exampleMi, pi thelocationof theexamplein theadverb
space,andK thesetof keytimeswhich describethephrasing(relative timing of thestructuralelements)of
theexample.Thetimeparameter, T , representsclocktimebut with theclockstartingat0 at thebeginningof
themotionexample.

3.1 Example Motions

EachexamplemotionMi is definedby of anumberof DOFfunctions,denotedby θij(T ). Eachθij (i.e., the
jth DOF for theith example)is representedasa uniform cubicB-splinecurve specifiedby NumCP control
points,

θij(T ) =

NumCP
∑

k=1

bijkBk(T )

wheretheBk(T ) aretheB-splines,andthebijk arethescalarB-splinecoefficientsor controlpointsfor the
ith exampleMi. Bartelset al. [3] containsanextensivediscussionof B-splinesandtheir properties.

Theinterpolationtechniquepresentedheredecouplestheinterpolationschemefrom therepresentationof
theexamples.Theexamples,therefore,couldbeencodedusingothermethods,suchasa waveletor Fourier
decomposition.

3.2 Time Warping

Thekeytimesareusedto definea piecewise linearmappingfrom T ∈ {0 . . . KNumKeyTimes} to a generic
time t ∈ {0 . . . 1}. Thefirst keytime of theverb,K1, is definedto be0. Thelastkeytime,KNumKeyTimes}
marksthedurationof theverb. In thecaseof cyclic verbs,suchaswalking, it mustalsomarkthesameevent
asthefirst. Moregenerally, givenaT between0 andKNumKeyTimes

t(T ) =

(

(m − 1) +
T − Km

Km+1 − Km

)

1

NumKeyTimes − 1
(1)

for thelargestm suchthatT > Km andkeepingin mindthatt(0) = 0. Thismappingis illustratedin Figure1.
In otherwords,at eachkeytime, thegenerictime t(Km) = m−1

NumKeyTimes−1 . At thethird of four keytimes,

t = 2
3 asthekeytimeswill beat0, 1

3 , 2
3 , and1. Betweenkeytimes,t is linearly interpolated.

Onceall the exampleshave had their time reparameterizedto generictime t, they aresaid to be in a
canonicalform. For a given t, all exampleswill beat thesamestructuralpoint of themotion,regardlessof
phrasingoroverallduration.Examplesareinterpolatedwithin thisgenerictimeframe.Thekeytimeequations1
themselvesarealsointerpolatedbetweenexamples.The inverseof this interpolatedtiming function is then
appliedto untimewarptheinterpolatedmotionto recapturephrasingandduration.

3.3 Inverse Kinematic Constraints

In addition to beingusedto timewarp the motions,keytimesalsospecifyperiodsduring which kinematic
constraintsneedto beenforced.For example,keytimesof a walk might beheel-strike andtoe-off. Between
thesekeytimes,thefoot mustremainstationary.

Thevaluesfor specificconstraintconditionssuchasthe locationtheendeffector (e.g.,the foot) should
maintainarenotsetwhenthey aredesigned,but aresetatplaybackwhenakeytimethattriggersaconstraintis
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Figure1: MappingBetweenGenericTimeandKeytimes
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crossed.If, for example,whenakeytime is crossedtriggeringa foot constraint,thefoot’shorizontallocation
is at (x, z) andtheheightof thefloor at thatpoint is y = floor(x, z), thentheconstraintlocationis setto
(x, y, z). Thisconstraintpositionis maintaineduntil anotherkeytime releasingtheconstraintis crossed.

Constraintsareenforcedat runtimewith a fastinversekinematicsoptimization.At a givengenerictime
t, a creatureis first positionedindependentof any constraintsby evaluatingtheactiveverb(s)at thattime. In
general,thiswill placetheendeffectorcloseto theconstraintpoint. They makethesubtlechangesneededto
exactly satisfytheconstraint,we will only considermodifying DOFsbetweentheroot andtheendeffector.
Thechangesin theseDOFsneededto satisfytheconstraintarefoundateachframeat runtimeby solvingthe
linearsystem(typically of size5 or 6) of theform

J∆θ = ∆x (2)

whereJ is theJacobianof theDOFwith respectto themotionof theendeffector, ∆x is thevectorfrom where
theendeffectorwasplacedby theverb to theconstraintpoint, and∆θ is theamounttheDOF needsto be
perturbedto hold theendeffectorin place.SeeGirard[7] or Watt [17] for detailson suchinversekinematic
problems.

4 Verb Construction

Oncetheexamplemotionshavebeenspecifiedfor averbwith their associatedkeytimesandadverbsettings,
thenext stepis to constructa continuous“space”of motionsparameterizedby theadverbs. Thedimension
of this spaceis thenumberof adverbs,NumAdverbs . A point in this spaceis definedby thespecificvalues
of the individual adverbs. The point may move from momentto momentduring the interactive animation
if, for example,thecharacter’s moodchangesor thecharacterbeginsto walk up or downhill. Thegoal is to
produceatany pointp in theadverbspaceanew motionM(p, t) derivedthroughinterpolationof theexample
motions.Whenp is equalto theadverbsettingsfor aparticularexamplemotioni, thenM(p, t) shouldequal
Mi(t).

Eachexamplemotion hasonefree variablefor eachB-splinecontrol point for eachDOF andonefree
variablefor eachkeytime. The time warpingdescribedabove ensuresthat correspondingcontrol pointsin
eachexamplemotion specifysimilar momentsin eachmotion, even if the overall lengthsof the example
motionsdiffer. Thisallowsusto treattheexamplemotioninterpolationasaseparateproblemfor eachcontrol
pointandeachkeytime (i.e.,NumCP × NumDOF + NumKeyTimes individual interpolationproblems).

Thestandardproblemof multivariableinterpolationis asfollows: givenN distinctpointspi in Rn and
N valuesvi in R, find a function f : Rn → R suchthat for all i, f(pi) = vi, andsuchthat f doesnot
oscillatebadlybetweenvalues. Thehigh dimensionalityof thespacedefinedby theadverbs,coupledwith
thedesireto requirefew examplemotions(perhapsonly two to threetimesthenumberof adverbs),presents
difficultiesfor many interpolationmethods.Giventhesedifficulties,a combinationof radialbasisfunctions
andlow order(linear)polynomialswasselectedfor thisproblem.Thepolynomialfunctionprovidesanoverall
approximationto thespacedefinedby theexamplemotions.It alsoallowsfor extrapolationoutsidetheconvex
hull of thelocationsof theexamplemotions.Theradialbasesthenlocally adjustthepolynomialto interpolate
theexamplemotionsthemselves.

Radialbasisfunctionshave theform:

Ri (di(p))

whereRi is theradialbasisassociatedwith Mi anddi(p) is ameasureof thedistancebetweenp andpi, most
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oftentheEuclideannorm‖p − pi‖. Becausesumsof radialbasescannotrepresentanaffine or polynomial
function,radialbasissetsareoftenaugmentedby addingapolynomialof fixeddegree.

Detailsof themathematicsfor thistypeof interpolationcanbefoundin theseminalworkof Micchelli [10]
andin thesurvey articlebyPowell [13]. Radialbasisfunctionshavebeenusedin computergraphicsfor image
warpingby RuprechtandMüller [15], andArad et al. [2].

Thevalueof eachinterpolatedDOF curvecontrolpoint in this space,bjk(p), is definedas

bjk(p) =

NumExamples
∑

i=1

rijkRi(p) +

NumAdverbs
∑

l=0

ajklAl(p) (3)

wheretherijk andRi aretheradialbasisfunctionweightsandradialbasisfunctionsthemselvesandtheajkl

andAl thelinearcoefficientsandlinearbasesasexplainedbelow. Interpolatedkeytimesaresimilarly defined
as

Km(p) =

NumExamples
∑

i=1

rimRi(p) +

NumAdverbs
∑

l=0

almAl(p). (4)

For eachverb thereare (NumCP × NumDOF ) control point interpolations(eq. 3) andNumKeyTimes

keytime interpolations(eq.4).
This leavesus with the problemof choosingthe specificshapeof the radial basesanddeterminingthe

linearandradialcoefficients.Wesolve theseproblemsin two steps,by first solvingfor thelinearcoefficients
andthenfor theradialbasiscoefficients.

4.1 Linear Approximation

In thefirst step,we solve for the linearcoefficientsby finding thehyperplanethroughtheadverbspacethat
bestfits thevariationacrosstheexamplemotionsof theselectedcontrolpoint or keytime. The linearbasis
functionsaresimplyAl(p) = pl, thelth componentof p, andA0(p) = 1. An ordinaryleastsquaressolution
determinestheNumAdverbs + 1 linearcoefficients,ajkl, thatminimizethesumof squarederrorsbetween

b̃ijk(pi) =

NumAdverbs
∑

l=0

ajklAl(pi),

andbijk, theactualB-splinecontrolpoint (or keytime) beinginterpolated,wherepi is theadverbsettingfor
theith examplemotion. Lettingbjk andb̃jk denotevectorsof eachbijk(pj) andb̃ijk(pj) for a fixedj and
k, thelinearapproximationleavestheresiduals

b̄jk = bjk − b̃jk.

It is thejob of theradialbasisto interpolatetheseresiduals.

4.2 Radial Basis Functions

Wedefineoneradialbasisfunctionfor eachexamplemotion. Theradialbasisfunctionsaresolelya function
of thedistance,di(p) = ‖p − pi‖ betweena point in theadverbspace,p, andthepoint in theadverbspace
correspondingto examplemotion i, pi. The radial basisitself, Ri(p), hasits maximumat pi (i.e., where
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d = 0). We would also like the radial basesto have compactsupport(i.e., have valuezerobeyond some
distance)to limit eachexamplemotion’s influenceto a local region of adverbspace,thusallowing for local
refinementof the verbs. Therearea numberof choicesfor the specificshapeof the radial basis. For its
combinationof simplicity andC2 continuity, in this work we choseto usea radialbasiswith a crosssection
of a dilatedcubicB-spline,B(d/α). Thedilation factor, 1/α, is chosenfor eachexamplemotionto createa
supportradiusfor theB-splineequalto twicetheEuclideandistanceto thenearestotherexamplemotion. For
α = 1, thecubicB-splinehasa radiusof 2.0, thusα is simply theminimumseparationto thenearestother
examplein theadverbspace.Giventhisdefinition,it is clearthattheexamplemotionsmustbewell separated.

Thecoefficients,rijk, cannow befoundfor eachDOFB-splinecontrolpointandkeytimeby solvingthe
linearsystem,

Drjk = b̄jk

whererjk is a vectorof therijk termsfor a fixedj andk, andD is a squarematrix with termsequalto the
valueof theradialbasisfunctioncenteredonmotioni1 at thelocationof motioni2. Thus

Di1,i2 = Bi1

(

Ri1(pi2)

αi1

)

.

5 Verb Graphs

In additionto theconstructionof individual verbs,it is importantto combinethemsothatsmoothtransitions
occurbetweenverbs. To do so, an authorbuilds a directedgraphof verbs,or “verb graph,” in which the
nodesrepresenttheverbsandthearcsrepresenttransitionsbetweenverbs.If therearemultipletransitionarcs
leaving a verb,eachtransitionmaybegivena “lik elihood” of transitioning,usedto stochasticallychooseat
runtimebetweenmultiplepossibletransitionsif nonehavebeenexplicitly specified.

The adverbsaresharedacrossverbsalthougheachverb may or may not respondto eachadverb; for
example,anadverbfor uphill/downhill mayhavenomeaningto a “sit” verb. Theverbgraphis static,thatis,
fixedatauthoringtime.

5.1 Transitions

Givencorrespondingtime intervals(assetby thedesigner)in two verbs,transitionssmoothlymove control
from oneverbto thenext. For example,in transitioningfrom walkingto running,thetimeintervalsmayboth
besetto spantheright foot placement.

A transitionis a mappingof similar segmentsbetweentwo verbsA andB. Thecorrespondenceregion
is determinedby the four variables,tAs , tAe , tBs , andtBe , thestartandstoptimesof theregion in eachof the
two verbs.Notethat thesetimesareexpressedasgenerictimessincetheverbsA andB mayhave different
durationsbasedupontheir currentadverbsettings.In otherwords,thetransitionsaredesignedbasedon the
similarity of thestructureof themotions(generictime) andsowill work eventhoughtheverbsthemselves
arechangingat runtime.

Thedurationof thetransitionis calculatedby takingtheaverageof thelengthsof thetwo blendingregions
(

T (tAe ) − T (tAs )
)

+
(

T (tBe ) − T (tBs )
)

2

9




 



tsA

te

A


ts
B


ts
B

θj

A
(t)

θj

B
(t)

Figure2: TransitionBlendingDuringCorrespondenceRegion

wheretheT function mapsgenerictime to real time (keytime time) for the verb’s currentadverb settings.
Transitions,asthey aremadeupof verbs,areaffectedby theverb’sadverbsettingsandthereforetakeon the
mood,duration,andphrasingof their constituentverbs.

Spacetimetransitioningmechanismswere discussedby the authorsin [14]. Generationof spacetime
transitionsbetweentwo motionsis still anoffline process.Sincethespecificmotionstheverbsgenerateare
not known until runtime, this methodcannotbe usedhere. Thus, in this work we will rely on a simpler
formulationto allow runtimecalculationof thetransitionsbetweenverbs.

VerbsA andB aresimplyblendedby fadingoutonewhile fadingin theother. A monotonicallydecreasing
blendingfunctionwith a rangeanddomainof [0, 1] determinestherelative contribution of thetwo verbs.A
sigmoid-like function,α = 0.5 cos(βπ) + 0.5 is usedin thiswork.

Over thetransitionduration,β moveslinearly from 0 to 1 representingthefractionof thewaythroughthe
transitionintervals in eachverb. Thetransitionalmotionis determinedby linearly interpolatingtheverbsA
andB with weightsα and1−α respectively. TheinternalDOFsarefoundby interpolatingthejoint positions,
asshown in Figure2, which shows theDOF functionθj asa combinationof thetwo DOF functionsθA

j and
θB

j duringthetransitionregion. Thepaththejoint takesis definedby θA
j beforethetransition,θA;B

j during
thetransition,andθB

j afterthetransition.Smoothmotionfor theroot DOFsis achievedby interpolatingthe
velocities(ratherthanpositions)of thetwo verbsandthenintegratingtheresultsthroughthetransition.

5.2 Verb Graph at Runtime

Issuingcommandsto thecreaturecontrolsthemovementfrom verbto verbin theverbgraph.Whendirected
to performa particularverb,a searchis executedto determinea sequenceof transitionsandverbsthatwill
reachthe desiredaction from the onecurrentlyplaying. The shortestpath,whereshortnessis definedas
thenumberof neededtransitions,is chosen.This paththroughtheverbgraphis representedasa queueof
transition,verb,transition,verb,andsoon.

Somebookkeepingis requiredto keepthe verb graphin a usefulstate. The motion of the root of the
creaturemustbestoredandmaintainedateachtimestepin orderto reorientandrepositionthebaseverbsfor
concatenationonto thecurrentaction. For example,in a walk transitioningto itself, thehorizontalposition
specifiedby theverbindicatesanoffset from wherethecreaturewaswhentheverbwasinvoked. Thus,the
creaturecontinuesto walk forwardanddoesnotjumpbackto theorigin oneachstride.Also, thesetof current
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active constraintsmustbeupdatedby discardingexpiredconstraintsandcreatingnew onesastheanimation
progresses.

Theverbgraph’sexecutionqueuecannotbeallowedto emptyor thecreaturewill cometo astop.For the
verbgraphto continue,it mustbeableto transitionfrom its currentactionbeforethatactionhascompleted.
Whenonly thecurrentlyactive verbremainson thequeue,a transitionis automaticallyselectedfrom theset
of availabletransitionsaway from that verb. The selectionis madestochasticallyaccordingto weightsthe
designerspecifiedduringverb-graphconstruction.In cyclic verbssuchaswalkingthedefault(with probability
one)transitionis usuallytheoneleadingbackinto itself.

6 Runtime Verb Evaluation

Given(a) theauthoredverbsparameterizedby adverbsandtimewarpedby keytimes,and(b) averbgraphto
organizetheverbsandtransitions,wearenow readyto seehow thesestructuresoperateat runtime.Thegoal
is to allow continuousvariationof theadverbsettings,andto havethesechangesreflectedin thesubtlemotion
of thesimulatedcreatures.In otherwords,theuseror applicationdefinesthepaththat thepointp will take
on thefly, andtheruntimesystemmustrespondaccordingly. Giventhetime andsettingof p, theevaluation
of theposeof thecreaturemustbefastenoughto allow interactive framerates.

The main loop of the runtimesystemis a discreteevent simulator. This systemtracksthe clock and
sequentiallyprocesseseventsplacedon its event queue. Eachevent hasa time stampand an associated
callbackfunction. Eventsareinsertedin theeventqueuein time stamporderandareprocessedby invoking
thecallbackfunctionwith thetimestampasaparameter. Eventsmaybeof oneof threetypes:normal, sync,
or optional. Normaleventsareprocessedasthey arereachedonthequeue,independentof therelativevalues
of thetimestampandtheclock. Synceventswait for theclock to catchup to thetimestampif theclocktime
is lessthanthetimestamp;they executeimmediatelyotherwise.Optionaleventsareskippedif theclock has
passedthetimestamp;otherwise,optionaleventsactlikenormalevents.

Themostcommoneventsare“render”and“display” events.A rendereventevaluatestheDOFsatthetime
indicatedby thetimestampto settheposeof thecreatureandthenrenders(but doesnot display)an image.
Therendereventhasthe“normal” flagandthuscreatesanimageassoonastheeventis reachedonthequeue.
A displayeventwith thesametimestampbut with a syncflag waitsfor theclock to reachthetimestampand
displaystherenderedimage. Therendereventalsomeasurestheamountof clocktimebetweenframesand
estimatesthebesttimestampfor thenext render/displayeventsandinsertsthemon theeventqueue.In this
way theframeratedynamicallyadjuststo thecomputationalload.

Othereventsarescheduledto inducetransitionsbetweenverbsor to turnonor turnoff constraints.

6.1 Evaluating DOF

Therendereventcallbackrequestsall DOFsto beevaluatedat a giventime,τ . Thecurrentlyactive verb(or
verbswhenatransitionis occurring)is evaluatedattimeτ − τoffset with thecurrentadverbsettings,p. τoffset

is theclocktimewhenthecurrentverbor transitioncameto theforeof thequeue.Thefollowing pseudocode
summarizesthisprocess:

1 T = τ − τoffset

2
3 For each keytime m
4 Km = InterpolateKey(m,p) // Eqn. 4
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5 Next
6
7 t = GenericTime(T , K) // Eqn. 1
8
9 For each DOF j
10 For each B-spline Coefficient k
11 bjk = InterpolateBSCoeff(j, k, p) // Eqn. 3
12 Next
13 θi =

∑

k bjk Bk(t)
14 Next
15 For each kinematic constraint c
16 EnforceConstraint(c) // Eqn. 2
17 Next

Notethatonly lines1, 7, 13 and16 needto beevaluatedat eachframetime. Thevaluescomputedat the
otherstepsarecached.Theinterpolations,lines4 and11,only changewhentheparameterschangeor anew
verb is invoked. In addition,in line 11, only 4 of theB-splinecoefficientsarerequiredfor a given t. As t
progressespasta B-splineknot value,onecoefficient dropsoff thebeginningof thesetof four andnew one
is addedastheknot valueis passed.Thuson average,lessthanoneof theinterpolatedcoefficientsperDOF
needbeevaluatedper frameif p is unchanging.If p changesfrom frameto frame,4 coefficientsperDOF
mustbecalculatedasmustthem interpolatedkeytimes.TheentireDOFevaluationprocesstakesonly asmall
fractionof thetime to computecomparedto thepolygonrenderingfor theframegiventhepose.

7 Results

Our library of motioncapturecontainsa repertoireof examplemotionsfor a varietyof parameterizedverbs;
walking, jogging,reaching,andidling. Someverbs,suchas“walk,” have a largenumberof examplesrepre-
sentingdifferentemotionssuchashappy, sad,angry, afraid,clueless,tired, delirious,determined,frenzied,
ashamed,bored,goofy, andgrief-stricken,aswell aswalksatdifferentinclinationsandradiusof turn.

Thedatafor theexamplemotionswe discusshereweremotioncapturedwith anAscensionMotion Star
systemsampledat120Hz. with 15six degree-of-freedomsensorspositionedonthebody. Theraw datamust
bepreprocessedto fit to a rigid-bodymodelwith hierarchicaljoint rotationsandfewer degreesof freedom
thatcorrespondto thelimitationsof humanjoints. Themethodsdescribedby Bodenheimeret al. [5] ensure
thatthemotioncapturedatamakesconsistentuseof joint anglesfor redundantDOFs.Thefinal modelhas40
joint degreesof freedomin additionto six degreesof freedomof theroot, locatedbetweenthehips,for global
positioningandorientation.

Theauthorsconstructeda parameterizedwalk alongtwo emotionalaxes–happy-sadandknowledgeable-
clueless–aswell asphysicalcharacteristicssuchuphill/downhill, andturning. A samplingof thiswalk across
thetwo emotionalaxesis shown in Figure3. A reachingverbwasparameterizedby the3 positionalvalues
representingthegoalof thereach(seeFigure4). Variousemotionalidle motionswereconstructedaswasa
jog with a turningadverb.

Parameterizingaspacebasedonturningandonchangingelevationgivesusagreatdegreeof controlover
the creature.Both the jogging andwalking turn adverbswerecreatedfrom two motion capturedexample
motionseach,a forward motion anda motion to the right. A third examplemotion to the left wascreated
by mirroring themotionto theright. Theinterpolationgivesconvincing controlof theradiusof curvatureof
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Figure3: A walk sampledacrosstwo emotionalaxes. Thegreenfiguresaretheexamplemotions.Therest
arecreatedthroughtheverb/adverbmechanism.
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Figure4: A reachsampledacrosstwoaxesof thegoalpositionfor thehand.Thegreenfiguresaretheexample
motions.TherestarecreatedthroughtheVerb/Adverbmechanism.
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turns,andallowsconvincingnavigation.
Solvingfor thecoefficientsof theinterpolationtookabout2 minutesona200MhzPentiumProprocessor

for themostcomplex verbs.Recallthat this offline computationneedonly becarriedout onceperverb. At
runtime,theevaluationof thepositionof thecharacterasdescribedin thepseudocodeabovecanbecarriedout
at approximately200Hz., or about5 milliseconds,thusbarelyimpactingtheoverall framerate.This timing
wastakenwith aconstantlychangingp, thusrequiringinterpolatingthefull 4 coefficientsperDOFperframe
plusthem keytimes.

We areable to transitionthroughthe adverb spaceand throughthe verb graphto exhibit a variety of
degreesof emotionsandsubtletiesof movement.Finally, wehaveshowntheconstructionof alargeverbgraph
consistingof theseparameterizedverbsin additionto variousunparameterizedmotionssuchasstretching,
standing,and looking around,with associatedtransitionsbetweenthem. The transitionsaregeneratedin
real-timeandobey inversekinematicconstraints.

8 Conclusions

Thispaperhasdemonstratedamethodto reuseandmodify motionclipsof complex anthropomorphiclinked
figures. A varietyof motion is derivedby building “verbs”parameterizedby “adverbs.” The interpolations
of verbsarebuilt throughtheuseof radialbasisfunctionsandlow orderpolynomials.Similar methodsare
usedto timewarpeachexamplemotioninto acanonicaltime frame.

The interpolationmethodis generalandscaleswell with thedimensionalityof theproblem(numberof
adverbs).Theresultinganimationsshow richercontentthanexisting techniquesof modifying animation,or
proceduralor physics-basedapproaches.

Additionally, throughthecreationof verbgraphs,wedemonstratedtheability to createcharacterscapable
of awidevarietyof behaviorsandexpressiveness.Currentlyoursystemonly acceptsvariationsin expressions
andchangesof behavior throughuserinput,but futurework will exploreputtingmuchof this inputunderthe
controlof statemachinesexecutingunderour discreteeventsimulator. Our goal is theeventualcreationof
complex autonomousagentsin virtual environments.

We expectto continueto enhancetheauthoringsystemfor verbconstructionto allow fastmodification
of theinterpolationspacetheverbdefines.TheVerb/Adverbconstructiondescribedhereshouldthusprovide
a meansto leveragewhat is perhapsthemostvaluableaspectof any animationsystem,thatbeingthetalent
and inspirationof the animatorconstructingthe examplemotions,and/orthe captureof real motion from
expensivemotioncapturesystems.In thisway, theartist’s skills canbeleveragedwithin a real-timesetting.

Moreinformationaboutthiswork,videosegmentsin particular, canbefoundattheHumanFigureAnima-
tionProject’swebsiteathttp://www.research.microsoft.com/research/graphics/hfap.
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