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Abstract

This paperdescribesnethodsanddatastructuresisedto leveragemotionsequencesf comple linked
figures. We presenta techniquefor interpolatingbetweenexample motions derived from live motion
captureor producedhroughtraditionalanimationtools. Thesemotionscanbe characterizedy emotional
expressvenes®r controlbehaiors suchasturningor goinguphill or downhill. We call suchparameterized
motions“verbs”andthe parametershatcontrolthem“adverbs: Verbscanbe combinedwith otherverbs
to form a “verb graph; with smoothtransitionsbetweenthem, allowing an animatedfigure to exhibit a
substantiatepertoireof expressive behaiors.

A combinationof radial basisfunctionsandlow orderpolynomialsis usedto createthe interpolation
spacebetweenexamplemotions. Inversekinematicconstraintsare usedto augmenthe interpolationsin
orderto avoid, for example thefeetslippingon thefloor duringa supportphaseof awalk cycle.

Oncethe verbsandverb graphhave beenconstructedadwerbscanbe modifiedin real-timeproviding
interactize or programmaticcontrol over the charactersactions. This allows the creationof autonomous
characterén avirtual ervironmentthatexhibit complex andsubtlebehaior.

1 Introduction

Creatingbelievable animatedhumanfiguresis a difficult task, even with the most sophisticatedsoftware
available. Oncean acceptablesggmentof animationhasbeencreated,either by an animatoror through
motion capture the resultsarestill difficult to reuse. The additionalwork to modify the animationmay be
almostastime consumingas creatingthe original motionitself. Furthermorethe exact style or structure
neededor a particularmotionmaynotbeknown until runtime. A real-timecontrollableanimationsystemis
neededor interactive applicationssuchasa 3D videogame,or a virtual ervironment.

Researclinto controllablehumanfigureanimationcanbedividedinto threemajorgroupings:procedural,
simulatedandinterpolated Procedurahnimationusescodefragmentdo derive thedegreeof freedom(DOF)
valuesat a particulartime. The proceduresanbe assophisticatecasneededn orderto provide different
motion stylesor to reactto differentconditionsof the simulatedervironment. Dynamicallysimulatedfigure
animationusescontrollerstogetherwith a simulatedhumanto generatemotion. The degreeto which this
methodsucceeds boundedy how accuratelfhumarmotionis understooédindmodeled.Boththesemethods
have thedisadwantagehatthey canalienateclassicallytrainedanimatorsandthatthey do noteasilymake use



of motion capturetechnology This is importantsinceanimatorsand motion capturesystemseachproduce
compellingresults.To leveragetheir qualities,a systemmustusewhattheseresourceprovide.

Interpolatecanimationis thethird majorgrouping. This methodusessetsof examplemotiontogethemith
aninterpolationschemeo constructnex motions. The primary problemsof this approacharein providing a
setof meaningful highlevel controlknobsto theanimatoror runtimesystemmaintainingtheaesthetiof the
sourcemationsin theinterpolatedmotions,andmotionextrapolation.Anotherconsiderations thedifficulty
of acquiringthe examples.Eachis precious.Additionally, for aninterpolatednotionschemeo beusedin a
run-timeenvironmentratherthanearlierin a productionpipeline,it mustbe efficient. For thesereasonsan
approximatiorschemausingradialbasisfunctionswaschosen.

This paperdescribes systenfor real-timeanimationby examplethataddressesomeof theseproblems.
Throughthe creationof parameterizednotions,which we call “verbs”parameterizetdy “adverbs”, a single
authoredrerbproducescontinuousangeof subtlevariationsof agivenmotionatreal-timerates.As aresult,
simulatedfiguresaltertheir actionsbasedon their momentarymoodor in responseo changesn their goals
or ervironmentalstimuli. For example,we demonstrata “walk” verbthatis ableto shav emotionssuchas
happiness&ndsadnessanddemonstratesubtlevariationsdueto walking uphill or downhill while turningto
theleft andright.

Thepaperalsodescribesheconstructiorof “verbgraphs’thatactastheglueto assembleerbsandtheir
adwerbsinto a runtimedatastructure.Verbgraphsprovide the meandor the simulatedfiguresto seamlessly
transitionfrom verbto verbwithin aninteractive runtimesystem.Finally, we briefly discusghediscreteavent
simulatorthathandleghe runtimemainloop.

2 Related Work

The ideaof altering existing animationto producedifferentcharacteristicss not nev. Unumaet al. [16]

useFouriertechniguego interpolateandextrapolatemotion data. 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 approachn thatit doesnot apply characteristicef onemotionto anothey but insteadassumeshatthe
initial library of motionscontainstheseemotions. Unlike thesetwo techniquespur methodis not basedn

thefrequeny domainandthuscanhandlenon-periodiamotionswhich earliermethoddail to capture.

Bruderlin and Williams [6] usemultitarget interpolationwith dynamictimewarpingto blend between
motions,and displacemenmappingsto alter motionssuchas grasps. Witkin and Popoi€ [19] presenta
similar systemfor editingmotion captureclips. Theformerwork is in the samespirit asours,andaddresses
mary of the samedifficulties, specificallythe necessityof selectingappropriatekey timesfor interpolation
andthe consequenteedfor time warping. Onedifferencebetweerthe two approachefies in the choiceof
interpolationtechniquesBruderlinandWilliams usemultiresolutiorfiltering of joint anglesin thefrequeng
domain,whereasourtechniquedecouplesolutionrepresentatiofrom interpolationmechanismPerlin[11]
hasapproachedhis problemin a very differentway by using noisefunctionsto simulatepersonalityand
emotionin existing animation.

Both Wiley andHahn[18] andGuoandRobegeé [8] producenew motionsusinglinearinterpolationona
setof examplemotions. BothtechniquesequireO(2¢) exampleswhered is thedimensionalityof thecontrol
space.Our techniqueusingradial B-splinesrequiresO(n) examplesto establistthe baselineapproximation
andO(n?) to computethe resultinganswer To comparea Delaunaytriangulationof the datawould require

O (n®€l/2)) to computewhend > 3.



Thework of Wiley andHahnis closelyrelatedto our own, the additionaldifferencebeingthattheir time
scalingis uniform,wherea®ursis non-uniformandbasednkey events.While uniformtime-scalingobviates
the needfor ananimatorto selectstructurallysimilar posesduring motions,it assumedhatthe repertoireof
motionsbeinginterpolatechetweemmustbevery similarin time. Whenthis assumptioris violated,oddities
in themotioncanresult. Wiley andHahnalsoreparameterizandsampleheirmotionsonamultidimensional
grid andthenperformsimpleinterpolationsat runtime. This requirescomputatiorandstorageexponentialin
thenumberof parameters.

Additionally, neitherWiley andHahnnor GuoandRobepé discusghe blendingof subset®f examples,
whichwouldarisewhennew examplesareplaced'between’old examplesasadesignerefinegheinterpolated
motion space. Our technique,on the otherhand,is refinedby more examplesasrequired. As we usean
approximationmethodbaseduponradial B-splineswith compactsupportto performthe interpolation,our
exampleshave limited effect overthespaceof animationsthusensuringhatsubset®f theexamplesareused
atruntimeasappropriate.

HodginsandPollard[9] interpolateover the spaceof control laws asopposedo joint trajectories.The
controlfunctionsdefinethe gainsin thejoints within a physical dynamicsframewvork. By interpolatingthe
control,for anactionsuchasrunning,they canalterthe physical characteristicef thefigurefrom a child to
anadultor from amaleto afemalecharacter

An importantdistinctionin our work is that the interpolationis performedsimultaneouslyin real-time
over multiple dimensions suchas emotionalcontentand physical characteristics.Although we apply the
techniquedo interpolatingtrajectoriexcharacterizedby coeficientsof splinecurves,the methodspresented
herearealsoapplicableto coeficientsin the Fourierand otherdomains. It may alsobe possibleto apply
similarideasto controlthe parametersf a physically basedmodel.

In the context of autonomousgentsour work presents back-endfor applicationssuchasgamesthe
Improv [12] systemandthework proposedy Blumbeig andGalyean4]. Thehigh level controlstructures
foundin suchapplicationsarecapableof selectingverbsandadwerbswhile thework we presenhereprovides
thelow level animationitself. Thus,we createthe motionin real-timefor “directable”creaturessdiscussed
by Blumbeg andGalyean.

3 Verbs, and Adverbs

Thefigureanimationsystempresentedhereconsistf two mainparts. An offline authoringsystemprovides
the tools for a designerto constructcontrollablemotions,verbs,from setsof examples. In addition, the
authoringsystemprovidestools for constructingtransitionsbetweenverbsand for putting the verbsand
transitionstogetherin a verb-graph.This structurebecomeghe controlledobjectfor the runtimeportion of
theVerbsandAdverbssystem.Theruntimesystemcontrolstheinvocationof verbsandthe evaluationof the
figure's poseat eachframeof the animation. We begin with a discussiorof the authoringsystemandthen
move onto theruntimesystem.Referto Table1 for the symbolsusedin thetext.

The simulatedfigures,or “creatures, discussedereareassumedo be well represente@sa hierarcty
of rigid links connectedy joints. Eachjoint may containoneor morerotationaldegreesof freedom(DOF).
The root of the hierarcly hassix specialDOFswhich representhe position and orientationof the figure
in the global coordinateframe. In particular we usea 46 DOF humanfigure. EachDOF’s motion is
representeds a function throughtime 0;(7T'), j = 1... NumDOF, whereT representglock time from
[0..durationof themotior] whichwill shortlybe definedaskeytime time. Giventhesemotionsof the DOFs,
onecanrenderthecreatureatary pointin time.

Traditionally hand-craftedor motion capturedanimationsegmentshave DOF functionsof 1 variable,



Object | Variable| Subscript subscriptmeaning

subscriptange |

Motion example M i Motion examplenumber | 1..NumFEzxzamples
DOF 0 i Motion examplenumber | 1..NumFExamples
j DOFindex 1.NumDOF
B-spline B k B-splineindex 1..NumCP
B-S ControlPoint b 1,4,k
Pointin AdverbSpace| p i
Keytime K m Keytime index 1. NumKeyTimes
Radialbasis R i basisassociateavith M;
RadialCoeficient r 1,4, k
LinearBasis A l Adverbindex 1..NumAdverbs
LinearCoeficient a .kl
Distance d i Distanceto p;
| Time | Variable | range |
Clocktime T
Keytimetime T 0. K NumKeyTimes
Generictime t 0..1

Tablel: Terminology

time. The DOF functionsfor averbarenever explicitly representedyut ratherevolve atruntimethroughthe
interpolationof examplemotionsweightedby changinginterpolationparametersr adwerbs. Theseadwerbs
may represenemotionalaxes suchashapyy-sad,knowledgeable-cluelessindphysical parametersuchas
whetherin thecaseof awalk verb,thefigureis walking uphill, or downhill andwhetherthemotionis curving
to theleft or right. The setof adwerb axesdefinea multidimensionakdwerb spaceof all possiblevariations
for aparticularverh

Verbsareconstructedrom setsof similar, but distinctexamplemotions. Theseexamplescanbeobtained
keyframingor with a motion capturesystem.In eithercase certainrestrictionson the setof examplesapply.
The primary restrictionis that all examplesfor a verb be structurallysimilar. A setof examplewalks, for
instancemustall startout on the samefoot, take the samenumberof steps have the samearmswingphase,
andhave no spuriousmotionssuchasa head-scratchThe otherprimaryrestrictionis consistentiseof joint
angles.Anatomicallyimplausiblesettingsof the DOF valuescanyield the sameoverall effect asa plausible
settingdueto the redundannatureof two andthreeDOF joints. Bodenheimeet al. [5] presenimethodgto
ensureconsistenDOF valuesfor motion capturediata.

Eachexamplemotionis annotatedy handwith a setof adwerbvalues,placingthe examplesomevhere
in theadverb space.Additionally, a setof “keytimes”, instantswhenimportantstructuralelementsuchasa
foot-down occurs,mustbe specified. Thesekeytimesareusedto preprocesshe examplesinto a canonical
timelinefor interpolatiorandfor latersynthesi®f thephrasingor theinterpolatednotions. Finally, examples
aredefinedby a setof intermittentconstraintye.g., that the foot shouldnot slip while in contactwith the
floor).

A verb M is thereforedefinedby a setof examplemotionsM/;,

M; ={6,;(T),pi, Kp, : i =1... NumEzamples,
j=1...NumDOF,m =0... NumKeyTimes}



wherethed;; (T") arethe DOF functionsfor thei** example);, p; thelocationof theexamplein theadwerb
spaceand K the setof keytimeswhich describethe phrasing(relative timing of the structuralelements)f
theexample.Thetime parameter?’, representslocktimebut with the clock startingat 0 atthe beginning of
themotionexample.

3.1 ExampleMotions

Eachexamplemotion A/; is definedby of anumberof DOF functions,denotedby 6,; (T"). Eaché;; (i.e.,the
jth DOF for the i*" example)is representedsa uniform cubic B-splinecurve specifiedby NumCP control
points,

NumCP
0;(T) = Y bijpBr(T)
k=1

wherethe B, (T') arethe B-splines,andthe b, ;, arethe scalarB-splinecoeficientsor control pointsfor the
it example);. Bartelset al. [3] containsanextensie discussiorof B-splinesandtheir properties.

Theinterpolationtechniquepresentedheredecouplesheinterpolationschemdrom therepresentatioof
the examples.The examplestherefore could be encodedisingothermethodssuchasa waveletor Fourier
decomposition.

3.2 TimeWarping

The keytimesareusedto definea piecavise linear mappingfrom 7' € {0... K yumkeyTimes } 10 @ generic
timet € {0...1}. Thefirst keytime of theverb, K7, is definedto be 0. Thelastkeytime, K numkeyTimes }

marksthedurationof theverh In thecaseof cyclic verbs,suchaswalking, it mustalsomarkthe sameevent
asthefirst. More generallygivena 1’ betweer) and K yym ey Times

T- K, 1
NumKeyTimes — 1

t(T) - ((m B 1) + Km-‘rl - Krn

)

for thelargestn suchthatT > K,,, andkeepingn mindthatt(0) = 0. Thismappingsillustratedin Figurel.

In otherwords,at eachkeytime, the generictime ¢t(K,,,) = W}imes_l At thethird of four keytimes,

t = 2 asthekeytimeswill beat0, 1, 2, and1. Betweerkeytimes,t is linearly interpolated.

Onceall the exampleshave hadtheir time reparameterizetb generictime ¢, they aresaidto bein a
canonicalform. For agivent, all exampleswill be atthe samestructuralpoint of the motion, regardlessof
phrasingroverallduration.Examplesreinterpolatedvithin thisgeneridimeframe.Thekeytimeequationd
themselesarealsointerpolatedhetweenexamples. Theinverseof this interpolatediming functionis then

appliedto untimevarptheinterpolatednotionto recapturghrasingandduration.

3.3 InverseKinematic Constraints

In additionto beingusedto timewarp the motions, keytimes also specify periodsduring which kinematic
constraintneedto be enforced.For example keytimesof awalk might be heel-strile andtoe-of. Between
thesekeytimes,the foot mustremainstationary

The valuesfor specificconstraintconditionssuchasthe locationthe endeffector (e.g.,the foot) should
maintainarenotsetwhenthey aredesignedbut aresetat playbackwhenakeytime thattriggersa constrainis
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crossedlf, for example,whenakeytimeis crossedriggeringafoot constraintthefoot’s horizontallocation
is at (z, z) andthe heightof thefloor atthatpointis y = floor(z, z), thenthe constraintiocationis setto
(z,y, z). This constrainfpositionis maintaineduntil anotherkeytime releasinghe constrainis crossed.

Constraintaareenforcedat runtimewith a fastinversekinematicsoptimization. At a givengenerictime
t, acreaturds first positionedndependendf any constraintdy evaluatingthe active verb(s)at thattime. In
generalthiswill placetheendeffectorcloseto theconstrainipoint. They make the subtlechangesieededo
exactly satisfythe constraintwe will only considemodifying DOFsbetweerntheroot andthe endeffector.
Thechangesn theseDOFsneededo satisfythe constraintarefoundat eachframeatruntimeby solvingthe
linearsystem(typically of size5 or 6) of theform

JAO = Ax @)

wherelJ is theJacobiarof theDOFwith respecto themotionof theendeffector, Ax is thevectorfromwhere
the endeffectorwasplacedby the verbto the constraintpoint, and A8 is the amountthe DOF needsto be
perturbedo hold the endeffectorin place. SeeGirard[7] or Watt[17] for detailson suchinversekinematic
problems.

4 Verb Construction

Oncethe examplemotionshave beenspecifiedfor averbwith their associateteytimesandadwerbsettings,
the next stepis to constructa continuous‘space”of motionsparameterizethy the adwerbs. The dimension
of this spacds the numberof adwerbs, NumAdverbs. A pointin this spacds definedby the specificvalues
of the individual adwerbs. The point may move from momentto momentduring the interactive animation
if, for example,the charactes moodchanger the charactebeginsto walk up or downhill. Thegoalis to

produceatary pointp in theadverbspaceanex motion M (p, t) derivedthroughinterpolationof theexample
motions.Whenp is equalto theadwerbsettingsfor a particularexamplemotion:, thenM (p, t) shouldequal
M;(¢).

Eachexamplemotion hasonefree variablefor eachB-spline control point for eachDOF andonefree
variablefor eachkeytime. The time warpingdescribedabose ensureghat correspondingontrol pointsin
eachexamplemotion specify similar momentsin eachmotion, evenif the overall lengthsof the example
motionsdiffer. Thisallowsusto treattheexamplemotioninterpolationasaseparatg@roblemfor eachcontrol
pointandeachkeytime (i.e., NumCP x NumDOF + NumKeyTimes individual interpolationproblems).

The standardoroblemof multivariableinterpolationis asfollows: given N distinctpointsp; in R™ and
N valuesv; in R, find afunction f : R™ — R suchthatfor all ¢, f(p;) = v;, andsuchthat f doesnot
oscillatebadly betweenvalues. The high dimensionalityof the spacedefinedby the adwerbs,coupledwith
thedesireto requirefew examplemotions(perhaponly two to threetimesthe numberof adwerbs),presents
difficultiesfor mary interpolationmethods.Giventhesedifficulties,a combinationof radial basisfunctions
andlow order(linear)polynomialswvasselectedor thisproblem. Thepolynomialfunctionprovidesanoverall
approximatiorto thespacealefinedoy theexamplemotions. It alsoallowsfor extrapolationoutsidethecorvex
hull of thelocationsof theexamplemotions. Theradialbaseghenlocally adjustthe polynomialto interpolate
theexamplemotionsthemseles.

Radialbasisfunctionshave theform:

R; (di(p))

whereR; is theradialbasisassociatedvith M; andd;(p) is ameasur®f thedistancebetweerp andp;, most



oftenthe Euclideannorm ||p — p;||. Becausesumsof radialbasesannotrepresenainaffine or polynomial
function,radialbasissetsareoftenaugmentedby addinga polynomialof fixeddegree.

Detailsof themathematic$or thistypeof interpolationcanbefoundin theseminawork of Micchelli [10]
andin thesurwey articleby Pavell [13]. Radialbasisfunctionshave beenusedn computeigraphicdor image
warpingby RuprechtandMuller [15], andArad et al. [2].

Thevalueof eachinterpolateddOF curve controlpointin this spacep;(p), is definedas

NumEzamples NumAdverbs
bik) = > rpR®)+ D aAi(p) ®)
i=1 =0

wherether;;, andR; aretheradialbasisfunctionweightsandradialbasisfunctionsthemselesandthea;y,
and A, thelinearcoeficientsandlinearbasessexplainedbelow. Interpolatedkeytimesaresimilarly defined
as

NumEzamples NumAdverbs
Km(p) = Z rimRi (p) + Z almAl (p) (4)
i=1 =0

For eachverb thereare (NumCP x NumDOZF') control point interpolations(eq. 3) and NumKeyTimes
keytime interpolationgeq.4).

This leavesus with the problemof choosingthe specificshapeof the radial basesand determiningthe
linearandradialcoeficients. We solve theseproblemsin two stepshy first solvingfor thelinearcoeficients
andthenfor theradialbasiscoeficients.

4.1 Linear Approximation

In thefirst step,we solve for the linear coeficientshby finding the hyperplanethroughthe adwerb spacethat
bestfits the variationacrosghe examplemotionsof the selecteccontrol point or keytime. Thelinear basis
functionsaresimply A;(p) = p;, thel*” componentf p, andAq(p) = 1. An ordinaryleastsquaresolution
determineshe NumAdverbs + 1 linearcoeficients,a;;, thatminimize the sumof squarederrorsbetween

~ NumAdverbs
bije(Pi) = Z ajriA(pi),
1=0
andb;, 1, theactualB-splinecontrol point (or keytime) beinginterpolatedwherep; is the adwerb settingfor

the i*"* examplemotion. Letting bk andf)jk denotevectorsof eachb;;x(p;) andEijk(pj) for afixed;j and
k, thelinearapproximatiorleavestheresiduals

b = by — by

It is thejob of theradialbasisto interpolatetheseresiduals.

4.2 Radial Basis Functions

We defineoneradialbasisfunctionfor eachexamplemotion. Theradialbasisfunctionsaresolelyafunction
of thedistanced;(p) = ||p — p:|| betweera pointin theadwerbspacep, andthepointin theadwerbspace
correspondindo examplemotioni, p;. Theradial basisitself, R;(p), hasits maximumat p; (i.e., where



d = 0). We would alsolike the radial baseso have compactsupport(i.e., have value zerobeyond some
distance}o limit eachexamplemotion’sinfluenceto alocal region of adverb spacethusallowing for local
refinementof the verbs. Thereare a numberof choicesfor the specificshapeof the radial basis. For its
combinationof simplicity andC? continuity, in this work we choseto usea radial basiswith a crosssection
of adilatedcubicB-spline, B(d/«). Thedilationfactor 1/«, is choserfor eachexamplemotionto createa
supportradiusfor the B-splineequalto twice the Euclideandistancdo thenearesbtherexamplemotion. For
a = 1, thecubic B-splinehasa radiusof 2.0, thusa is simply the minimum separatiorio the nearesbther
examplein theadwerbspace Giventhisdefinition, it is clearthattheexamplemotionsmustbewell separated.

Thecoeficients,r;;;,, cannow befoundfor eachDOF B-splinecontrolpointandkeytime by solvingthe
linearsystem,

DI‘j}C = bjk

wherer j;, is avectorof ther;;;, termsfor afixed j andk, andD is a squarematrix with termsequalto the
valueof theradialbasisfunctioncenteredn motion:; atthelocationof motioni,. Thus

Ril (pi2 )
Oél'l ’

Di1,i2 = Bil (

5 Veb Graphs

In additionto the constructiorof individual verbs,it is importantto combinethemsothatsmoothtransitions
occurbetweenverbs. To do so, an authorbuilds a directedgraphof verbs,or “verb graph; in which the
nodegepresentheverbsandthearcsrepresentransitionsbetweerverbs.If therearemultiple transitionarcs
leaving a verb, eachtransitionmay be given a “lik elihood” of transitioning,usedto stochasticall}chooseat
runtimebetweemmultiple possibletransitionsf nonehave beenexplicitly specified.

The adwerbsare sharedacrossverbsalthougheachverb may or may not respondto eachadverb; for
example,anadwerbfor uphill/downhill mayhave nomeaningo a“sit” verh Theverbgraphis static,thatis,
fixedatauthoringtime.

5.1 Transitions

Given correspondingime intervals (assetby the designer)n two verbs,transitionssmoothlymaove control
from oneverbto thenext. For example,in transitioningfrom walking to running,thetime intervalsmayboth
be setto spantheright foot placement.

A transitionis a mappingof similar sgmentsbetweenwo verbsA and B. The correspondenceegion
is determinedby the four variablest#, t4, t2, andtZ, the startandstoptimesof the region in eachof the
two verbs. Notethatthesetimesareexpressedisgenerictimessincethe verbs A and B may have different
durationsbasedupontheir currentadwerb settings.In otherwords,thetransitionsaredesignedasedn the
similarity of the structureof the motions(generictime) andsowill work eventhoughthe verbsthemseles
arechangingatruntime.

Thedurationof thetransitionis calculatedy takingthe averageof thelengthsof thetwo blendingregions

(T(2) =T) + (1) = T())
2




Figure2: TransitionBlendingDuring CorrespondencRegion

wherethe T function mapsgenerictime to real time (keytime time) for the verb’s currentadwerb settings.
Transitions asthey aremadeup of verbs,areaffectedby theverb’s adwerbsettingsandthereforetake on the
mood,duration,andphrasingof their constituenerbs.

Spacetiméransitioningmechanismsvere discussedy the authorsin [14]. Generationof spacetime
transitionsbetweerntwo motionsis still anoffline process.Sincethe specificmotionsthe verbsgeneratere
not known until runtime, this methodcannotbe usedhere. Thus,in this work we will rely on a simpler
formulationto allow runtimecalculationof thetransitionsbetweenverbs.

VerbsA andB aresimplyblendedy fadingoutonewhile fadingin theother A monotonicallydecreasing
blendingfunctionwith arangeanddomainof [0, 1] determinegherelative contribution of the two verbs. A
sigmoid-like function,a = 0.5 cos(f8w) + 0.5 is usedin this work.

Overthetransitionduration,3 moveslinearlyfrom 0 to 1 representinghefractionof theway throughthe
transitionintenalsin eachverh Thetransitionalmotionis determinedy linearly interpolatingthe verbs A
andB with weightsa andl — « respectiely. TheinternalDOFsarefoundby interpolatingthejoint positions,
asshawn in Figure2, which shavs the DOF functiond; asa combinationof the two DOF functions¢* and
07 duringthetransitionregion. The paththejoint takesis definedby 04 beforethetransition,d:* during
thetransition,and@f afterthetransition. Smoothmotionfor theroot DOFsis achiezed by interpolatingthe
velocities(ratherthanpositions)of thetwo verbsandthenintegratingthe resultsthroughthetransition.

5.2 Verb Graph at Runtime

Issuingcommandso the creaturecontrolsthe movementfrom verbto verbin theverbgraph. Whendirected
to performa particularverb, a searchis executedto determinea sequencef transitionsandverbsthat will
reachthe desiredactionfrom the one currently playing. The shortestpath, whereshortnesss definedas
the numberof neededransitions,is chosen. This paththroughthe verb graphis represente@dsa queueof
transition,verb, transition,verb,andsoon.

Somebookkeepingis requiredto keepthe verb graphin a useful state. The motion of the root of the
creaturemustbe storedandmaintainedat eachtime stepin orderto reorientandrepositionthe baseverbsfor
concatenatiomnto the currentaction. For example,in a walk transitioningto itself, the horizontalposition
specifiedby the verbindicatesan offsetfrom wherethe creaturevaswhenthe verb wasinvoked. Thus,the
creaturecontinuego walk forwardanddoesnotjumpbackto theorigin oneachstride. Also, thesetof current

10



active constraintsmustbe updatedby discardingexpired constraintsandcreatingnenv onesasthe animation
progresses.

Theverbgraphs executionqueuecannotbe allowedto emptyor thecreaturewill cometo a stop. For the
verbgraphto continue,it mustbe ableto transitionfrom its currentactionbeforethatactionhascompleted.
Whenonly the currentlyactive verbremainson the queue a transitionis automaticallyselectedrom the set
of availabletransitionsaway from thatverh The selectionis madestochasticallyaccordingto weightsthe
designespecifiedduringverb-graplconstructionIn cyclic verbssuchaswalkingthedefault(with probability
one)transitionis usuallythe oneleadingbackinto itself.

6 Runtime Verb Evaluation

Given (a)theauthoredvrerbsparameterizetly adwerbsandtime warpedby keytimes,and(b) averbgraphto
organizetheverbsandtransitionswe arenow readyto seehow thesestructureoperateatruntime. Thegoal
is to allow continuousvariationof theadwerbsettingsandto have thesechangeseflectedn thesubtlemotion
of the simulatedcreaturesn otherwords,the useror applicationdefinesthe paththatthe point p will take
onthefly, andthe runtimesystemmustrespondaccordingly Giventhetime andsettingof p, theevaluation
of the poseof the creaturemustbefastenoughto allow interactive framerates.

The main loop of the runtime systemis a discreteevent simulator This systemtracksthe clock and
sequentiallyprocessesventsplacedon its event queue. Eachevent hasa time stampand an associated
callbackfunction. Eventsareinsertedin the eventqueuein time stamporderandareprocessedtby invoking
thecallbackfunctionwith thetimestampasaparameterEventsmaybeof oneof threetypes: normal, sync,
or optional. Normaleventsareprocessedsthey arereachednthequeuejndependentf therelative values
of thetimestampandthe clock. Synceventswait for the clock to catchup to thetimestamgif the clocktime
is lessthanthetimestampthey executeimmediatelyotherwise.Optionaleventsareskippedif the clock has
passedhetimestampptherwise pptionaleventsactlik e normalevents.

Themostcommoneventsare“render”and“display” events.A rendereventevaluateshe DOFsatthetime
indicatedby thetimestampto setthe poseof the creatureandthenrendergbut doesnot display)animage.
Therendereventhasthe“normal” flag andthuscreatesanimageassoonastheeventis reachednthequeue.
A displayeventwith the sametimestampbut with a syncflag waitsfor the clock to reachthetimestampand
displaysthe renderedmage. Therendereventalsomeasureshe amountof clocktimebetweerframesand
estimateghe besttimestampfor the next render/displayeventsandinsertsthemon the eventqueue.In this
way theframeratedynamicallyadjuststo the computationaload.

Othereventsarescheduledo inducetransitionshetweernverbsor to turn on or turn off constraints.

6.1 Evaluating DOF

Therendereventcallbackrequestsll DOFsto be evaluatedat a giventime, 7. The currentlyactive verb (or
verbswhenatransitionis occurring)is evaluatedattime r — 7, . With thecurrentadwerbsettingsp. 7,se:
is theclocktime whenthecurrentverbor transitioncameto thefore of thequeue.Thefollowing pseudocode
summarizeshis process:

T = 17 — Toffset

For each keytine m
K,, = InterpolateKey(m,p) // Eqn. 4

A WNPE
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5 Next

6

7 t = GenericTime(T,K) // Egn. 1
8

9 For each DOF j

10 For each B-spline Coefficient k
11 bjr = InterpolateBSCoeff(j,k,p) // Eqn. 3
12 Next

13 0; = > bjk Bi(t)

14 Next

15 For each kinematic constraint ¢
16 EnforceConstraint(c) // Eqn. 2
17 Next

Notethatonly lines1, 7, 13 and16 needto be evaluatedat eachframetime. Thevaluescomputedat the
otherstepsarecached.Theinterpolations|ines4 and11, only changevhenthe parametershangeor a new
verbis invoked. In addition,in line 11, only 4 of the B-spline coeficientsarerequiredfor agivent. Ast
progressepasta B-splineknot value,onecoeficient dropsoff the beginning of the setof four andnew one
is addedastheknotvalueis passedThuson averageJessthanoneof theinterpolateccoeficientsper DOF
needbe evaluatedper frameif p is unchanging.lf p changedrom frameto frame, 4 coeficientsper DOF
mustbecalculatecasmustthem interpolatedkeytimes. TheentireDOF evaluationprocesgakesonly asmall
fractionof thetime to computecomparedo the polygonrenderingfor the framegiventhe pose.

7 Results

Our library of motion capturecontainsa repertoireof examplemotionsfor a variety of parameterizederbs;
walking, jogging,reachingandidling. Someverbs,suchas“walk,” have alarge numberof examplesrepre-
sentingdifferentemotionssuchashapyy, sad,angry afraid, cluelesstired, delirious,determinedfrenzied,
ashamedhored,goofy, andgrief-stricken,aswell aswalks at differentinclinationsandradiusof turn.

Thedatafor the examplemotionswe discusshereweremotion capturedwith an AscensiorMotion Star
systemsamplecat 120Hz. with 15 six degree-of-freedonsensorpositionedonthebody. Theraw datamust
be preprocessetb fit to a rigid-body modelwith hierarchicaljoint rotationsandfewer degreesof freedom
thatcorrespondo the limitations of humanjoints. The methodsdescribedy Bodenheimeet al. [5] ensure
thatthemotioncapturedatamakesconsistentiseof joint anglesor redundanDOFs. Thefinal modelhas40
joint degreesof freedomin additionto six degreesof freedomof theroot, locatedbetweerthehips,for global
positioningandorientation.

Theauthorsconstructedh parameterizewvalk alongtwo emotionalaxes—happ-sadandknowledgeable-
clueless—awell asphysicalcharacteristicsuchuphill/downhill, andturning. A samplingof thiswalk across
thetwo emotionalaxesis shavn in Figure3. A reachingverbwasparameterizethy the 3 positionalvalues
representinghe goal of thereach(seeFigure4). Variousemotionalidle motionswereconstructecaswasa
jog with aturningadwerh

Parameterizing spacérasednturningandon changingelevationgivesusagreatdegreeof controlover
the creature. Both the jogging and walking turn adwerbswere createdfrom two motion capturedexample
motionseach,a forward motion anda motionto theright. A third examplemotionto the left wascreated
by mirroring the motionto theright. Theinterpolationgivescorvincing controlof the radiusof curvatureof
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Figure4: A reachsampledacrosdwo axesof thegoalpositionfor thehand. Thegreenfiguresaretheexample
motions. Therestarecreatedhroughthe Verb/Adwerb mechanism.
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turns,andallows corvincing navigation.

Solvingfor the coeficientsof theinterpolationtook about2 minuteson a 200MhzPentiumPr@rocessor
for themostcomple verbs. Recallthatthis offline computatiomneedonly be carriedout onceperverh At
runtime,theevaluationof thepositionof thecharactensdescribedn thepseudocodabore canbecarriedout
atapproximately200Hz., or about5 milliseconds thusbarelyimpactingthe overall framerate.This timing
wastakenwith aconstantlychangingp, thusrequiringinterpolatingthefull 4 coeficientsperDOF perframe
plusthem keytimes.

We are able to transitionthroughthe adwerb spaceand throughthe verb graphto exhibit a variety of
degreesof emotionsandsubtletief movement.Finally, we have shavn theconstructiorof alargeverbgraph
consistingof theseparameterizederbsin additionto variousunparameterizedhotionssuchasstretching,
standing,andlooking around,with associatedransitionsbetweenthem. The transitionsare generatedn
real-timeandobey inversekinematicconstraints.

8 Conclusions

This paperthasdemonstrated methodto reuseandmodify motionclips of complex anthropomorphidinked

figures. A variety of motionis derived by building “verbs” parameterizethy “adverbs: Theinterpolations
of verbsarebuilt throughthe useof radial basisfunctionsandlow orderpolynomials. Similar methodsare

usedto time warp eachexamplemotioninto a canonicakime frame.

The interpolationmethodis generalandscaleswell with the dimensionalityof the problem(numberof
adwerbs). Theresultinganimationsshaw richer contentthanexisting technique®f modifying animation,or
procedurabr physics-base@pproaches.

Additionally, throughthecreationof verbgraphswe demonstratetheability to createcharactersapable
of awidevarietyof behaiors andexpressieness Currentlyour systermonly acceptvariationsn expressions
andchange®f behaior throughuserinput, but futurework will explore puttingmuchof thisinputunderthe
control of statemachinesxecutingunderour discreteeventsimulator Our goalis the eventualcreationof
comple autonomousgentsn virtual environments.

We expectto continueto enhancehe authoringsystemfor verb constructionto allow fastmodification
of theinterpolationspaceheverbdefines.TheVerb/Adwerbconstructiordescribechereshouldthusprovide
ameando leveragewhatis perhapghe mostvaluableaspecbof ary animationsystem thatbeingthetalent
andinspirationof the animatorconstructingthe example motions,and/orthe captureof real motion from
expensve motion capturesystemsln thisway, theartist’s skills canbeleveragedwithin areal-timesetting.

Moreinformationaboutthiswork, videosegmentsdn particular canbefoundattheHumanFigureAnima-
tion Projectswebsiteatht t p: / / www. r esear ch. m crosof t. coni resear ch/ graphi cs/ hf ap.
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