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Abstract

Real-timeanimationof virtual characters is a demandingask. We proposedynamicmotion modelswhich can
createthe motionof a virtual characterin different stylesand havethe ability to change the animationwhile it
is played.Themotionsare createdby blendingand changinggivenbasemotionswhich containanimationdata
and additionalinformation. The blendingand manipulationopeiations on the animationdata build up a motion
treewhich canbealtered dynamicallyin real-time Thisallowsto chang the animationof a motionmodelwhile
its animationis played.Motion treesof differentmotionmodelsare blendedtogetherto build a motiontreewhich
representghe completeanimationof the character Thistreeis constructedand dynamicallychangd accoding

to usercommands.

CatgyoriesandSubjectDescriptorgaccordingo ACM CCS} 1.3.7 [ComputerGraphics]:Animation

1. Introduction

Modern avatar technologiesand computergameshave the
needof high level interfacesto createmotiondatafor artic-
ulatedfigures.The ideais to useknowledge aboutmotion
to createbuilding blocks of animationswhich executecer
taintasksautonomouslyThesemotiongeneratorfiave to be
adaptableo fulfill differentrequirementssuchasproducing
a motion in differentstylesor to take into accountcertain
constraintsA commonapproachs to take alibrary of given
animationdataproducedy classicakey frameanimationor
by motioncaptureandcombinethemto build morecomple
animations.

Currentimplementationsliffer from theirlevel of abstrac-
tion of the motion descriptionandthe way they createmo-
tions from given animationdata. We use the notion mo-
tion modelwhich wasintroducedby Grassia* (cf. Section
4). Motion modelsdenoteparameterizednotion generators
which createmotionsfulfilling atomic tasks,e.g. walking,
pointing gesturesthrowing of thingsetc. We transferGras-
sia’'s approacho thereal-timesituationwheretheanimation
hasto be createdon the fly andthe outputof active motion
modelscanbealteredduringtheir execution.
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Theoutline of the paperis atfollows. In the next section,
we briefly describerelatedwork. Section3 shavs theoverall
systemervironment.In Section4 we explain the conceptof
motion modelsandshaw in Section5 how we combinedif-
ferentoperatorson animationdata.ln Section6 the proce-
durefor changingdynamicallymotiontreesis explainedby
anexample.Thecombinatiorof animationcomingfrom dif-
ferentmotion modelsby a controlleris shavn in Section?.
We concludewith abrief discussiorof experimentaresults,
themethods adwvantagesinddisadwantagesnddirectionsof
furtherwork.

2. Previous Work

Badleret.al.1 specifymotionsin the JackSystemby control
parametersvhich describebiomechanicalvariables.They
alsointroducemotiongoals which arelow level taskstheir
animationsystemcansolve. A similar approachs studied
by Hodginset.al.b.

Tu andTerzopoulos5 16 usebiomechanicasimulationto
animatevirtual fish. They have several Motor Controllers
thatcarry out specificmotionsof thefish which areparame-
terizedby the biomechanicaparameters.
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Within the Improv-Systemof PerlinandGoldbegs?!! hu-
man motions are describedand parametrizeddy so called
Actions TheseActionscanbe combinedby blendingthem
or building transitionsbetweenthem. Their parametersle-
note possibleperturbationsof the original motion databy
coherennoisesignals PerlinandGoldbeg alsostate thatit
is not always possibleto combineevery given motion with
ary otheratthesametime. For exampleit makesno sensdo
combinea standposewith a walk motion. Taking this into
considerationthey divide Actionsinto differentgroups like
Gestues Stancesetc. Thesegroupsprovide the necessary
informationaboutthe allowed combinationswith othermo-
tions.

Sannieret.al.’® andKalraet.al.® present real-timeani-
mationsystemVHD which allows usergo controlthewalk-
ing of a charactewith simplecommanddik e walk faster.

Grassid introducesthe term motion mode] which we
adopt.Motion modelsrepresenelementantaskswhich can
notbedividedfurther Thelevel of abstractiorof themotion
modelsresembleshe approachin Perlinet.al!. Theideais
that every humanmotion belongsto a certaincateyory e.g
walk, run, wavewith hands throw, which can standfor it-
self. Eachmotionmodelhasits own parametersvhich con-
trols the procesof motiongeneration.

Having theabstractlescriptiorof themotionsanothedif-
ficult taskis to generatehecorrespondingnotion. Themain
requirements to take motion dataand combinethe anima-
tionswithoutlosingthe specialcharacteristior flavor of the
motion.

Motions of articulatedfiguresare commonlygiven by a
setof curvesrepresentinghetranslationabndrotationalval-
uesof the joints over time. Thusthe ideato interpretthese
cures as signalsis nearby Witkin and Popwi€ 18 intro-
ducedthe term Motion Warping, denotingthe transforma-
tion of motionsof articulatedfiguresin spaceandin time.
Unumaand Takeuchi 17 apply Fourier transformationson
motion captureddataof humanwalking. By changingthe
Fouriercoeficientsthey achiese achangen the characteris-
tic of the original motionswhile preservinghe overall look
of theanimationsBruderlinandWilliams 2 proposemotion
multiresolutionfiltering of animationdata.They alsointro-
ducemethodsfor changingthetemporalandspatiallook of
the motions.While theselasttwo approachesiseEuler an-
glesfor the representatiorf rotationaldata,Lee 1° intro-
ducesmultiresolutionfiltering and analysisof motion data
where the rotational valuesare given by quaternionsFor
guaternionssimple methodsfor interpolationbetweenro-
tationsexist 14. Furthermorethey arenonsingularepresen-
tationsof rotations,needinglessmemorythanrotationma-
trices.Dueto theseadwantagewe alsousethis approach.

3. System Architecture

The systemarchitecturefollows closelythe threelayer ap-
proachof Perlin et.alll. The Choreagraphy Editor creates
high level commandgsrom the userinput, which are sent
to anAnimationEngine The AnimationEnginecorvertsthe
commandsénto animationdatafor avirtual charactein real-
time. The animationdatawhich consistsof translationand
rotationdataof the joints of the virtual characteiis sentto
the RenderEngine The RenderEngineholdsthe geometry
dataof the charactercalculateshe meshdeformationcor-
respondingto the currentjoint statesof the characterand
finally generate¢he graphicaloutput.

Choreography-
Editor

MotionController

Time Controller
aujbu3 uopew|uy

| MotionBuffer
Submitter

Render Engine

Figure 1: TheSystenEnvironment.

Themaincomponentsf theanimationenginearetheMo-
tionContoller, theMotionBufer andthe Submitter TheMo-
tionContoller holdsa charactemodelwhich constituteshe
topologyof thecharacters skeleton,asetof motionmodels
(which we explain in the next section)anda commandist
with the currentcommandgyeneratedy the choreography
editor The MotionContoller producesanimationdataat a
fixedframerate.i.e. atregularintenalsit createsiatawhich
definesa postureof the charactes skeleton. The Motion-
Buffer collectsthe charactes animationdataof the current
frame and for someframeslying in the future. Finally the
Submittertransmitsthe joint dataof the the currentframe
to the RenderEngine The three componentdviotionCon-
troller, MotionBufer and Submitterreceve the currenttime
andaresynchronizedy a TimeContoller.

4. Motion Models

Motion modelsare abstractrepresentationsf humanmo-
tion which executeatomictasks.Theideais thatevery mo-
tion belongsto a certainmotionmodel,e.g.walk, run, wave
with hands throw. Motion modelsare able to producea
given motion in different styles. The specific output of a
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motion modelis determinedby a setof high level param-
eters.Examplefor high level parametergould be happyor
tiredwhich describehe mooda charactehasto expressor
Charley Chaplin asa motion style in the form of a stereo-
type. Someparametergreshareddy differentmotion mod-
els.E.g.everymotionmodelhasalist of thecharactes parts
of the body which are essentiafor the motion anda list of
thosepartsof the bodywhich arenot essentialFor a point-
ing gesturethe armsareimportantwhereashe feetarenot
important.Otherparameteraremotion modelspecific,e.g.
the directionof a pointing gesture Every motionmodelhas
its own procedureor creatingmotion datadriving a virtual
characterTheseproceduresiresteerecy parametersvhich
arehiddenin the motion model. Motion modelsenablethe
productionof a variety of complex humanmotionswithout
getting involved into technicaldetails of their production.
On the otherhandfor every motion modelthe transforma-
tion of the high level parametermto the specificparameters
which controlthe productionof the animationhasto beim-
plementedseparately

5. Base Motionsand Clips

A motionmodelcreatesa certainmotion by modifying and
blending given motion data. The motion data consistsof
smallsequenceglips) of animationswvhich we createfrom
motion capturingor by key frame animation.Before using
the data,it is transformednto a sequencef framescorre-
spondingto thefixed framerateof the TimeContoller.

Theway the motion datais modifiedandthe motionsare
blendeds controlledby parametersvhicharedeterminedy
amotion models high level parametersThe motion model
createslatafor avirtual charactewhichis givenby aChar-
acter Model The Character Model is definedby its joints
andits skeleton.It alsoholdsinformationwhich joints be-
long to a certainpart of the body The assignmenbf joints
to a certainpart of the body is crucialif the animationdata
of the different motion modelsis supposedo be blended
later Eachmotion modelindicatesthe partsof the body it
needdor the animationandwhich partsof the body arenot
neededThusthereis a conflict if two motion modelsneed
the samepart of the body An exampleis a walk and a sit
motion model.For both motion modelsthe feetof the char
acterareneededAt the momentsucha conflictis resohed
by not acceptingoneof theconcurrenmotion models.

The objectswhich hold the basicanimationdataof a mo-
tion modelarecalledbasemotions a termwhich wasintro-
ducedby Grassia'. A basemotionconsistof theanimation
data(the ClipPrimitive) andanAnnotationwhich furtherde-
scribeghe ClipPrimitive. TheseAnnotationsontaintechni-
cal datasuchas spatio-temporatharacteristicef the mo-
tion, e.g.thetime interval at which theleft foot toucheghe
groundin awalk motion. Theannotatioralsocontainsinfor-
mationwhich describeghe style of a motionin an abstract
way. In particularwe hold the informationwhich emotional
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statethemotionsexpressFor developinganemotionalclas-
sificationwe adoptresearclresultsfrom emotionpsychol-
ogy 378, We usetheclassificationby Izard® who proposed
ninebaseemotionsinterestjoy, surprisesorrav, angerdis-
gust,contemptfearandshame.This emotionclassification
hasbeenusedby Pieskand Trogemann'? for a corversa-
tionalvirtual actorandby Griinvogel,PieskandSchwichten-
beg 5 asonecatagory in anextensibleclassificatiorscheme
for amotiondatabase Every basemotionis annotatedvith
oneof theseemotions.

A motion model holds all the basemotionsit needsfor
producingts animationsThemotionmodelgenerateaspe-
cific motion by combining certain ClipPrimitives coming
from thesebasemotion. Considerfor examplethe motion
modelWalk which hasto producethe animationdatafor a
walking characterIn this casethe motion model cancon-
tain at lastthreebasemotions.The first basemotion Walk-
Startcontainsthe partof the animationwherethe character
startsto walk from a standingposeturethe secondasemo-
tion WalkCyclecontainsa cyclic walk motion andthe third
basemotionWalkStopcontainghelastpartof theanimation,
which endswith a standingposture.If the motion model
Walk now hasto producea walking charactemwhich looks
happy, we producethe animationby taking threebasemo-
tions WalkStart WalkCycleand WalkStophaving the anno-
tationjoy. If we wantanangrywalk we exchangethethree
basemotionsby threeothershaving the anger annotation.
Thusit is very easyto switch betweendifferentstylesof a
motionjust by exchangingthe basemotions.

Abst Clip

Clip Primitive

Clip Aggregate

| Blend | | Loop | | Filter | | TimesShift

Figure 2: Classhierarchy of theclips.

The ClipPrimitive is a classwhichis derived from anab-
stractclassAbstClipwhich definesthe commoninterfaceto
all animationclips. Every classwhich is derived from Ab-
stClip hasa methodwhich returnsthe animationdatafor
a given time. Furtherinformationis available, which indi-
catedor whichjoint actuallydataexists,becaussometimes
only animationdataof certainpartsof thebodyis available.
Derivedfrom the AbstClipclasswe have the ClipAggregate
classwhich senesasa wrapper Thenwe derive operators
on animationclips which canbe appliedon objectsderived
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form AbstClip Becausethey are themseles derived form
AbstClip they canalsobe combinedarbitrarily. Theclasses
underClipAggregateareusedto blendclips or to manipulate
aclip. At presentve have implementedhe unaryoperators
TimeShift Loop and Filter and the binary operatorBlend
The TimeShiftjust setsthe startingtime of a clip to a cer
tain frame,the Looprepeatgheunderlyinganimationeither
a finitely or an infinitely mary time. The Filter is a more
complex operator It appliesa linearfilter to the translation
valuesof the clip anda spatialorientationfilter on therota-
tion dataof theclip. Herewe usetheresultsof Lee° to con-
structa filter which works on unit quaternionsignals.This
Filter operatoiis usedto smoothagivenanimationputit can
alsobeusedto experimentwith arbitraryfilter coeficientsto
getuniqueeffectson theanimationdata.To blendtwo base
motionswe have implementeda binary Blend operator It
canalsobedecidedwhich joint’s animationareblendedand
which arenot.

6. Dynamic Motion Models

Grassia* built an animationsystemfor off-line animation
of virtual charactersWe are interestedn real-timeanima-
tion with thepossibility of userinteractionchangingheout-
comeof a motion modelduring its execution. Thuswe had
to adjustthe conceptof motion modelto this strongerre-
quirement,allowing to changedynamicallythe outcomeof
a motion modelwhile the animationof the motionmodelis
played.

Every motion model hasits own stratgy to produceits
correspondingnimation We shav theconstructiorof amo-
tion in the motion model Walk. First we start the motion
model by specifyingthe numberof stepsthe charactehas
to walk atthe beginning.

Giventhe startingtime tg andthe numberof stepsN, the
motion modelcreateghe motiontreeasshown in Figure3.
By motiontreewe denotethe operatortreewhich we getif
we blendandmodify several clips. The leafsof the motion
treearethe clip primitives\WalkStart WalkCycleand Walk-
Stopindicatedby squaresvhich hold the actualanimation
data.In WalkStartthe charactestartsto walk from a stand-
ing posture,maving only oneleg. WalkCycleis a periodic
walk cycle andWalkStopis the transitionfrom the walk cy-
cleto astandingoosture At thenext layerthereare TimeShift
clips, which shift the startingtime of the animationssuch
that the WalkStart animationstartsat time ty andthe other
two clips follow in therespectie order Above the WalkCy-
clethemotionmodelappliesa Loop operatorwith N repre-
sentingthe numberof repeatwf the underlyingWalkCycle
clip. Next, the resultingclips of the time shifted WalkStart
andtheloopedandtime shiftedWalkCycleareblendedThen
this resultingclip is blendedwith the time-shiftedWalkStop
clip.

In aninteractve ervironmentone wantsthat the charac-
ter startsto walk without specifyingthe numberof stepsin

Walk
Cycle
Walk Start [ Walk Cycle | [ walk Cycle | Walk Stop |
t, L g y Time
N-times

Figure 3: Motiontreeof motionmodelWalk with specifying
the numberof stepsN.

Walk
Cycle

Walk Start [Walk Cycle [Walk Cycle |

t Time'

Figure 4: Motion Tree of the motion modelwalk without
specifyinghe numberof steps.

adwance.Thusthecharactehasto repeatheWalkCycleclip
until anew commands invokedby the userto stopwalking.
AsthemotionmodelWalk recevesthecommando produce
ananimationstartingattime tg it createghe motiontreeas
shawvn in Figure4. This is a blendof the time-shiftedstart
motionwith aninfinite loop of theWalkCycleclip. If theuser
wantsto stopthe currentwalk animation the resultingmo-
tion tree of the motion modeldependson the currenttime.
If the currentpostureof the charactemvasblendeddirectly
to a standingposture this would resultin a very unnatural
looking motion. Thuswe provide a methodso thatthe mo-
tion modelcanfinishits taskcorrectly If astopcommands
recevedby themotionmodelwhile executionof theanima-
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tion is still in the WalkStartclip, the motion modelthrows

away the blendof the WalkStartandWalkCycleandreturns
anew treewith ablendfrom the WalkStartto the WalkStop
clip (cf. Figure5). Notethatthis is a cheapoperation|f the

stopcommandwvasnottriggeredin the blendphaseéetween
WalkStartandWalkCycle

BN

Walk Walk
Start Stop

Walk Start | Walk Stop |
hd >

t, Istop Time

Figure 5: Motion Tree of the motionmodelwalk if stopped
during thestartingphase

@) G

Walk Walk
Cycle Stop

Walk Start [ Walk Cycle | [ Walk Cycle | Walk Stop
h 4

) [sTop Time

Figure 6: Motion Tree of the motionmodelwalk if stopped
duringthewalk cycle

Otherwise,if we arein the WalkCycle phaseof the mo-
tion, thefirst part of the motion WalkStarthasno contritu-
tion to the motion arymore.Thusit canbe skippedandwe
replacethe infinite Loop clip andblendthe WalkCyclewith
the WalkStopclip, resultingin the motion clip in Figure 6.
In Figure7 onecanseetheresultinganimation.Thecharac-
ter startsto walk from a standingpostureandgetsthe stop
commandafter it haswalked somesteps.Thenit finishes
the walk movementby excecutingthe last stepto endin a
standingposture.

7. The MotionController

The MotionContoller receves commandswhich fall into
two catagyories.Thefirst catgory steerghe overall behaior
of theMotionContoller, e.g.resetshe MotionContoller to
a default state,positionsthe characterat a default placeor
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Figure 7: Resultof the motion modelwalk when stopped
duringits execution.

cleanghecommandist. The secondcategory of commands
concerngmotion modelswhich we call MotionCommands
MotionCommandgoncerninga motion modelinclude the
startandstopof a motion model.With MotionCommands
changeof the motionmodelss parameterss possiblewhile
the motion model task is executed.The MotionContpller
containsa commandist holdingthe MotionCommandghat
actuallyinfluencethe currentanimation As the MotionCon-
troller recevesa new motion commanda time stampwith
the currenttime is addedto the commandandit is putinto
the commandist. Before a newv motion commandgetsin-
sertedto the commandist, the commandist is updatecto
deletecommandswhich are out of date,i.e. which do not
have ary influenceon the currentanimationarymore.If for
examplethereis a startcommandof a motion modelin the
commandist, whoseanimationwas successfullyfinished,
thecommanccanbedeletedirom thecommandist.

Motion Model N

Motion Model 3

Motion Model 1  Motion Model 2

Figure 8: Motion tree which is build from the command
List. Trianglesindicate subteeswhich are createdby mo-
tion models.
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The completeanimationof a characteiis built from the
commandlist. For each commandthe motion controller
receves the motion tree from the correspondingmotion
model. Thesemotion treesare blendedto build the com-
plete animationcorrespondingo the currentcommandin
the commandlist (cf. Figure 8) using the blend operator
introducedin Section5. Sincewe only have binary blend
operationsthe resulting motion tree is degeneratedn the
sensethatevery right child of a knotis a motin treeresult-
ing from amotionmodel.If the motioncontrollerrecevesa
new commandandthe commandist getsactuallychanged,
the currentmotiontreeis discardedThenthe motiontreeis
build up completelyanav from the modifiedcommandist.
At thefirst glancethis seemgo be an expensve operation.
But in factonly themotionmodelswhich aremodifiedhave
to build a nev motion tree. The other motion modelshave
cachedheir currentmotiontreeandthusonly theblendsbe-
tweenthe subtreediave to berecalculated.

As anexampleconsiderFigure7 andFigure9. Theseare
the animationswhich are producedby the motion models
walk andwaveexecutedseparatelylf we now startfirst the
motionmodelwalk andafterawhile themotionmodelwave
thena motiontreesimilar to the onein Figure8 is created.
Theresultinganimationcanbe consideredn Figure10.

Figure 9: Someramesof the motionmodelwave.

Figure 10: Blendof themotionmodelwalk and wave.

At presentwe just blendthe motion treesof the differ-
entmotion modelswithout respectinghe characteristicef
differentmotionmodels.This works fine for simplemotion
models put for morecomplex motionmodelsonehasto find
specialblending parameterdor naturallooking transitions
from onemovementto anotherHerefurtherresearchasto
be done,andit is thoughtof a mechanisnfor finding auto-
matically the right blendingprocedurefor differentmotion
models.

8. Experimental Results

We have implementedan experimentalversionof the ani-
mation enginewith C++ underLinux and underWindows
NT 4.0runningonaPCwith an1100Mhz AMD processor
Thegraphicaloutputof theRenderEngineis conductedvith
OpenGL.For testpurposesve have useda rathercomple
charactewith 67 joints anda detailedgeometrywith about
9000Polygonsand3.6Mb texture. At presentwe have im-
plementedhe motion modelsstand walk, squat waveand
sideste@andusel4basemotions Thebasemotionsaregen-
eratedy keyframeanimationandcontainanimationdatafor
the charactemwhich aredesignedor ananimationratewith
30 framespersecondThedataof thebasemotionsis given
in biovision file format, which is readin by the animation
engineandconvertedto theappropriatdbasemotionobjects.
We usethe computers keyboardto sendMotionCommands
to theanimationengine.

As aresult,the performanceof the systemis promising.
We have notfounddelayswhich could comefrom thebuild-
ing or the reoiganisationof the motion trees,if new com-
mandsaresentto the motioncontroller It seemsthatatthe
momentratherthe graphicaloutputlimits the performance
of thesystemwhichis causedy the complex geometry

9. Conclusions and further research

Motion modelsprovide a practicalabstractionfor the cre-
ationof animatedvirtual charactersTheirinterfacehidesthe
complex constructiornf the animationandthusfacilitesthe
productionof the sameanimationin differentstylesandfor
different purposesThe motion modelscan createmotions
in differentstylesby changingtheir basemotions.Theclips
classesas presentedn Section5 sene as simple building
blocksfor the constructiorof the motion models.The Clip-
Primitive which actually hold the animaitondataonly have
to beexchangedo createdifferentstylesof themotion.They
clips alsoare usedfor the combinationof the animationof
differentmotionmodels We have shawvn, thatdynamicmo-
tion modelscanbeappliedfor real-timeanimation A simple
approacHor the creationandmodificationof motiontreesis
proposedproducingcomplex motionsfor virtual characters.

Thedravbackof motionmodelsis, thatit canbe arather
demandingaskto implementnew onesif the modeledmo-
tion hasmary constraints.
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Furtherresearchhasto be doneon how to createnatu-
rally looking transitionsbetweendifferent motion models
automatically We also have to adopta mechanismallow-
ing the real-timefulfillment of constraintsto the character
andimplementandimprove the clip operatorsFurthermore
agenericmotionmodelframeavork would facilitatethe pro-
ductionof new motionmodels.
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