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Abstract

Real-timeanimationof virtual characters is a demandingtask.We proposedynamicmotionmodelswhich can
createthemotionof a virtual character in different stylesand havethe ability to change theanimationwhile it
is played.Themotionsare createdby blendingandchanginggivenbasemotionswhich containanimationdata
andadditional information.Theblendingandmanipulationoperationson theanimationdatabuild up a motion
treewhich canbealtereddynamicallyin real-time. Thisallowsto change theanimationof a motionmodelwhile
its animationis played.Motion treesof differentmotionmodelsare blendedtogetherto build a motiontreewhich
representsthecompleteanimationof thecharacter. This treeis constructedanddynamicallychangedaccording
to usercommands.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.7 [ComputerGraphics]:Animation

1. Introduction

Modern avatar technologiesandcomputergameshave the
needof high level interfacesto createmotiondatafor artic-
ulatedfigures.The idea is to useknowledgeaboutmotion
to createbuilding blocksof animationswhich executecer-
taintasksautonomously. Thesemotiongeneratorshaveto be
adaptableto fulfill differentrequirements,suchasproducing
a motion in differentstylesor to take into accountcertain
constraints.A commonapproachis to takealibrary of given
animationdataproducedby classicalkey frameanimationor
by motioncaptureandcombinethemto build morecomplex
animations.

Currentimplementationsdiffer from their level of abstrac-
tion of themotion descriptionandtheway they createmo-
tions from given animationdata.We use the notion mo-
tion modelwhich wasintroducedby Grassia4 (cf. Section
4). Motion modelsdenoteparameterizedmotiongenerators
which createmotionsfulfilling atomic tasks,e.g. walking,
pointinggestures,throwing of thingsetc.We transferGras-
sia’sapproachto thereal-timesituationwheretheanimation
hasto becreatedon thefly andtheoutputof active motion
modelscanbealteredduringtheir execution.

Theoutlineof thepaperis at follows. In thenext section,
webriefly describerelatedwork. Section3 showstheoverall
systemenvironment.In Section4 we explain theconceptof
motionmodelsandshow in Section5 how we combinedif-
ferentoperatorson animationdata.In Section6 the proce-
durefor changingdynamicallymotion treesis explainedby
anexample.Thecombinationof animationcomingfrom dif-
ferentmotionmodelsby a controlleris shown in Section7.
Weconcludewith abrief discussionof experimentalresults,
themethod’sadvantagesanddisadvantagesanddirectionsof
furtherwork.

2. Previous Work

Badleret.al.1 specifymotionsin theJackSystemby control
parameterswhich describebiomechanicalvariables.They
alsointroducemotiongoals, which arelow level taskstheir
animationsystemcansolve. A similar approachis studied
by Hodginset.al.6.

Tu andTerzopoulos15� 16 usebiomechanicalsimulationto
animatevirtual fish. They have several Motor Controllers
thatcarryoutspecificmotionsof thefish whichareparame-
terizedby thebiomechanicalparameters.
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Within theImprov-Systemof PerlinandGoldbergs11 hu-
man motionsare describedand parametrizedby so called
Actions. TheseActionscanbe combinedby blendingthem
or building transitionsbetweenthem.Their parametersde-
note possibleperturbationsof the original motion databy
coherentnoisesignals.PerlinandGoldberg alsostate,thatit
is not alwayspossibleto combineevery given motion with
any otherat thesametime.For exampleit makesnosenseto
combinea standposewith a walk motion.Taking this into
consideration,they divide Actionsinto differentgroups,like
Gestures, Stancesetc. Thesegroupsprovide the necessary
informationabouttheallowedcombinationswith othermo-
tions.

Sannieret.al.13 andKalra et.al.9 presenta real-timeani-
mationsystemVHD whichallowsusersto controlthewalk-
ing of a characterwith simplecommandslike walk faster.

Grassia4 introducesthe term motion model, which we
adopt.Motion modelsrepresentelementarytaskswhich can
notbedividedfurther. Thelevel of abstractionof themotion
modelsresemblestheapproachin Perlinet.al11. Theideais
that every humanmotion belongsto a certaincategory e.g
walk, run, wavewith hands, throw, which canstandfor it-
self.Eachmotionmodelhasits own parameterswhich con-
trols theprocessof motiongeneration.

Having theabstractdescriptionof themotionsanotherdif-
ficult taskis to generatethecorrespondingmotion.Themain
requirementis to take motiondataandcombinetheanima-
tionswithout losingthespecialcharacteristicor flavor of the
motion.

Motions of articulatedfiguresarecommonlygiven by a
setof curvesrepresentingthetranslationalandrotationalval-
uesof the joints over time. Thusthe ideato interpretthese
curves as signalsis nearby. Witkin and Popović 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
Fouriercoefficientsthey achieveachangein thecharacteris-
tic of theoriginal motionswhile preservingtheoverall look
of theanimations.BruderlinandWilliams 2 proposemotion
multiresolutionfiltering of animationdata.They alsointro-
ducemethodsfor changingthetemporalandspatiallook of
themotions.While theselast two approachesuseEuleran-
gles for the representationof rotationaldata,Lee 10 intro-
ducesmultiresolutionfiltering andanalysisof motion data
where the rotationalvaluesare given by quaternions.For
quaternions,simple methodsfor interpolationbetweenro-
tationsexist 14. Furthermore,they arenonsingularrepresen-
tationsof rotations,needinglessmemorythanrotationma-
trices.Dueto theseadvantage,we alsousethis approach.

3. System Architecture

The systemarchitecturefollows closelythe threelayer ap-
proachof Perlin et.al.11. The Choreography Editor creates
high level commandsfrom the user input, which are sent
to anAnimationEngine. TheAnimationEngineconvertsthe
commandsinto animationdatafor avirtual characterin real-
time. The animationdatawhich consistsof translationand
rotationdataof the joints of the virtual characteris sentto
theRenderEngine. TheRenderEngineholdsthegeometry
dataof the character, calculatesthe meshdeformationcor-
respondingto the current joint statesof the characterand
finally generatesthegraphicaloutput.
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Figure 1: TheSystemEnvironment.

Themaincomponentsof theanimationenginearetheMo-
tionController, theMotionBuffer andtheSubmitter. TheMo-
tionController holdsacharactermodelwhichconstitutesthe
topologyof thecharacters’sskeleton,asetof motionmodels
(which we explain in the next section)anda commandlist
with the currentcommandsgeneratedby the choreography
editor. The MotionController producesanimationdataat a
fixedframerate.i.e.at regularintervalsit createsdatawhich
definesa postureof the character’s skeleton.The Motion-
Buffer collectsthecharacter’s animationdataof thecurrent
frameandfor someframeslying in the future. Finally the
Submittertransmitsthe joint dataof the the currentframe
to the RenderEngine. The threecomponentsMotionCon-
troller, MotionBuffer andSubmitterreceive thecurrenttime
andaresynchronizedby a TimeController.

4. Motion Models

Motion modelsare abstractrepresentationsof humanmo-
tion which executeatomictasks.The ideais 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 model is determinedby a setof high level param-
eters.Examplefor high level parameterscouldbehappyor
tiredwhichdescribethemooda characterhasto express,or
Charley Chaplin asa motion style in the form of a stereo-
type.Someparametersaresharedby differentmotionmod-
els.E.g.everymotionmodelhasalist of thecharacter’sparts
of thebody which areessentialfor themotion anda list of
thosepartsof thebodywhich arenot essential.For a point-
ing gesturethearmsareimportantwhereasthe feetarenot
important.Otherparametersaremotionmodelspecific,e.g.
thedirectionof a pointinggesture.Every motionmodelhas
its own procedurefor creatingmotiondatadriving a virtual
character. Theseproceduresaresteeredby parameterswhich
arehiddenin themotion model.Motion modelsenablethe
productionof a varietyof complex humanmotionswithout
getting involved into technicaldetailsof their production.
On the otherhandfor every motion model the transforma-
tion of thehigh level parametersinto thespecificparameters
which controltheproductionof theanimationhasto beim-
plementedseparately.

5. Base Motions and Clips

A motionmodelcreatesa certainmotionby modifying and
blending given motion data.The motion data consistsof
smallsequences(clips) of animationswhich we createfrom
motion capturingor by key frameanimation.Beforeusing
the data,it is transformedinto a sequenceof framescorre-
spondingto thefixedframerateof theTimeController.

Theway themotiondatais modifiedandthemotionsare
blendedis controlledbyparameterswhicharedeterminedby
a motionmodel’s high level parameters.Themotionmodel
createsdatafor avirtual characterwhich is givenby aChar-
acter Model. The Character Model is definedby its joints
andits skeleton.It alsoholds informationwhich joints be-
long to a certainpart of the body. Theassignmentof joints
to a certainpartof thebody is crucial if theanimationdata
of the different motion modelsis supposedto be blended
later. Eachmotion model indicatesthe partsof the body it
needsfor theanimationandwhich partsof thebodyarenot
needed.Thusthereis a conflict if two motion modelsneed
the samepart of the body. An exampleis a walk anda sit
motionmodel.For bothmotionmodelsthefeetof thechar-
acterareneeded.At themomentsucha conflict is resolved
by not acceptingoneof theconcurrentmotionmodels.

Theobjectswhich hold thebasicanimationdataof a mo-
tion modelarecalledbasemotions, a termwhich wasintro-
ducedby Grassia4. A basemotionconsistsof theanimation
data(theClipPrimitive) andanAnnotationwhichfurtherde-
scribestheClipPrimitive. TheseAnnotationscontaintechni-
cal datasuchasspatio-temporalcharacteristicsof the mo-
tion, e.g.the time interval at which theleft foot touchesthe
groundin awalk motion.Theannotationalsocontainsinfor-
mationwhich describesthestyleof a motion in anabstract
way. In particularwe hold theinformationwhich emotional

statethemotionsexpress.For developinganemotionalclas-
sificationwe adoptresearchresultsfrom emotionpsychol-
ogy 3� 7 � 8. We usetheclassificationby Izard8 who proposed
ninebaseemotions:interest,joy, surprise,sorrow, anger, dis-
gust,contempt,fearandshame.This emotionclassification
hasbeenusedby PieskandTrogemann12 for a conversa-
tionalvirtual actorandbyGrünvogel,PieskandSchwichten-
berg 5 asonecategory in anextensibleclassificationscheme
for a motiondatabase.Everybasemotionis annotatedwith
oneof theseemotions.

A motion modelholdsall the basemotionsit needsfor
producingits animations.Themotionmodelgeneratesaspe-
cific motion by combining certain ClipPrimitives coming
from thesebasemotion. Considerfor examplethe motion
modelWalk which hasto producethe animationdatafor a
walking character. In this casethe motion model cancon-
tain at last threebasemotions.Thefirst basemotion Walk-
Startcontainsthepartof theanimationwherethecharacter
startsto walk from astandingposeture,thesecondbasemo-
tion WalkCyclecontainsa cyclic walk motionandthe third
basemotionWalkStopcontainsthelastpartof theanimation,
which endswith a standingposture.If the motion model
Walk now hasto producea walking characterwhich looks
happy, we producethe animationby taking threebasemo-
tions WalkStart, WalkCycleandWalkStophaving the anno-
tation joy. If we wantanangrywalk we exchangethethree
basemotionsby threeothershaving the anger annotation.
Thusit is very easyto switch betweendifferentstylesof a
motionjust by exchangingthebasemotions.
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Figure 2: Classhierarchy of theclips.

TheClipPrimitive is a classwhich is derivedfrom anab-
stractclassAbstClipwhich definesthecommoninterfaceto
all animationclips. Every classwhich is derived from Ab-
stClip hasa methodwhich returnsthe animationdata for
a given time. Furtherinformation is available,which indi-
catesfor whichjoint actuallydataexists,becausesometimes
only animationdataof certainpartsof thebodyis available.
Derivedfrom theAbstClipclasswe have theClipAggregate
classwhich servesasa wrapper. Thenwe derive operators
on animationclips which canbeappliedon objectsderived
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form AbstClip. Becausethey are themselves derived form
AbstClip, they canalsobecombinedarbitrarily. Theclasses
underClipAggregateareusedto blendclipsor to manipulate
a clip. At presentwe have implementedtheunaryoperators
TimeShift, Loop and Filter and the binary operatorBlend.
The TimeShiftjust setsthe startingtime of a clip to a cer-
tain frame,theLooprepeatstheunderlyinganimationeither
a finitely or an infinitely many time. The Filter is a more
complex operator. It appliesa linearfilter to the translation
valuesof theclip anda spatialorientationfilter on therota-
tion dataof theclip. Hereweusetheresultsof Lee10 to con-
structa filter which works on unit quaternionsignals.This
Filter operatorisusedtosmoothagivenanimation,but it can
alsobeusedto experimentwith arbitraryfilter coefficientsto
getuniqueeffectson theanimationdata.To blendtwo base
motionswe have implementeda binary Blend operator. It
canalsobedecidedwhich joint’sanimationareblendedand
whicharenot.

6. Dynamic Motion Models

Grassia4 built an animationsystemfor off-line animation
of virtual characters.We are interestedin real-timeanima-
tion with thepossibilityof userinteractionchangingtheout-
comeof a motionmodelduring its execution.Thuswe had
to adjustthe conceptof motion model to this strongerre-
quirement,allowing to changedynamicallythe outcomeof
a motionmodelwhile theanimationof themotionmodelis
played.

Every motion modelhasits own strategy to produceits
correspondinganimation.Weshow theconstructionof amo-
tion in the motion model Walk. First we start the motion
modelby specifyingthe numberof stepsthe characterhas
to walk at thebeginning.

Giventhestartingtime t0 andthenumberof stepsN, the
motionmodelcreatesthemotiontreeasshown in Figure3.
By motiontreewe denotetheoperatortreewhich we get if
we blendandmodify several clips. The leafsof themotion
treearetheclip primitivesWalkStart, WalkCycleandWalk-
Stopindicatedby squareswhich hold the actualanimation
data.In WalkStartthecharacterstartsto walk from a stand-
ing posture,moving only one leg. WalkCycle is a periodic
walk cycle andWalkStopis thetransitionfrom thewalk cy-
cleto astandingposture.At thenext layerthereareTimeShift
clips, which shift the startingtime of the animationssuch
that the WalkStartanimationstartsat time t0 andthe other
two clips follow in therespective order. Above theWalkCy-
cle themotionmodelappliesa Loopoperator, with N repre-
sentingthe numberof repeatsof the underlyingWalkCycle
clip. Next, the resultingclips of the time shiftedWalkStart
andtheloopedandtimeshiftedWalkCycleareblended.Then
this resultingclip is blendedwith thetime-shiftedWalkStop
clip.

In an interactive environmentonewantsthat the charac-
ter startsto walk without specifyingthenumberof stepsin
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Figure 3: Motiontreeof motionmodelWalk with specifying
thenumberof stepsN.
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Figure 4: Motion Tree of the motion modelwalk without
specifyingthenumberof steps.

advance.Thusthecharacterhasto repeattheWalkCycleclip
until anew commandis invokedby theuserto stopwalking.
As themotionmodelWalk receivesthecommandto produce
ananimationstartingat time t0 it createsthemotion treeas
shown in Figure4. This is a blendof the time-shiftedstart
motionwith aninfinite loopof theWalkCycleclip. If theuser
wantsto stopthecurrentwalk animation,the resultingmo-
tion treeof the motion modeldependson the currenttime.
If the currentpostureof the characterwasblendeddirectly
to a standingposture,this would result in a very unnatural
looking motion.Thuswe provide a methodsothat themo-
tion modelcanfinish its taskcorrectly. If astopcommandis
receivedby themotionmodelwhile executionof theanima-
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tion is still in the WalkStartclip, the motion model throws
away theblendof theWalkStartandWalkCycleandreturns
a new treewith a blendfrom theWalkStart to theWalkStop
clip (cf. Figure5). Notethat this is a cheapoperation,if the
stopcommandwasnot triggeredin theblendphasebetween
WalkStartandWalkCycle.
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Figure 5: Motion Treeof themotionmodelwalk if stopped
during thestartingphase.
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Figure 6: Motion Treeof themotionmodelwalk if stopped
during thewalk cycle.

Otherwise,if we are in the WalkCyclephaseof the mo-
tion, thefirst part of themotionWalkStarthasno contribu-
tion to themotionanymore.Thusit canbeskippedandwe
replacethe infinite Loopclip andblendtheWalkCyclewith
the WalkStopclip, resultingin the motion clip in Figure6.
In Figure7 onecanseetheresultinganimation.Thecharac-
ter startsto walk from a standingpostureandgetsthe stop
commandafter it haswalked somesteps.Then it finishes
the walk movementby excecutingthe last stepto endin a
standingposture.

7. The MotionController

The MotionController receives commandswhich fall into
two categories.Thefirst category steerstheoverall behavior
of theMotionController, e.g.resetstheMotionController to
a default state,positionsthe characterat a default placeor

Figure 7: Resultof the motion modelwalk whenstopped
during its execution.

cleansthecommandlist. Thesecondcategory of commands
concernsmotion modelswhich we call MotionCommands.
MotionCommandsconcerninga motion model include the
startandstopof a motionmodel.With MotionCommandsa
changeof themotionmodels’s parametersis possiblewhile
the motion model task is executed.The MotionController
containsa commandlist holdingtheMotionCommandsthat
actuallyinfluencethecurrentanimation.As theMotionCon-
troller receivesa new motion commanda time stampwith
thecurrenttime is addedto thecommandandit is put into
the commandlist. Beforea new motion commandgetsin-
sertedto the commandlist, the commandlist is updatedto
deletecommandswhich areout of date,i.e. which do not
have any influenceon thecurrentanimationanymore.If for
examplethereis a startcommandof a motionmodelin the
commandlist, whoseanimationwas successfullyfinished,
thecommandcanbedeletedfrom thecommandlist.
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Figure 8: Motion tree which is build from the command
List. Triangles indicate subtreeswhich are createdby mo-
tion models.
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The completeanimationof a characteris built from the
commandlist. For each commandthe motion controller
receives the motion tree from the correspondingmotion
model. Thesemotion treesare blendedto build the com-
plete animationcorrespondingto the currentcommandin
the commandlist (cf. Figure 8) using the blend operator
introducedin Section5. Sincewe only have binary blend
operations,the resultingmotion tree is degeneratedin the
sense,thatevery right child of a knot is a motin treeresult-
ing from amotionmodel.If themotioncontrollerreceivesa
new commandandthecommandlist getsactuallychanged,
thecurrentmotiontreeis discarded.Thenthemotiontreeis
build up completelyanew from themodifiedcommandlist.
At thefirst glancethis seemsto be an expensive operation.
But in factonly themotionmodelswhich aremodifiedhave
to build a new motion tree.The othermotion modelshave
cachedtheircurrentmotiontreeandthusonly theblendsbe-
tweenthesubtreeshave to berecalculated.

As anexampleconsiderFigure7 andFigure9. Theseare
the animationswhich are producedby the motion models
walk andwaveexecutedseparately. If we now startfirst the
motionmodelwalkandafterawhile themotionmodelwave,
thena motion treesimilar to theonein Figure8 is created.
Theresultinganimationcanbeconsideredin Figure10.

Figure 9: Someframesof themotionmodelwave.

Figure 10: Blendof themotionmodelwalk andwave.

At present,we just blend the motion treesof the differ-
entmotion modelswithout respectingthecharacteristicsof
differentmotionmodels.This worksfine for simplemotion
models,but for morecomplex motionmodelsonehasto find
specialblendingparametersfor naturallooking transitions
from onemovementto another. Herefurtherresearchhasto
bedone,andit is thoughtof a mechanismfor finding auto-
matically the right blendingprocedurefor differentmotion
models.

8. Experimental Results

We have implementedan experimentalversionof the ani-
mationenginewith C++ underLinux andunderWindows
NT 4.0runningon aPCwith an1100Mhz AMD processor.
Thegraphicaloutputof theRenderEngineis conductedwith
OpenGL.For testpurposeswe have useda rathercomplex
characterwith 67 joints anda detailedgeometrywith about
9000Polygonsand3.6Mb texture.At present,we have im-
plementedthemotion modelsstand, walk, squat, waveand
sidestepanduse14basemotions. Thebasemotionsaregen-
eratedbykeyframeanimationandcontainanimationdatafor
thecharacterwhich aredesignedfor ananimationratewith
30 framespersecond.Thedataof thebasemotionsis given
in biovision file format, which is readin by the animation
engineandconvertedto theappropriatebasemotionobjects.
We usethecomputer’s keyboardto sendMotionCommands
to theanimationengine.

As a result,the performanceof the systemis promising.
Wehavenot founddelayswhichcouldcomefrom thebuild-
ing or the reorganisationof the motion trees,if new com-
mandsaresentto themotioncontroller. It seems,thatat the
momentratherthe graphicaloutput limits the performance
of thesystemwhich is causedby thecomplex geometry.

9. Conclusions and further research

Motion modelsprovide a practicalabstractionfor the cre-
ationof animatedvirtual characters.Their interfacehidesthe
complex constructionof theanimationandthusfacilitesthe
productionof thesameanimationin differentstylesandfor
differentpurposes.The motion modelscancreatemotions
in differentstylesby changingtheir basemotions.Theclips
classesas presentedin Section5 serve as simple building
blocksfor theconstructionof themotionmodels.TheClip-
Primitive which actuallyhold theanimaitondataonly have
tobeexchangedto createdifferentstylesof themotion.They
clips alsoareusedfor the combinationof the animationof
differentmotionmodels.We have shown, thatdynamicmo-
tion modelscanbeappliedfor real-timeanimation.A simple
approachfor thecreationandmodificationof motiontreesis
proposed,producingcomplex motionsfor virtual characters.

Thedrawbackof motionmodelsis, that it canbea rather
demandingtaskto implementnew onesif themodeledmo-
tion hasmany 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 theclip operators.Furthermore
a genericmotionmodelframework would facilitatethepro-
ductionof new motionmodels.
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