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Figure1: While watchinga real-timedisplayof heractions,ananimatorperformsahoppingmotion,sketchingthetrajectoryof akangaroo.

Abstract

We introducean acting-basedanimationsystemfor creatingand
editing characteranimationat interactive speeds.Our systemre-
quiresminimal training,typically underanhour, andis well suited
for rapidlyprototypingandcreatingexpressivemotion.A real-time
motion-captureframework recordstheuser's motionsfor simulta-
neousanalysisandplaybackonalargescreen.Theanimator's real-
world, expressive motionsaremappedinto the character's virtual
world. Visual feedbackmaintainsa tight couplingbetweenthean-
imatorandcharacter. Complex motion is createdby layeringmul-
tiple passesof acting. We also introducea novel motion-editing
technique,which derivesimplicit relationshipsbetweentheanima-
tor andcharacter. Theanimatormimicssomeaspectof thecharac-
ter motion,andthesysteminfers theassociationbetweenfeatures
of the animator's motion and thoseof the character. The anima-
tor modi�es the mimic by actingagain, andthe systemmapsthe
changesonto the character. We demonstrateour systemwith sev-
eral examplesand presentthe resultsfrom informal userstudies
with expertandnoviceanimators.

Keywords: CharacterAnimation, Motion Editing, Statistical
Analysis,3D UserInterfaces,Motion Transformation

1 Intro duction

Animationshouldcomefrom theheart,not from thehead.Current
modelingand animationpackagesfavor control over easeof use
anddemanda level of expertisefrom the userthat is out of reach
for all but a few highly skilled animators.Direct motion capture

allows expert actorsto animatehumancharacters,but is fraught
with adifferentsetof dif�culties, particularlywhenanimatingnon-
humancharactersandwhenattemptingto edit existingmotion.We
presentaninterfacethatsupportsthemany bene�tsof performance
animationyet allows for the mappingbetweeenthe animatorand
characterto be establishedin waysthat areboth �e xible andeasy
to understand.

We hadseveral goalsin mind whendesigningour system.We
wantedoursystemto haveaneasy-to-useandef�cient interfaceap-
propriatefor anovicewith little training.Wewantedtogivetheuser
controlandtheability to createmotionsthathaveasenseof person-
ality, often lacking in 3-d animation. Our resultsanduserstudies
indicatethatwehavemadeprogresstowardsachieving thesegoals.

We introducea systemthatallows usersto createandedit char-
acteranimationby acting.A motioncapturesystemandasetof re-
�ecti veprops,or widgets,providetheconnectionbetweentheactor
andthecharacter, asshown in Figure1). Themotioncapturesystem
freesthe animatorfrom the con�nes of a mouse,a keyboard,and
a limited workspace.Theuseranimatesby actingwhile watching
a largedisplayfor instantfeedback.Thesystemrequiresminimal
training,typically underanhour, becauseit innatelycapturesusers'
expressivenessfrom theiracting.

Thekey contributionsof ourwork lie in how theanimator'smo-
tionsaremappedto thoseof thecharacter, andhow animationcan
bebuilt uponlayerby layer. Themappingfrom actorto characteris
createdby a combinationof explicit andimplicit controls.Explicit
controlis usedfor rapidprototypingof theinitial animation.In each
layer, multiple relateddegreesof freedom(DOFs)of thecharacter
aremodi�ed simultaneously. Layeringallows the animatorto fo-
cusononeaspectof theanimationata time,whereasworkingwith
all aspectsat oncecanbe overwhelming. Whenediting, implicit
control canbecreatedby automaticallyinferring which DOFsthe
animatoris trying tocontrol.Thesystemimplicitly createsthemap-
ping of real-world motion to that of the characterfor editing; the
mappingmayinvolvebothspatialandtemporaltransformations.

Therestof thepaperproceedsasfollows. First,wediscussrele-
vantrelatedwork andgiveanoverview of thesystemandtheinter-
face.Wethenprovidedetailsof thealgorithmsfor motioncreation,
motion editing with explicit transformations,and inferredmotion
editing with implicit transformations.Finally, we concludewith
results,userstudies,andfuturework.
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2 Related Work

The researchpresentedin this paper was inspired by previous
contributionsto interactive andeasy-to-learninterfaces,especially
thoseintendedfor novices. Existingwork includessketchingout-
lines into 3-d shapes[Igarashiet al. 1999], sculpting surfaces,
[Schkolne et al. 2001], and using plush toys for interactionwith
virtual environments[Johnsonetal. 1999].

Many animatorsrely on explicit keyframing,whereat a speci�c
instantin time, they have full controlof a character. Thedif�culty
comeswhenanimatorswantto expressdynamic,�uid motion,par-
ticularly whenmultiple degreesof freedomshouldbemanipulated
in unison.Weallow theuserto editmultipleDOFsoveraperiodof
time, andbecausetime is inherentin the processof acting,rather
than in an axis of a graph,we retain the intuition that is lacking
from keyframesandgrapheditors.

Motion capturehasa long history in computeranimationasa
mechanismfor transferringlive motionto thedigital domain.Mo-
tion capturecanrecordthe nuancesthat give feeling andexpres-
sivenessto motion; however, it alsohasseveral limitations. The
computer-generatedcharactermay not have the samephysiqueor
dimensionsas the humanactor. The desiredmotion may be too
dangerousto act andcapturein real life or may involve impossi-
ble motionsrequiringsuperheroicspeedor strength. We rely on
motion-capturetechnologyto supportour work, but we do not tie
the character's motion directly to that of the actor. This indirect
interactionlinks uscloserto therealmof puppeteering.

Puppeteeringandperformanceanimationhavebeenshown to be
powerful tools for theexpertuser. An animatorusesa specialized
input device, rangingfrom anexoskeletonto a force-feedbacksty-
lus, to control a characterthroughsomedirect mappingof DOFs.
Personalityis imparteddirectly onto thecharacterfrom thenature
of thecontrol. Our work follows on this work with thegoalof en-
ablingnoviceusersto easilycreateexpressiveanimation.

Althoughtheearliestcomputerpuppetrywork datesbackto the
latesixties[Sturman1998],modernperformanceanimationtraces
backto the Jim HensonCompany [Walters1989] anddeGrafand
Wharman[de Graf 1989]. Following the debut of Mike the Talk-
ing Headat Siggraph89, Protozoa[de Graf and Yilmaz 1999],
Medialab [Benquey and Juppe1997], and othersdeployed per-
formanceanimationsystemson television programs,showing the
power of usingacting for animation. Our work differs in several
ways. Whereasexisting systemsusedirect or preassignedmap-
pings, we generalizethe mappingbetweenthe actor and charac-
ter, granting�e xibility with the characterand the motion-capture
rig. We animatepartsof the characterindividually usingseparate
motion-capturetakes,whereastraditionally, mostpartsof acharac-
ter areanimatedsimultaneously. Unlike existing performanceani-
mationsystems,oursrequiresminimalcalibration,makingour tool
usefulfor rapidprototypingandaccessibleto novices.

Several researchershave investigatedcomputerpuppetry. Shin,
et al. developeda computerpuppetrysystemallowing a performer
to animateanentirecharacteronline[Shin et al. 2001]. They infer
context from themotion,which they useto guideinversekinemat-
ics. Our goalsdiffer, as they want a fully markeredpuppeteerto
createinstantmotionfor aretargetedcharacter, but wewantanani-
matorto operatea widgetto createandedit motionin layersfor an
arbitrarycharacter. Gild�nd recognizedtheimpracticalityof tailor-
ing puppetrycontrolsfor eachdevice,character, anduser[Gild�nd
et al. 2000]. His systemcreatesthe controlsthroughiterationsof
a geneticalgorithmwith user-provided�tness feedback.We differ
from Gild�nd in thatwe requireminimal training.

Snibbeand Levin [Snibbeand Levin 2000] explored layering
of motion in thesettingof 2-d abstractanimation,focusingon us-
ing humanmovementasaninterfacefor dynamicabstractsystems.
Ooreet al. [Oore et al. 2002] usedmotion layering in their ani-

Figure 2: An animatoris interactingwith our system. The real-
time motion-capturesystemtracksthewidgetin herhand(theuser
feature). The widget's motion, X(t), mapsto a characterfeature,
Y(t), andtheuser'seditsareinstantlyre�ectedon thescreen.

mationsystem,whichcombineddirectmanipulationof DOFswith
physical controlsasguidesfor morenaturaljoint motion. We ex-
tendedtheir layeringto includeadditive layering,which allows for
re�nementof existing motion. In addition,our systemallows not
only directmanipulationof DOFsbut alsoindirectmanipulationof
relative trajectoriesthroughtheuseof inversekinematics.We feel
thatthelayeringandindirectinteractionmakeoursystemeasierfor
users,especiallynovices.

There are other related interactive interfaces for animation.
Popović, et al. createpreciseanimationsof rigid bodies[Popović
et al. 2000]. Perlin hasa simulatedactor that respondsbasedon
humanintervention [Perlin 1995]. Laszlo et al. directly involve
the animator in the control of interactive physics-basedsimula-
tionsof walking, jumping,andclimbingusingmixesof continuous
(mouse-based)anddiscrete(keypress-based)control [Laszloet al.
2000]. DonaldandHenleusehapticsto constructnew motion by
editinglow-dimensionalrepresentationsof existingmotion[Donald
andHenle2000]. Severalsystemsusegesturesto controla perfor-
mance,includingthePersonalOrchestra[Borchersetal. 2001]and
Andy Wilson'sSeagullfrom the1996SiggraphDigital Bayou.

3 Overview of System

In this section,we give an overview of the systemfrom the hard-
wareandsoftwareperspectives.

Hardware Our systemusesan 8-cameraoptical motion-capture
system,awirelessmouse,awall displayscreen,andany numberof
animationwidgets(seeFigure2). Thesysteminterpretseachwid-
get abstractlyasa userfeature. We gathermotion-capturedataat
120fpsandcomputethetranslationalandrotationalvaluesof each
widget in real time. Eachwidget is built from Tinker ToysTM and
includesa numberof motion-capturemarkers. Differentnumbers
of markerson eachwidget helpsthe systemdifferentiatebetween
them. A video wall displaysthe virtual sceneandthe userinter-
face,which is manipulatedwith a wirelessmouse.This hardware
setup(seeFigure2) allows theuserto movefreelyaroundandcon-
centrateon interactingwith thecharactersinsteadof the interface.
Althoughweuseafull motion-capturestudio,thismachineryis not
essentialfor oursystem.Theframework wedescribecanbeapplied
to any real-timeinputdevice,includingamouse;however, interact-
ing with multipleDOFscanbemoreexpressiveandef�cient.
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Space and Time Interaction Spatialcorrespondencebetween
therealandvirtual worldsis critical for theinteractiveprocess.An-
imatorsmustbeableto immersethemselvesin thevirtual world and
forgetabouttheirphysicalsurroundings.Wecreatethisspatialcor-
respondenceby usingcamerainteraction,groundcalibration,and
explicit motionscaling.

To provide for straightforward userinteraction,all usermotion
is transformedto the camerareferenceframein the virtual world.
Theusercanrotateandtranslatethecamerato any viewpoint and
maintainaninteractionpatternthatcanbeanexactreplicaor mirror
imageof her actions. In additionto positionandrotation,camera
zoomhelpsmake thecorrespondingvirtual motioneasierto under-
stand.For example,if theusermovescloserto anobject,themotion
is scaleddown to provide �ner control over the character. As the
usermovesfartheraway from the object,the motion is scaledup,
providing coarsercontrol for sketchingtrajectories. We describe
cameraview andscalecontrolsin moredetail in Section4.

Groundcalibrationservesasanabsolutereferencebetweenthe
realandvirtual worlds.Usingthewidgets,theanimatorcanspecify
a mappingbetweena planein the real world, suchasa tabletop,
andthegroundin thevirtual scene.Usingthede�ned plane(table),
theusercanconstrainacharacterto thegroundin thevirtual world.

Oneof theadvantagesof interactiveanimationis theuser'scom-
pletecontrolover timing. Theanimatorobservestheexisting mo-
tion andreactsto it, creatingsynchronizedmotionmuchmoreef�-
ciently. To facilitatetheanimatorin this process,we addedtiming
controlsthat includespeedandinterval controlover theplayback.
Animatorscan isolatethe region they areediting andslow down
theplaybackspeedfor moreprecisecontrol. To aid theuserin re-
actingto existing motion,thesystemprovidesanticipationguides,
suchasghostrenderingsof the character's upcomingmotion and
theprojectionsof trajectorystreamersontothegroundplane.

Character Interaction An animator interactswith characters
throughuserandcharacterfeatures. Widgetsareusedto control
the userfeatures,or DOFs,which mapto characterfeatures.The
characterfeatureset includesjoints andpointson the body. The
user interactswith featuresthroughdirect, indirect, and inferred
mappings,which will bediscussedin Sections5 and6. For there-
mainderof thepaper, we useX to refer to a userfeatureover time
andY to referto acharacterfeatureover time. They canbethought
of asfunctionsthattake time asinput andproducea vectorasout-
put,suchascoordinatesin spaceor aquaternion.ThenotationX(t)
refersto auserfeatureat timet.

Synthesis and Editing with Layers To createa motionusing
the direct or indirect mappings,the animatorselectsa featureon
thecharacterandthencontrolsthatfeaturewith awidget.Thewid-
get's motionis transformedontothecharacter, andthechangesare
re�ected instantaneously. The animatorcanthenanimateanother
featurewhile watchingall previously animatedfeatures.This con-
ceptof layeringgivesthe usercontrol over timing. Differentfea-
turesmay requiredifferentmodesof transformation.We provide
threemodes:absolute,trajectory-relative,andadditive. Theanima-
tor canselectthemodeof transformationto �nd theonethat feels
andworksbest. In Section5, we describethedifferentinteraction
modesin detail.

Weeditmotionin asimilarfashion.A featureis selected,andthe
user's actingmodi�es the motion alreadypresent.This modi�ca-
tion is anotherform of layering.For example,ananimatorcan�rst
de�ne thepathover which a creaturewill travel. Theanimatorcan
thenedit that pathto includelocal swaysor bounces.Performing
theseactionssimultaneouslyinsteadcanbemorechallenging.

Whereasthe above-mentionedmotion editsinvolve the explicit
speci�cationof thefeaturesto bemodi�ed, we alsoallow theuser

to edit a motion with implicit transformations.Insteadof select-
ing a feature,theanimatormimicssomeaspectof themotionwhile
watchingit, andthesysteminferswhich featuresto edit. Thesys-
temdiscoversspatialandtemporalmappingsto associatethemimic
with the features.The animatorthenactsagain, andthe editsare
transformedto thecharacterby theseimplicit mappings.Thealgo-
rithmsbehindtheimplicit editingareexplainedin Section6.

4 Interaction

To makeoursystemappealingto novices,weaimto makethechar-
acterinteractioneasyand�e xible. To maintainthe intuition of di-
rectionregardlessof how a userviews thescene,we transformall
motion to the camerareferenceframe. We adjustmotion scaleto
granttheuserfreedomin interactingwith thesystem.

4.1 Camera View Mapping

We make characterinteractionstraightforwardby mappingtheref-
erenceframe of the widget motion to the referenceframe of the
cameraview. To computethe cameratransformationC necessary
for thereferenceframemapping,we usetherotationalcomponent
of thecameraviewing transformation.Asmotion-capturedatais re-
ceived,thesystemtransformsit by C. Transformingthemotionto
theexactviewing transformationis not alwaysuseful. Sometimes
theuserswantto maptheirverticalmotionto verticalmotionin the
scene,even if they areviewing thescenewith a slight downwards
angleor with anoverheadview, asis thecasewhenanimatingthe
legsof a spider. We provide this �e xibility by ignoringthecamera
roll, resultingin a direct mappingbetweenthe vertical motion in
userandvirtual space.

We usetheanimationwidgetsnot only for characterinteraction
but alsocameramanipulation.Theusercancontrolthecameraand
move aroundthe scenejust aseasilyasanimatinga character. To
makethecameramotion�uid, weapplydampedspringsto thewid-
getmotions.Theusercanalsoattachthecamerato acharacterand
animatewhile moving with theexisting motion,which is helpful if
thecharacteris moving acrosslargedistances.

4.2 Scale Adjustment

To make the interfacemore intuitive, we automaticallyscalemo-
tion basedon cameraparameters.In additionto thestandardcam-
eratransformation,weusecz to representcameradistance.T(cz) is
anextra translationin thelocalcamerazaxis(thedirectionof cam-
eraview), resultingin a combinedcameratransformation,CT(cz).
As theuser's view (controlledby thesecondwidget)getscloserto
thecharacter, thecameradistancecz automaticallydecreases,caus-
ing a linear decreasein motion scale. Similarly, asthe usersteps
backfrom the character, the motion scaleincreases.We scaleby
a constantamountS(k) to allow for differencesin usermotionand
display size; it is manuallyset and can be calibratedto map the
user's comfortablerangeof motionto thedisplayscreensize. The
�nal cameratransformationis C0= S(k)CT(cz).

Motion canalsobescaledexplicitly. Oftenananimatormayan-
imatethe �rst layerof ananimationby usingthewhole room,but
thenmaywantto switchto usingatableasareferencegroundplane
for thefollowing layers.To explicitly de�ne scale,weasktheusers
to performtheexistinganimationin thespacethey planto use.We
thende�ne thenew scaleasthemappingof theboundingboxof the
existing motion to theboundingbox of thesketchedmotion. This
scalingtechniqueallows for differentscalefactorsalongthediffer-
entaxes,whichcanbeveryhelpful for motionthatvariesprimarily
alongoneaxis.
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5 Performance Animation and Editing

Animatorscreateand edit motion by controlling userfeaturesX
thatinteractwith characterfeaturesY, asdescribedin theoverview.
The characterfeatureset includesDOFsandrelative handles. A
handleis a point on a character's skeleton,traditionally usedfor
controlling a characterthroughinversekinematics. The point is
someplaceP on a bone,andits world positionis thecomposition
of the transformationmatricesin the skeletal chainstartingfrom
theroot, T0T1 : : :Tn� 1TnP. A relative handleis a point on a bone
speci�edin thek-th coordinateframe,namelytheframeof aparent
bonein the hierarchy. The location is thenTkTk+ 1 : : :Tn� 1TnP.
An exampleof a relative handleis the �ngertip of the right index
�nger with respectto theright shoulder's coordinateframe. In our
system,thehandlesareprespeci�edin thecharactermodel.

Complex motion is createdby layering animationtrials, also
known asmotion-capturetakes. We approachmotion layeringas
a techniqueusedover multiple featuresor over a single feature.
Whenlayeringacrossmultiple features,theanimatorlayersmotion
by animatingdifferent body partsseparately. For example, �rst,
theuserde�nesthetrajectoryof thecharacterandthenindividually
addsleg andarmmotion. Theusercanalsoperformlayeringover
onefeatureby preservingtheunderlyingmotionandadjustingit to
addcharacteristicsor style. Typically, theuserstartswith a rough
sketchandre�nes it iteratively, addingdetail.Becausetheanimator
is watchingthe existing motion while animating,the new motion
is synchronizedwith the existing motion. Throughoutthe layer-
ing process,an animatormay requiredifferent feature-interaction
paradigms.Interactioncanbeabsolute,trajectory-relative,or addi-
tive.

5.1 Absolute Mapping

When using the absolutemapping,a featuremoves in the world
coordinatesystem(seeFigure1). This interactionis usefulfor an-
imating body partsthat interactwith objectsin the scene,suchas
thelegsof acharacterthatis walking,running,or jumping.Whena
featureis selectedfor interaction,its initial positionY0 androtation
YR

0 arestoredalongwith thewidget's positionX0 androtationXR
0 .

Thenew positionY0(t) of a featureat timet is thesumof theinitial
positionY0 andthechangein translationof theincomingdataover
time interval [0;t], X(t) � X0.

Y0(t) = Y0 + C0(X(t) � X0) YR0
(t) = C0XR(t)(XR

0 )� 1YR
0

C0 is thecameramatrix thatorientsthemotionsotheusermain-
tainsa consistentinteractionpatternthroughouttheanimationpro-
cess.Thenew rotationYR0(t) of afeatureis theproductof theinitial
rotationYR

0 andthedifferencein rotationovertimet, XR(t)(XR
0 )� 1.

Whenusingabsolutefeatures,theusercaninteractwith thespec-
i�ed groundplane,allowing for easyanimationof feetplacement.
If X(t) liesontheprespeci�edgroundplane,Y0(t) is snappedto the
virtual groundplanevia apenaltyobjective.

5.2 Trajectory-Relative Mapping

This mappingallows for trajectory-relative motion of a selected
feature. This paradigmis usefulwhenthe userwantsto animate
a feature,suchasthehead,with referenceto someexisting parent
motion. Thenew positionof eachfeatureY0(t) is thesumof the
initial positionY0 andthetransformationK(t) of thechangein the
widget's translationover time interval [0;t], X(t) � X0.

Y0(t) = Y0 + K(t)C0(X(t) � X0)

K(t) is thecompositionof thetransformationmatricesof a pre-
speci�edparenthierarchy at timet. Thishierarchy canincludejust
the characterroot or any additionaljoint transformations,suchas
thetorso.Theuserstill interactsnaturallywith handles,while keep-
ing thehierarchicalformulationcommonto joint angles.

5.3 Additive Mapping

Theadditivemappingis usefulwhentheanimatorwantsto preserve
theunderlyinganimationandaddmoredetailor personality. This
interactionparadigmprovidesexplicit editingcontrolsfor existing
motion. The techniqueaddsdifferencesin widget motion to the
existing animation.If theanimatordoesnot move, thentheobject
motiondoesnot change.Thenew handlepositionY0(t) is thesum
of theexisting animationvalueY(t) andthechangein thewidget's
translationat timet, X(t) � X(t � dt).

Y0(t) = Y(t) + C0(X(t) � X(t � dt))

Becausewe aim to retaintheunderlyinganimation,theadditive
mappingis mostusefulwhentheanimatorwantsto makeananima-
tion moreexpressiveor addslight changesto theexistingmotion.

6 Implicit Editing

In this section,we introducea meansfor editinganimationsusing
animplicit mapping.Weusethetermimplicit, or inferred,because
nowheredo theuserstell thecomputerwhatthey desiresto edit. It
is thecomputer's responsibilityto discover themapping.Because
this problemis harderandill-posed,we imposerestrictionson this
form of editing,namelythattheeditspreserve thesemanticsof the
motion.Oneshouldnotusethis tool to edit awalk into aback�ip;
ratheroneusesthis tool to changethepaceof thewalk or thestyle
of thearmswings.

Despitetherestrictions,theimplicit mappinghasseveraladvan-
tagesover explicit edits. Insteadof manuallyselectingfeaturesto
control, theanimatormimics themotion to beedited,andthesys-
temdiscoversthefeatures(relativehandlesororientations),perhaps
several. The featuresmayevenbeshiftedin time. In sucha case,
whentheanimatoreditsthosefeatures,theeditsareshiftedin time
accordingly. Theanimatordoesnot needto reproducethecoordi-
nateframeof theoriginalcreatoror guessthespatialscaleof the3-d
animation.Thesystemdiscoversany translations,rotations,shears,
andscalesnecessaryto maptheanimator'smotionsto thefeatures.
Latency andnonlineartemporalerrorssuchasanticipationor slow
reactioncanbedetectedandcorrected.Motionscanbeeditednot
only in spacebut alsoin time, suchasacceleratingthe motion or
adjustingthetiming of footsteps.

An edit happensin two stages,eachpromptedby the interface.
First the usermimics someaspectof the charactermotion. Fea-
turesX andY arebuilt from theuserandcharacterDOFs.Thesys-
tem constructsspatialand temporalmappingsfrom userfeatures
to characterfeaturesandinfers what the userwantsto control. In
the secondstage,the useractsagain, and the systemremapsthe
changesfrom userfeaturesX0 to characterfeaturesY0. Thesystem
updatesconstraintsasneededandperformsaconstrainedoptimiza-
tion to recover the characterDOFsbestsatisfyingthe featuresY0.
Theremainderof this sectionaddressesthesedetails.

A linear transformL mapsthe user's mimic X to the character
motionY with someerror, Y = L(X) + x(X): Thentheuseractsan
edit X0. Insteadof calculatingthenew motionY0= L(X0) + x(X0);
wecalculatethedifferencebetweentheeditandthemimic andadd
themappeddifferenceto thecharacter, derivedby linearity:

Y0 = L(X0) + x(X0) + Y � L(X) � x (X)
= Y + L(X0� X) + x(X0) � x (X):
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Note that if errorsin X0 andX arecorrelated(the usermadethe
samequirky interpretationtwice), they will cancel.Also notethat
the user's dataneedsto be �ltered to avoid the additive effectsof
high-frequency noise.Becausetheuser'sedit is augmentingtheex-
isting motionratherthanreplacingit, we feel thattheedit will also
likely preserve someaspectsof thepersonalityof theoriginal mo-
tion. Whenever featuresaremanipulated,they needto be aligned
in time; that is, thesystemcalculatestimewarpT to align X with
Y andtimewarpS to alignX0with T (X):

Y = T (X); Y0= S (Y) + L(X0� S (T (X))) :

Wewill retainthisnotationfor theremainderof thesection.

6.1 Creating and Ranking a Mapping

Our systemconstructsthe Cartesianproductsof user featuresX
with characterfeaturesY (relative handlesandorientations).Ori-
entationsare representedin a Euclideanspace,discussedin Ap-
pendixA. Eachpair consistsof a userfeatureX (m–dimensional
dataoverk timesamples)andacharacterfeatureY (n–dimensional
dataover k time samples).For eachpair, we usethe techniqueof
CanonicalCorrelationAnalysis(CCA) to discover a spatialmap-
ping betweenthe two features.We smooththe featuresfor better
performance[RamsayandSilverman1997].CCA is amultidimen-
sionalgeneralizationof the correlationcoef�cient. It �nds af�ne
transformationssothatthetransformedfeatureshavemaximalcor-
relation. Colloquially, how can two featuresbe rotated,scaled,
shearedand translatedsuchthat they matchmost closely? CCA
takesfeaturesX andY, zero-meansthem,andreturnslinear trans-
formationsA andB andcanonicalcoef�cients

p
L . A coef�cient of

1 indicatesperfectcorrelationand0 representsno correlation.The
correspondingrows in A andB arethe canonicalvectors[Mardia
etal. 2000].AppendixB showshow CCA is computed.

CCA hasseveral propertiesthat we exploit. The two inputsto
CCA do not needto bethesamedimensionor thesamerank. The
userdoesnot have to bein a certainorientationor know thediffer-
encesin scaleswith thecharacter. Thebehavior of CCA is invariant
to any af�ne transformation.This propertyis invaluablebecause
userscanactmotionsin any coordinateframethey prefer.

WeuseCCAtomapauserfeaturestreamX (m� k) toacharacter
featurestreamY (n� k). CCA zero-meansthedataandcalculates
lineartransformationsA (m� m) andB (n� m) suchthat

p
LA> (X � mX) � B> (Y � mY):

GiventhedifferencesX0� X betweenthetwo usermotions(re-
call thatX' andX needto be temporallyalignedbeforedifferenc-
ing),wecansolvefor thechangesto thecharacterfeaturesthatwere
distilled,

Y0= S (Y) + B> n
� p

LA> (S (X0� T (X)))
�

:1

The original featureY andthe remappeddifferencesaddedto-
getheryield thenew characterfeatureY0. Whentheerrorsin align-
ing X0 with T (X) aretoo large,we do not differenceanddirectly
calculate

Y0= mY + B> n
� p

LA> (X0� mX)
�

:

6.2 Distilling the Mappings

Ouralgorithmtakestheuserfeaturesandthecharacterfeaturesand
runsCCA onall pairs,resultingin hundredsof potentialmappings,

1Weborrow thenotationMny: �nd x giventhelinearsystemMx = y.

Figure3: This kangarooanimationwascreatedwith six layersand
wascompletedin twentyminutes.The�rst layerspeci�edthekan-
garoo's trajectory. Thesecondlayeraddedthebendingof thelegs.
Subsequentlayersanimatedthetorso,head,arms,andtail.

eachrankedbetween0 and1. Becauseof spatialandtemporaler-
rors from both the userand the input devices, the canonicalco-
ef�cients of the featuresmay vary over repeatedexperiments. In
addition,sometimesthe usermay want to control multiple DOFs,
suchastwo limbs, with just oneinput. We needa way of analyz-
ing the many possiblemappingsfrom the Cartesianproductsand
distilling the informationfrom thebestones,with somedegreeof
consistency overmultiple trials.

First,weeliminatemappingsthatareworsethanathreshold(ten
percent)from thebestmapping.Wedistill theremainingmappings
by eliminating featuresthat are highly dependenton eachother.
Relativehandlessharingkinematicsubchainsreducetoasinglefea-
tureby favoringahandletowardstheend-effectorandacoordinate
framenearthe root. For example,the handin the shoulderframe
is preferred,andtheforearmin theshoulderframediscarded.The
handin theshoulderframeis preferred,andthehandin theelbow
framediscarded.The world coordinateframeis treatedspecially
becausetheroottranslationdoesnotcoincidewith any naturaljoint;
only thebestmappingwith aworld coordinateframeis retained.

Althoughtheseheuristicsarefar from robust,they work well in
practice.Themotionmappingsaresolvedbeforetheusereditsthe
motion,andtheactive limbs on thecharacterarehighlighted.The
usercanchooseto redothe mimicking X if not satis�ed with the
inferredmappings.Noisemightsaturatethesubtlefrequenciesthat
discernonecoarticulatedfeaturefrom another. A poormimic X can
resultin apoormappingY � L(X) with mucherror.

6.3 Motion-Curve Subspaces

While testingour system,we discoveredthatwhena user's motion
is primarily 1-d or 2-d (or twisting ratherthantumbling), thedata
for theunderuseddimensionscanhave non-Gaussiannoise,which
canleadto poormappings.We calculatetheprincipalcomponents
of theuserfeaturesandremove thesubspacesthatcontributemini-
mally to thedata.Whenremappinganedit, thesamesubspacesare
likewise removed. Not only doesthis projectionimprove the per-
formanceof thesystem,but it grantstheanimatortheability to se-
lectively editonasubspace(by nomeansaxis-aligned)of afeature;
e.g.,the animatorcould ignorehorizontalmotion andonly mimic
andedit verticalmotion. Whenmappinga lower-dimensionaledit
to a higher-dimensionalfeature,thesystemusesprojectionsof the
originalhigher-dimensionalfeatureto �ll themissingdimensions.

For the differencinganddirect equationspresentedin Subsec-
tion 6.1, if B is rank-de�cient, thereis no uniquesolution to the
nonhomogeneouslinear equation,becauseaddingany vectory in
the nullspace(B> y = 0) to an existing solutionwill alsobe a so-
lution. However, this setbackis actuallya gain. We calculatethe
rowspaceprojectorR = B(B> B)� 1B> andthe nullspaceprojector
I � R. Usingtheseprojectors,theeditsfrom theuserareremapped
onto the rowspace,and the alignedcharacterdataS (Y) �lls the
nullspace.Theprojectorsenabletheuserto actin asubspacewhile
thesystemhallucinatessensibledatafor theremainingdimensions.
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6.4 Timewarping

CCA solvesfor a spatialmapping,but temporalmappingsmaybe
necessaryaswell. Onecoulddesigna functionaloptimizationthat
solvesfor af�ne spatialmappingsandsmoothtemporalmappings
simultaneously, but it would take too long, andwe requirean in-
teractive system.First we calculateCCA on phase-shiftedfeatures
to accountfor a constantlatency. Becauseof theclosed-formsolu-
tion, runningCCA for all arrangementsof featuresandphaseshifts
takesundera second. We then take the top-ranked mappingand
solve for the timewarp T that maximizesthe correlationbetween
T (X) andY. This timewarp aligns constraintsandaccountsfor
higher-ordererrorssuchasanticipationor slow reaction,discussed
in AppendixC. The userfeaturesaretimewarped,andthe spatial
mappingsarerecalculated.We alsocalculatethe timewarpS for
aligning the semanticsof the alignedmimic T (X) to the edit X0.
If theuser's featurecorrespondsto multiple characterfeatures,the
remapsareshiftedaccordingto thephaseoffsetsdetectedat �rst.

6.5 Constraints and Solving for the New Motion

We desireour edits to preserve positionalconstraints,suchas to
keepfeetfrom sliding. Suchaconstraintpinsahandleto a location
for someinterval in time. Whentheuserperformsanedit anddoes
not changethesemanticsof themotion, thenumberof constraints
remainsthesame,but they maymove in bothspaceandtime. If we
allowed the numberof constraintsto change,it would be harder,
likely indeterminable,to deducecorrespondencesbetweenthecon-
straints.Thesystem�rst decidesif constraintsareaffectedby the
edit. If theuseris manipulatingthearms,thereis no needto worry
aboutconstraintsonthefeet.ThetimewarpS betweenthealigned
mimic T (X) andtheuser'seditX0warpsthepositionalconstraints
in time. For eacheditedconstraint,we sampleits handleover the
activeinterval. Inversekinematicsontheeditedfeaturesdetermines
thehandle's values,andtheconstraintis pinnedto theirmean.

Our systemtakes the userand characterDOFs and constructs
features.It discoversmappingsfrom userfeaturesto characterfea-
turesand remapsedits of userfeaturesto the characterfeatures,
modifying constraintsas needed. The �nal step is to solve for
thecharacterDOFsthatmatchtheeditedcharacterfeatures,while
maintainingconstraints.Quaternionsareremappeddirectly. When
featuresandconstraintsareremappedby a world-framemapping,
the root translationsareadjustedto minimize error with the con-
straintsandthedesiredfeatures.In somecases,thesechangesalone
maybeenoughto generategoodmotionbecausethesemanticsof
themotiongetpreserved. Thesemanipulationshelpbecausenon-
linearsolversareoftensensitiveto initial conditions.Wethensolve
the inversekinematicsasa constrainedoptimization[Popović and
Witkin 1999]. The constraintsinclude positionalconstraintsand
joint bounds.Theobjective includesdesiresto matchthenew char-
acterfeatures,to matchtheoriginalmotion,andto besmooth.

7 Results

We useda variety of characterswith arbitrary rigs to evaluate
the versatility andeffectivenessof our framework. The animators
startedby roughlysketchingthetrajectoriesof themotionsandthen
addeddetailsin subsequentlayers.Theplaybackspeedwasusually
sloweddown to give theanimatormorecontrolover thecharacter.
To beeffective, animatorshadto beawareof thespeedof theani-
mationto avoid moving too quickly andcreatingspasticandunre-
alistic motion. Thedurationof theanimationprocessdependedon
thespeedof theplaybackfor theadditionof layersandthenumber
of timesa layerwasperformedbeforetheanimatorwassatis�ed.

Figure 4: This spideranimationwas createdwith six layersand
wascompletedin twenty minutes.Pairs of legs wereanimatedas
separatelayers.Finally, theuseraddedtorsoandheadmotion.

Synthesis Using a combinationof the performanceanimation
andexplicit editing techniquesdescribedin Section5, we created
animationsof a bird, kangaroo,anda spider. Thebird wascreated
in two layers,andthe animationprocesslastedonly two minutes.
First, thetrajectoryof thebird wasde�ned usingtheabsolutemap-
ping. Then,theuseranimatedthewingswith thetrajectory-relative
mapping.Thecamerawasattachedto thebird trajectory, allowing
theuserto animatewhile �ying with thebird. Thisview wasuseful
whenthebird wasdif�cult to animatefrom astaticview.

Weanimatedakangaroojumpingin azig-zagpatternusingsev-
eral interactionparadigms.The animationconsistedof six layers
andwasproducedin twenty minutes. The animatorusedthe ab-
solutemappingto sketchthetrajectoryof thekangarooin a jump-
ing zig-zagpattern,asshown in Figure1. In thesecondlayer, the
animatorbentthe legs for the jumping motion. A tablewasused
asa referencefor the groundplane. The iterative processcontin-
uedwith the tail, arms,andhead. The torsowasmodi�ed using
theadditive mappingto addanticipationandfollow-throughto the
jumping. Figure3 shows the�nal kangaroomotion. This pipeline
is typicalof how auserwouldanimateacharacterwith oursystem.

Thespideranimationalsoconsistedof six layersandwascreated
in twentyminutes.Again,theuserstartedby de�ning thetrajectory
with theabsolutemapping.Next, two of thelegswereanimatedsi-
multaneouslywith two widgets.Therestof thelegswereanimated
in a similar manner. The choiceof what legs to animatetogether
wasleft to theuser, andtherewasno restrictionon thenumberof
legs animatedat once. Finally, the animatoraddedheadmotion
usingthe trajectory-relative mappingto give the spidermoreper-
sonality. Using the additive mapping,the animatoraddedbounce
andsway to thetorsoof thespiderwhile still maintainingthewalk
cycle. The spideranimationshows how our systemcan be used
to createcomplex motionef�ciently . Theanimatorperformedthe
motionof all eightlegswith just two widgets,but hervariability in
stepsizeandtiming producedanappealingspiderwalk (Figure4).

Explicit Editing Using our explicit editing technique,the user
can also edit previously capturedmotion data. Using a motion-
capturesequenceof a broadjump, the animatorexaggeratedthe
jumpandaddedaback�ip. Both transformationsweredonein just
onemotion,takingunderaminuteto edit.

We also edited a two-characterboxing scenariothat required
synchronizing two unrelated motion-capturesequences. The
twelve-secondanimationconsistedof threelayersand was com-
pletedafter � ve minutes.Theanimationsequencestartedwith one
boxer punchingand the other bouncingin place. The animator
editedthe bouncingboxer to reactto the punchesof the other. In
the �rst layer, the useraddedtorsomotion for absorbingstomach
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Figure5: Top: Theanimatormimics thearmswingof thewalking motion. Bottom: He editsby bendinghis elbow. Thesysteminfers that
theuseris controllingbotharmsof thecharacterwith justonearm.Themotionis changedto makebotharmsswingwith bentelbows.

punches.Next, theusermadetheboxer's headreactto thehits. Fi-
nally, thehipswerepulledbackto makethestomachpunchesmore
realistic. This animationshowed us how easilyandeffectively an
animatorcanedit animationsthatrequiretiming adjustments.

Implicit Editing We used the implicit editing techniqueto
changethe style of arm swinging in a walk sequence.First, the
animatormimickedthemotionseenon thescreenby swinginghis
right arm. Then,heperformedthemotiondifferently, bendingthe
elbow (Figure5). The systemdiscoveredthe mappingsfrom the
widgetto thecharacter's left andright armsandremappedthearms
accordingly. The userinput was treatedas only 2-d becausethe
subspacealgorithmdeemedthethird dimensioninconsequential.

We editedtheworld positionandorientationof a characterin a
broadjumpandaspinningjumpsequence.Thesystemmappedthe
userinput to thecharacter's left foot in theworld frame. The feet
werepinned,andtheeditspreservedtheseconstraintsby transform-
ing themboth in spaceandin time. The systemcalculatedtime-
warpsbetweenthe usermimic andthe characterfeatures,aswell
astheusereditandtheusermimic, to align thesemanticsof all the
motions.Althoughthetiming of thejumpschanged,characteristics
suchasthearmswingsweretimewarpedto preserve thesemantics.
In thespinningjumpedit, theanimatorchangedthedirectionof the
characterspin. With just onewidget, theanimatorsimultaneously
controlledbothtranslationandorientation,six DOFs,with ease.

We alsoeditedthe spiderwalk describedabove. The animator
mimickedoneleg with respectto thespiderbody. Thesystemdis-
coveredthattheanimatorcontrollednot justoneleg, but all legsby
determiningthephaseshiftsrelatingtheleg motions.In thisexam-
ple, theleg movementhadenougherrorthatthesystemrevertedto
directly solving for Y0 from X0 ratherthanusingX0� S (T (X)) .
The mimic andedit wereonly 1-d, but the nullspacesof the spi-
der's leg featuresreproducedtheremainingtwo dimensionsof the
original spidermotion.Thelegswereremappedusingthedetected
phaseshifts,enablingtheanimatorto preservethegait of thespider
but reanimateall legsby justeditingone.

Informal Experiences with Users A professionalandnovice
animatortestedthesystemwehavedescribed.Theresultsandfeed-
backwereexciting andgeneratedinterestingdiscussions.

Theprofessionalanimatorwaseagerto try oursystem.Although
hewasaclassicalanimator, hehadusedmotioncaptureprior to our
sessionandwascomfortablewith thetechnology. His mainconcern
with thesystemwasthe lack of precisionit providedcomparedto
moretraditionaltools. He wasexcited, however, aboutthe possi-
bility of usingoursystemfor theinitial staging,directing,andpro-
totypingof thedesiredmotion. Theimprecisionand�uidity of the
systemmadetheseinitial tasksof positioningandgeneratingrough
trajectoriessimplerthanusingasystemthatalwaysdemandsexact-
ness.He hadsimilar positive remarksaboutroughingout camera
positionsandcameramovesthroughascene.

The novice animatorhadno prior animationexperienceof any
kind, but foundit intuitive to actthedesiredbehavior. Shehadlittle
troublemakinga mentalmappingbetweenherphysical surround-
ingsandthevirtual scene.However, shefound it dif�cult to slow
down andadjusther acting to slower motion on the screen. Un-
like the author, who likes to animateat slow playbackspeedsto
ensurecontrolover thecharacter, thenovicewasmorecomfortable
animatingat closeto real-timespeed.After a forty-minute intro-
ductionto thesystem,shetook twentyminutesto producea fairly
successful,althoughstylized,spiderwalk, seenin thevideo.

We hadotherusersinteractwith the system,and their experi-
encessuggestthat acting is an easy-to-learninterfacefor anima-
tion. In a productionsetting,the ability to sketchroughcharacter
andcamerapathsquickly canmaketheinitial stagesof storyboard-
ing andstagingfaster. Directorsoftenhavetroubledirectingvirtual
scenesbecauseit is dif�cult to move thecamerainteractively. Us-
ing oursystem,thesetasksbecomefasterandmorenatural.

8 Discussion and Future Work

Wehadseveralgoalsin mindwhendesigningoursystem.Weimag-
inedaneasy-to-usesystemthatwouldalsogranttheanimatorgreat
control. The systemwould requirelittle trainingandwould allow
theuserto createmotionswith personality. Someof ourgoalswere
con�icting; generally, onesacri�cescontrolfor theexpertby mak-
ing thesystemapproachablefor thebeginner. As the initial users,
we oftenfelt this con�ict whenmakingdecisionsin designingand
usingthesystem.It wasencouraging,however, thata novicecould
createaninterestinganimationsequenceaftervery little experience
with thesystem.We werepleasedthatthesystemcouldoffer ben-
e�ts, albeitof adifferentsort,to theprofessional.

Many questionsremainon how we could improve the system.
Currently, theanimatorusesawirelessmouseonbuttonsandsliders
to controlspeed,motion-editingsections,cameraview, andcharac-
ter selection.Theseoperationsoftenslow down usersanddistract
them from interactingwith the virtual scene. We hopeto mini-
mizemouseinteractionto keeptheuserinterfacewithin theacting
paradigm.Animationsrequiringinteractionswith physicalobjects,
suchastheground,provedmoredif�cult becauseof thetug-of-war
betweensatisfyingconstraintsandgiving theusercompletecontrol.
Thesystemasit standsis tailoredneitherfor theabsolutebeginner
nor for the expert; we expectthat further customizationfor either
purposewould increasetheapplicabilityof our framework.

Wefoundthatanimatingcomplex motionsrequiredlongertrain-
ing andgreateranimationskills. As anexample,we attemptedan-
imatinga quadruped(dog)walk, andalthoughthe leg motionwas
constrainedand the paws werenot sliding on the �oor , the walk
did not exhibit the requiredphysical likenessthat is necessaryfor
a gooddog animation. Creatingsuchan animationrequiresmore
trainingonhow to makeaquadrupedlook expressiveandrealistic.
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Editing through inferring mappingsstill presentsmany open
questions.The initial systemwe have presentedfor editingworks
well in many cases.However, we feel we have presentedasmuch
anopenproblemasa completesetof solutions.We tried to make
as few assumptionsas possibleyet still had to requirethat edits
preserve thesemanticsof themotion.

Distilling the large set of possiblemappingsto the essenceof
what theanimatorwantscontinuesto bea hardproblem.Whereas
CCA degradessmoothly, distilling degradesdiscretely. Theuseof
thresholdsmakestheproblemlessstablethanit shouldbe. We are
working towardsovercomingtheseissueswhile alsoexpandingthe
system's capabilities.Althoughthemappingsexploredsofar were
from motion to motion, we plan to investigate higher derivatives
or frequencies[Pullen andBregler 2000]. Moving the otherway,
we plan to explore whetherimposingsimple constraintssuchas
alwaysmappingy-up to y-upwouldprovidemorestabilitywithout
imposingtoo muchon theuser's senseof freedom.We alsowant
to leveragethat sometimesthe systemdoessomethingreasonable
but not what was intended;e.g. with featuresX(t) = sin(t) and
Y(t) = � sin(t), bothY(t) = � X(t) andY(t) = X(t � p) arevalid.

Thereadermayhave wonderedwhy we would designa system
for novicesthat requiresanexpensive motioncapturesystem.Al-
thoughour approachcurrentlyrelieson a full motion-capturestu-
dio, this machineryis not essentialfor our system.To capturesix
DOFs,onecanusea dataglove,stereovision,or any othermotion
capturedevice[Ooreetal.2002].Wefeelthatit is reasonablylikely
for cheap3-d inputdevicesto becomeavailablein thenearfuture.
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A Quaternions and A�ne Transformations
To operateon orientations,we needthemin a Euclideanspace,thelog mapof quater-
nions. We alsousethe mapto smoothorientations[Lee andShin 2002], which are
noisy. Notehow rotationsandscalesin R3 mapto quaternionsby theexp map.Scaling
changestwist but not theaxisof rotation;rotatingchangestheaxisbut not thetwist.

B CCA
CanonicalCorrelationAnalysis�nds transformationsA andB suchthatthecorrelation
of transformed,zero-meanedfeaturesA> X andB> Y is maximized:

argmax
A;B

A> SXYB
(A> SXXAB> SYYB)1=2

;

whereSXX , SYY, andSXY are the co- andcross-variances.CCA canbe posedasa
generalizedeigenvalueproblemto �nd A andB quickly [Mardiaetal. 2000].

[S;L ] = eig
�
S� 1

XXSXYS� 1
YYS>

XY

�

A = S; B = S� 1
YYS>

XYA

C Timewarping
Thesystemextractspositionalconstraintsfrom theuser's initial motionandtheuser's
editingmotion.Theseconstraintsareintervalsin timewhentheuserfeatureis still. Be-
causetheuseris not changingthesemanticsof themotion,therearethesamenumber
of constraintsin bothof theuser's motions.We solve for a piecewise-lineartimewarp
thatexactlyalignstheendpointsof theconstraintintervalsandminimizesanobjective.

Themotivationfor theobjective is that in anattemptto faithfully reproducea fea-
tureof theoriginal motion,theusermayhave errorsbothin space(theusertwitched)
andin time(theuserlaggedor anticipated).Wemaketheassumptionthattemporaler-
rorsarelow frequency, soby usinga sparsenumberof controlpointsin thetimewarp,
we minimize our interferencewith the spatialcomponentof the motion. We select
a small numberof control pointsti by analyzingthe speedof the featurecurve. We
choose“peaks,” local maximathatarea standarddeviation above their surroundings.
We want to �nd the besttimewarp consistingof thesecontrol points that minimizes
theerrorbetweenthetwo features.Theerror is de�ned piecewise(asedges),andthe
problemcanbeformulatedasa shortest-pathproblemfor anef�cient globalsolution.
WeoptimizeTi suchthatthecontrolpointsti ! Ti minimizetheerror

E =
n� 1

å
i= 0

Z Ti+ 1

Ti

�
�
�
�u

�
(Ti+ 1 � T)ti + (T � Ti )ti+ 1

Ti+ 1 � Ti

�
� v(T)

�
�
�
�

2

dT;

whereu andv arethespatiallyaligned,dominantsubspacesof the two features.Be-
causethecurvesaresampled,onemustevaluateE with careto avoid aliasing.

References
BENQUEY, V., AND JUPPE, L. 1997. Theuseof real-timeperformanceanimationin

theproductionprocess.In ACM SIGGRAPH97: CourseNotes.

BORCHERS, J. O., SAMMINGER, W., AND M UHL AUSER, M. 2001. Conductinga
realisticelectronicorchestra.In ACM UIST2001.

DE GRAF, B., AND Y ILMAZ, E. 1999. Puppetology:Scienceor cult? Animation
World 3, 11.

DE GRAF, B. 1989. Noteson humanfacial animation. In ACM SIGGRAPH89:
CourseNotes.

DONALD, B. R., AND HENLE, F. 2000. Using hapticvector �elds for animation
motioncontrol. In Proceedingsof IEEEInt. Conf. onRoboticsandAutomation.

GILDFIND, A., GIGANTE, M. A., AND AL-QAIMARI , G. 2000. Evolving perfor-
mancecontrolsystemsfor digital puppetry. TheJournalof VisualizationandCom-
puterAnimation11, 4, 169–183.

IGARASHI , T., MATSUOKA , S., AND TANAKA , H. 1999. Teddy:A sketchinginter-
facefor 3d freeformdesign.Proceedingsof SIGGRAPH99, 409–416.

JOHNSON, M. P., WILSON, A., KLINE, C., BLUMBERG, B., AND BOBICK , A. 1999.
Sympatheticinterfaces:Using a plushtoy to direct syntheticcharacters.In Pro-
ceedingsof CHI, 152–158.

LASZLO, J., VAN DE PANNE, M., AND FIUME, E. L. 2000. Interactive control for
physically-basedanimation.Proceedingsof SIGGRAPH2000, 201–208.

LEE, J., AND SHIN, S. Y. 2002. Generalconstructionof time-domain�lters for
orientationdata.IEEETransactionsonVisualizationandComputerGraphics8, 2,
119–128.

MARDIA , K. V., KENT, J. T., AND BIBBY, J. M. 2000. Multivariate Analysis.
AcademicPress.

OORE, S., TERZOPOULOS, D., AND HINTON, G. 2002. Local physicalmodelsfor
interactive characteranimation.ComputerGraphicsForum21, 3, 337–346.

PERLIN, K. 1995. Realtime responsive animationwith personality. IEEE Transac-
tionsonVisualizationandComputerGraphics1, 1, 5–15.
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