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Figurel: While watchingareal-timedisplayof heractions,ananimatorperformsa hoppingmotion, sketchingthetrajectoryof a kangaroo.

Abstract

We introducean acting-basedanimationsystemfor creatingand
editing characteranimationat interactive speeds.Our systemre-
quiresminimal training, typically underanhour, andis well suited
for rapidly prototypingandcreatingexpressie motion. A real-time
motion-capturdramewvork recordsthe users motionsfor simulta-
neousanalysisandplaybackonalargescreenTheanimatorsreal-
world, expressie motionsare mappedinto the charactes virtual
world. Visualfeedbackmaintainsa tight couplingbetweerthe an-
imatorandcharacter Complex motionis createdby layeringmul-
tiple passeof acting. We also introducea novel motion-editing
techniquewhich derivesimplicit relationshipdetweerthe anima-
tor andcharacterThe animatormimics someaspecbf the charac-
ter motion, andthe systeminfers the associatiorbetweerfeatures
of the animators motion andthoseof the character The anima-
tor modi es the mimic by actingagain, andthe systemmapsthe
changesnto the character We demonstrat®ur systemwith sev-
eral examplesand presentthe resultsfrom informal user studies
with expertandnovice animators.

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

1 Intro duction

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

allows expert actorsto animatehumancharactersput is fraught

with adifferentsetof dif culties, particularlywhenanimatingnon-

humancharacterandwhenattemptingo edit existing motion. We

presengninterfacethatsupportdhemary bene tsof performance
animationyet allows for the mappingbetweeerthe animatorand

charactetto be establishedn waysthatareboth e xible andeasy
to understand.

We hadseveral goalsin mind whendesigningour system. We
wantedour systento have aneasy-to-usandef cient interfaceap-
propriatefor anovicewith little training. Wewantedo givetheuser
controlandtheability to createmotionsthathave asensef person-
ality, oftenlackingin 3-d animation. Our resultsand userstudies
indicatethatwe have madeprogresgowardsachieving thesegoals.

We introducea systemthatallows usersto createandedit char

acteranimationby acting.A motioncapturesystemanda setof re-

ecti ve props,or widgets,provide theconnectiorbetweertheactor
andthecharacterasshavnin Figurel). Themotioncapturesystem
freesthe animatorfrom the con nes of a mouse,a keyboard,and
a limited workspace.The useranimatedy actingwhile watching
alarge displayfor instantfeedback.The systemrequiresminimal
training, typically underanhour, becausé innatelycapturesisers'
expressvenesdgrom their acting.

Thekey contritutionsof ourwork lie in how the animators mo-
tionsaremappedo thoseof the characterandhow animationcan
bebuilt uponlayerby layer Themappingfrom actorto characteis
createcby a combinationof explicit andimplicit controls.Explicit
controlis usedfor rapidprototypingof theinitial animation.In each
layer, multiple relateddegreesof freedom(DOFs)of the character
aremodi ed simultaneously Layeringallows the animatorto fo-
cusononeaspecbf theanimationatatime, whereasvorking with
all aspectsat oncecan be overwhelming. When editing, implicit
control canbe createdby automaticallyinferring which DOFsthe
animatoiis trying to control. Thesystemimplicitly createshemap-
ping of real-world motion to that of the characteffor editing; the
mappingmay involve both spatialandtemporaltransformations.

Therestof the papemroceedssfollows. First, we discusgele-
vantrelatedwork andgive anoverview of thesystemandtheinter
face.Wethenprovide detailsof thealgorithmsfor motioncreation,
motion editing with explicit transformationsand inferred motion
editing with implicit transformations.Finally, we concludewith
results,userstudies andfuturework.
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2 Related Work

The researchpresentedn this paperwas inspired by previous
contributionsto interactive andeasy-to-learnnterfaces,especially
thoseintendedfor novices. Existing work includessketchingout-
lines into 3-d shapeg[lgarashiet al. 1999], sculpting surfaces,
[Schiolne et al. 2001], and using plush toys for interactionwith
virtual environmentgJohnsoretal. 1999].

Many animatorgely on explicit keyframing,whereata speci c
instantin time, they have full control of a character The dif culty
comeswhenanimatorsvantto expressdynamic, uid motion,par
ticularly whenmultiple degreesof freedomshouldbe manipulated
in unison.We allow theuserto editmultiple DOFsover a periodof
time, andbecausdime is inherentin the processof acting, rather
thanin an axis of a graph,we retainthe intuition thatis lacking
from keyframesandgrapheditors.

Motion capturehasa long history in computeranimationasa
mechanisnfor transferringlive motionto the digital domain. Mo-
tion capturecanrecordthe nuanceghat give feeling and expres-
sivenessto motion; however, it also hasseveral limitations. The
computergeneratectharacteimay not have the samephysiqueor
dimensionsas the humanactor The desiredmotion may be too
dangerougo actand capturein real life or may involve impossi-
ble motionsrequiring superheroicspeedor strength. We rely on
motion-capturgechnologyto supportour work, but we do not tie
the charactes motion directly to that of the actor This indirect
interactionlinks uscloserto therealmof puppeteering.

Puppeteeringndperformanceanimationhave beenshavn to be
powerful tools for the expertuser An animatorusesa specialized
input device, rangingfrom an exoskeletonto a force-feedbaclsty-
lus, to control a charactethroughsomedirect mappingof DOFs.
Personalityis imparteddirectly onto the charactefrom the nature
of the control. Our work follows on this work with the goal of en-
ablingnovice usersto easilycreateexpressie animation.

Althoughthe earliestcomputermpuppetrywork datesbackto the
late sixties[Sturman1998], modernperformanceanimationtraces
backto the Jim HensonCompary [Walters1989] anddeGrafand
Wharman[de Graf 1989]. Following the dehut of Mike the Talk-
ing Head at Siggraph89, Protozoa[de Graf and Yilmaz 1999],
Medialab [Benqugy and Juppe1997], and othersdeplo/ed per
formanceanimationsystemson television programs shaving the
power of usingacting for animation. Our work differsin several
ways. Whereasexisting systemsusedirect or preassignedanap-
pings, we generalizethe mappingbetweenthe actor and charac-
ter, granting e xibility with the characterand the motion-capture
rig. We animatepartsof the characteindividually using separate
motion-captureakes,whereagraditionally mostpartsof acharac-
ter areanimatedsimultaneouslyUnlike existing performanceani-
mationsystemspursrequiresminimal calibration,makingourtool
usefulfor rapidprototypingandaccessibléo novices.

Severalresearcherbave investigatedcomputempuppetry Shin,
etal. developeda computempuppetrysystemallowing a performer
to animateanentirecharacteonline[Shin etal. 2001]. They infer
contet from the motion, which they useto guideinversekinemat-
ics. Our goalsdiffer, asthey wanta fully markeredpuppeteeto
createnstantmotionfor aretagetedcharacterbut we wantanani-
matorto operatea widgetto createandedit motionin layersfor an
arbitrarycharacterGild nd recognizedheimpracticalityof tailor-
ing puppetrycontrolsfor eachdevice, characteranduser[Gild nd
et al. 2000]. His systemcreateshe controlsthroughiterationsof
a geneticalgorithmwith userprovided tness feedback.We differ
from Gild nd in thatwe requireminimal training.

Snibbeand Levin [Snibbeand Levin 2000] explored layering
of motionin the settingof 2-d abstracianimation,focusingon us-
ing humanmovementasaninterfacefor dynamicabstracsystems.
Ooreetal. [Oore et al. 2002] usedmotion layeringin their ani-

Figure2: An animatoris interactingwith our system. The real-
time motion-capturesystemtracksthewidgetin herhand(theuser
feature). The widget's motion, X(t), mapsto a charactefeature,
Y(t), andtheusers editsareinstantlyre ected onthescreen.

mationsystemwhich combineddirectmanipulationof DOFswith
physical controlsasguidesfor more naturaljoint motion. We ex-
tendedtheir layeringto includeadditive layering,which allows for
re nementof existing motion. In addition,our systemallows not
only directmanipulationof DOFsbut alsoindirectmanipulationof
relative trajectorieghroughthe useof inversekinematics.We feel
thatthelayeringandindirectinteractionmake our systemeasieifor
usersgspeciallynovices.

There are other related interactve interfacesfor animation.
Popuwic, etal. createpreciseanimationsof rigid bodies[Popaovic
et al. 2000]. Perlin hasa simulatedactorthat respondshasedon
humanintervention [Perlin 1995]. Laszloet al. directly involve
the animatorin the control of interactve physics-basedsimula-
tionsof walking, jumping,andclimbing usingmixesof continuous
(mouse-basednddiscrete(keypress-basedjontrol [Laszloet al.
2000]. DonaldandHenle usehapticsto constructnen motion by
editinglow-dimensionatepresentationsf existingmotion[Donald
andHenle2000]. Several systemaisegestureso controla perfor
mancejncludingthe PersonaDrchestrgBorchersetal. 2001]and
Andy Wilson's Seagulifrom the 1996 SiggraphDigital Bayou.

3 Overview of System

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

Hardware Our systemusesan 8-cameraoptical motion-capture
systemawirelessmouseawall displayscreenandarny numberof
animationwidgets(seeFigure?2). The systeminterpretseachwid-
getabstractlyasa userfeature. We gathermotion-capturedataat
120fps andcomputethetranslationabkndrotationalvaluesof each
widgetin realtime. Eachwidgetis built from Tinker Toys™ and
includesa numberof motion-capturemarkers. Differentnumbers
of markerson eachwidget helpsthe systemdifferentiatebetween
them. A video wall displaysthe virtual sceneandthe userinter
face,which is manipulatedvith a wirelessmouse. This hardware
setup(seeFigure?) allows the userto move freely aroundandcon-
centrateon interactingwith the charactersnsteadof the interface.
Althoughwe useafull motion-capturestudio,this machineryis not
essentiafor oursystem.Theframevork we describecanbeapplied
to ary real-timeinputdevice, includingamousehowever, interact-
ing with multiple DOFscanbe moreexpressve andef cient.
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Space and Time Interaction Spatialcorrespondenceetween
therealandvirtual worldsis critical for theinteractve processAn-
imatorsmustbeableto immersethemselesin thevirtual world and
forgetabouttheir physical surroundingsWe createthis spatialcor
respondencéy using camerainteraction,groundcalibration,and
explicit motionscaling.

To provide for straightforvard userinteraction,all usermotion
is transformedo the camerareferenceramein the virtual world.
The usercanrotateandtranslatethe camerato ary viewpoint and
maintainaninteractionpatternthatcanbeanexactreplicaor mirror
imageof heractions. In additionto positionandrotation,camera
zoomhelpsmake thecorrespondingirtual motioneasierto under
stand.For example if theusemmovescloserto anobject,themotion
is scaleddown to provide ner control over the character As the
usermovesfartheraway from the object,the motionis scaledup,
providing coarsercontrol for sketchingtrajectories. We describe
cameraview andscalecontrolsin moredetailin Sectiord4.

Groundcalibrationsenesasan absolutereferencebetweerthe
realandvirtual worlds. Usingthewidgets theanimatorcanspecify
a mappingbetweena planein the real world, suchasa tabletop,
andthegroundin thevirtual scene Usingthede ned plane(table),
theusercanconstraina characteto thegroundin thevirtual world.

Oneof theadwantage®f interactize animationis theusers com-
pletecontrol over timing. The animatorobseresthe existing mo-
tion andreactdto it, creatingsynchronizeanotionmuchmoreef -
ciently. To facilitatethe animatorin this processwe addedtiming
controlsthatinclude speedandinterval control over the playback.
Animatorscanisolatethe region they are editing and slow down
the playbackspeedor moreprecisecontrol. To aid the userin re-
actingto existing motion, the systemprovidesanticipationguides,
suchasghostrenderingof the charactes upcomingmotion and
the projectionsof trajectorystreamerentothe groundplane.

Character Interaction An animatorinteractswith characters
throughuserand characterfeatures. Widgetsare usedto control
the userfeatures,or DOFs,which mapto characterfeatures.The
characteffeaturesetincludesjoints and pointson the body. The
userinteractswith featuresthroughdirect, indirect, and inferred
mappingswhichwill bediscussedn Sections5 and6. For there-
mainderof the paper we useX to referto a userfeatureover time
andY to referto acharactefeatureovertime. They canbethought
of asfunctionsthattake time asinput andproducea vectorasout-
put, suchascoordinatesn spaceor aquaternionThenotationX(t)
refersto auserfeatureattimet.

Synthesis and Editing with Layers To createa motion using
the direct or indirect mappings the animatorselectsa featureon

thecharacteandthencontrolsthatfeaturewith awidget. Thewid-

get's motionis transformedntothe characterandthe changesre
re ected instantaneouslyThe animatorcanthenanimateanother
featurewhile watchingall previously animatedeatures.This con-
ceptof layeringgivesthe usercontrol over timing. Differentfea-
turesmay requiredifferentmodesof transformation.We provide

threemodes:absolutefrajectory-relatie, andadditive. Theanima-
tor canselectthe modeof transformatiorto nd the onethatfeels
andworks best. In Section5, we describethe differentinteraction
modesin detail.

We editmotionin asimilarfashion.A featureis selectedandthe
users actingmodi es the motion alreadypresent. This modi ca-
tion is anotherform of layering. For example,ananimatorcan rst
de ne the pathover which a creaturewill travel. Theanimatorcan
thenedit that pathto includelocal swaysor bounces.Performing
theseactionssimultaneouslynsteadcanbe morechallenging.

Whereagshe abore-mentionednotion editsinvolve the explicit
speci cationof thefeatureso be modi ed, we alsoallow the user

to edit a motion with implicit transformations.Insteadof select-
ing afeature theanimatormimics someaspecbf themotionwhile
watchingit, andthe systeminferswhich featuresto edit. The sys-
temdiscoversspatialandtemporaimappingdo associatéhe mimic
with the features. The animatorthenactsagain, andthe editsare
transformedo the characteby thesemplicit mappings.Thealgo-
rithmsbehindtheimplicit editingareexplainedin Section6.

4 Interaction

To make our systemappealingo novices,we aimto make thechar
acterinteractioneasyand e xible. To maintainthe intuition of di-
rectionregardlessof how a userviews the scenewe transformall
motion to the camerareferencerame. We adjustmotion scaleto
granttheuserfreedomin interactingwith the system.

4.1 Camera View Mapping

We malke characteinteractionstraightforward by mappingtheref-
erenceframe of the widget motion to the referenceframe of the
cameraview. To computethe cameratransformationC necessary
for thereferencerame mapping,we usethe rotationalcomponent
of thecameraviewing transformationAs motion-capturelatais re-
ceived, the systemtransformst by C. Transformingthe motionto
the exactviewing transformatioris not alwaysuseful. Sometimes
theuserswantto maptheir verticalmotionto verticalmotionin the
scenegvenif they areviewing the scenewith a slight dowvnwards
angleor with anoverheadview, asis the casewhenanimatingthe
legs of a spider We provide this e xibility by ignoringthe camera
roll, resultingin a direct mappingbetweenthe vertical motion in
userandyvirtual space.

We usethe animationwidgetsnot only for charactetnteraction
but alsocameramanipulation.Theusercancontrolthe cameraand
move aroundthe scengust aseasilyasanimatinga character To
malke thecameramotion uid, weapplydampedspringsto thewid-
getmotions.Theusercanalsoattachthecamerao a characteand
animatewhile moving with the existing motion,whichis helpful if
thecharacteis moving acrosdargedistances.

4.2 Scale Adjustment

To male the interfacemore intuitive, we automaticallyscalemo-
tion basedon camergparametersin additionto the standarccam-
eratransformationye usec; to representameralistanceT (c;) is
anextratranslationin thelocal cameraz axis (thedirectionof cam-
eraview), resultingin acombinedcameraransformationCT(c;).
As the users view (controlledby the secondwidget) getscloserto
thecharacterthecameralistancec; automaticallydecreasesaus-
ing a linear decreasén motion scale. Similarly, asthe usersteps
backfrom the characterthe motion scaleincreases.We scaleby
a constantamountS(k) to allow for differencesn usermotionand
display size; it is manuallysetand can be calibratedto map the
users comfortablerangeof motionto thedisplayscreersize. The
nal cameratransformatioris CO= S(k)CT(c,).

Motion canalsobescaledexplicitly. Oftenananimatormayan-
imatethe rst layerof ananimationby usingthe whole room, but
thenmaywantto switchto usingatableasareferencegroundplane
for thefollowing layers.To explicitly de ne scale we asktheusers
to performtheexisting animationin the spacethey planto use.We
thende ne thenew scaleasthemappingof theboundingboxof the
existing motionto the boundingbox of the sketchedmotion. This
scalingtechniqueallows for differentscalefactorsalongthediffer-
entaxes,which canbevery helpful for motionthatvariesprimarily
alongoneaxis.
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5 Performance Animation and Editing

Animators createand edit motion by controlling userfeaturesX
thatinteractwith charactefeaturesy, asdescribedn theoverview.
The characteffeaturesetincludesDOFs and relative handles. A
handleis a point on a charactes skeleton, traditionally usedfor
controlling a characterthroughinversekinematics. The point is
someplaceP on a bone,andits world positionis the composition
of the transformationmatricesin the skeletal chain startingfrom
theroot, T,T,::: T, ,TnP. A relative handleis a pointon abone
speci edin thek-th coordinatérame,namelytheframeof a parent
bonein the hierarcly. The locationis thenT, T, ,::: T, TnP.
An exampleof a relative handleis the ngertip of the right index
nger with respecto theright shoulders coordinateframe. In our
systemthehandlesareprespeci edin the charactemodel.

Comple motion is createdby layering animationtrials, also
known as motion-capturdakes. We approachmotion layering as
a techniqueusedover multiple featuresor over a single feature.
Whenlayeringacrosanultiple featurestheanimatodayersmotion
by animatingdifferentbody partsseparately For example, rst,
theuserde nesthetrajectoryof thecharacteandthenindividually
addsleg andarmmotion. The usercanalsoperformlayeringover
onefeatureby preservinghe underlyingmotionandadjustingit to
addcharacteristicor style. Typically, the userstartswith a rough
sketchandre nesit iteratively, addingdetail. Becauseheanimator
is watchingthe existing motion while animating,the nev motion
is synchronizedwith the existing motion. Throughoutthe layer
ing processan animatormay requiredifferentfeature-interaction
paradigmsInteractioncanbe absolutefrajectory-relatre, or addi-
tive.

5.1 Absolute Mapping

When using the absolutemapping,a featuremovesin the world
coordinatesystem(seeFigurel). This interactionis usefulfor an-
imating body partsthat interactwith objectsin the scenesuchas
thelegsof acharactethatis walking, running,or jumping. Whena
featureis selectedor interactionits initial positionY, androtation
YOR arestoredalongwith the widget's position X, androtationxge.
Thenew positionY{t) of afeatureattimet is thesumof theinitial
positionY, andthe changein translationof theincomingdataover
timeinterval [O;t], X(t)  X,.

YAt = Yo+ CAX(M) X)) YRY) = CXRR(xE) Y&

COis the cameramatrix thatorientsthe motion sothe usermain-
tainsa consistentnteractionpatternthroughouthe animationpro-
cess.Thenew rotationYRo(t) of afeatureis theproductof theinitial
rotationY{ andthedifferencein rotationovertimet, XX(t)(X§) 1.
Whenusingabsolutefeatures the usercaninteractwith the spec-
i ed groundplane,allowing for easyanimationof feetplacement.
If X(t) liesontheprespeci edgroundplane,Yqt) is snappedo the
virtual groundplanevia a penaltyobjectie.

5.2 Trajectory-Relative Mapping

This mappingallows for trajectory-relatre motion of a selected
feature. This paradigmis usefulwhenthe userwantsto animate
afeature,suchasthe head,with referenceo someexisting parent
motion. The new positionof eachfeatureY{t) is the sumof the
initial positionY, andthetransformatiorK (t) of the changein the
widgetsstranslationovertime interval [0;t], X(t)  X,.

Y1) = Yy + KOCAX()  Xp)

K (t) is the compositionof thetransformatiormatricesof a pre-
speci edparenthierarcly attimet. This hierarcly canincludejust
the characteroot or ary additionaljoint transformationssuchas
thetorso. Theuserstill interactsaturallywith handleswhile keep-
ing the hierarchicaformulationcommonto joint angles.

5.3 Additive Mapping

Theadditive mappings usefulwhentheanimatomwantsto presere
the underlyinganimationandadd moredetail or personality This
interactionparadigmprovidesexplicit editing controlsfor existing
motion. The techniqueaddsdifferencesin widget motion to the
existing animation.If the animatordoesnot move, thenthe object
motion doesnot change . The new handlepositionY{t) is the sum
of theexisting animationvalueY (t) andthe changen thewidget's
translationattimet, X(t) X(t dt).

Yqt) = Y(t) + CAX(t) X(t dt))

Becauseve aimto retainthe underlyinganimation the additve
mappings mostusefulwhentheanimatomwantsto make ananima-
tion moreexpressve or addslight changego the existing motion.

6 Implicit Editing

In this section,we introducea meandor editing animationsusing
animplicit mapping.We usethetermimplicit, or inferred,because
nowheredo theuserstell the computemwhatthey desirego edit. It
is the computers responsibilityto discover the mapping. Because
this problemis harderandill-posed,we imposerestrictionson this
form of editing,namelythatthe editspresere the semanticof the
motion. Oneshouldnot usethis tool to editawalk into aback ip;
ratheroneusesthis tool to changethe paceof thewalk or the style
of thearmswings.

Despitetherestrictionstheimplicit mappinghasseveraladwan-
tagesover explicit edits. Insteadof manuallyselectingfeaturesto
control, the animatormimics the motion to be edited,andthe sys-
temdiscoversthefeaturegrelative handlesor orientations)perhaps
several. The featuresmay even be shiftedin time. In sucha case,
whenthe animatoreditsthosefeaturesthe editsareshiftedin time
accordingly The animatordoesnot needto reproducethe coordi-
nateframeof theoriginal creatoror guesghespatialscaleof the 3-d
animation.Thesystemdiscoversary translationsfotations shears,
andscalesmnecessaryo maptheanimators motionsto thefeatures.
Lateny andnonlineartemporalerrorssuchasanticipationor slow
reactioncanbe detectedandcorrected.Motions canbe editednot
only in spacebut alsoin time, suchasacceleratinghe motion or
adjustingthetiming of footsteps.

An edit happensn two stagesgachpromptedby theinterface.
First the usermimics someaspectof the charactemotion. Fea-
turesX andY arebuilt from theuserandcharacteDOFs.Thesys-
tem constructsspatialand temporalmappingsfrom userfeatures
to characteffeaturesandinfers whatthe userwantsto control. In
the secondstage,the useractsagain, and the systemremapsthe
changegrom userfeaturesX®to charactefeaturesr® The system
updategonstraint@sneededndperformsaconstraineptimiza-
tion to recover the characteDOFsbestsatisfyingthe featuresy®
Theremaindeof this sectionaddressethesedetails.

A linear transformL mapsthe users mimic X to the character
motionY with someerror, Y = L(X) + x(X): Thentheuseractsan
editX? Insteadof calculatingthe new motionY%= L(X9 + x(X9;
we calculatethe differencebetweerthe editandthe mimic andadd
themappedifferenceto the characterderivedby linearity:

YO

LX9+x(X9+Y LX) x(X)
Y+L(XO X)+ x(X9  x(X):
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Note thatif errorsin X?and X are correlated(the usermadethe
samequirky interpretatiortwice), they will cancel. Also notethat
the users dataneedsto be Itered to avoid the additive effects of
high-frequeng noise.Becauseheusers editis augmentinghe ex-
isting motionratherthanreplacingit, we feel thatthe editwill also
likely presere someaspect®f the personalityof the original mo-
tion. Wheneer featuresare manipulatedthey needto be aligned
in time; thatis, the systemcalculatedimewarp T to align X with
Y andtimewarp$S to align X°with T (X):

Y=T(X); Yo=sS(V)+L(X° S (T (X):

We will retainthis notationfor theremaindeiof the section.

6.1 Creating and Ranking a Mapping

Our systemconstructsthe Cartesianproductsof userfeaturesX
with characteifeaturesy (relative handlesand orientations). Ori-
entationsare representedn a Euclideanspace,discussedn Ap-
pendixA. Eachpair consistsof a userfeatureX (m—dimensional
dataover k time samplespnda charactefeatureY (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
performancgRamsayandSilvermanl1997]. CCA is amultidimen-
sional generalizatiorof the correlationcoefcient. It nds afne
transformationsothatthe transformedeatureshave maximalcor
relation. Colloquially, how cantwo featuresbe rotated, scaled,
shearedand translatedsuchthat they matchmostclosely? CCA
takesfeaturesx andY, zero-meanshem,angyeturnslineartrans-
formationsA andB andcanonicakoefcients = L. A coefcient of
1 indicatesperfectcorrelationandO representsio correlation.The
correspondingows in A and B arethe canonicalvectors[Mardia
etal. 2000]. AppendixB shavs how CCA is computed.

CCA hasseveral propertiesthat we exploit. The two inputsto
CCA do not needto be the samedimensionor the samerank. The
userdoesnot have to bein a certainorientationor know the differ-
encesn scaleswith thecharacterThebehaior of CCA isinvariant
to ary afne transformation. This propertyis invaluablebecause
userscanactmotionsin ary coordinatdramethey prefer

WeuseCCAto mapauserfeaturestreamX (m k) toacharacter
featurestreamY (n k). CCA zero-meanshe dataandcalculates
lineartransformation® (m m)andB (n  m) suchthat

pEA> (X m) B(Y m):

Giventhedifferencesx® X betweerthe two usermotions(re-
call thatX' andX needto be temporallyalignedbeforedifferenc-
ing), we cansolvefor thechangeso thecharactefeatureghatwere
distilled,

0_— > p T A> 0 .1
Y’'=S (Y)+B°n LA (S(X" T (X)) :

The original featureY andthe remappediifferencesaddedto-
getheryield thenew charactefeatureY® Whentheerrorsin align-
ing XOwith T (X) aretoo large, we do not differenceanddirectly
calculate

Y= m + B”n pfA>(X0 m) :

6.2 Distilling the Mappings

Ouralgorithmtakesthe userfeaturesandthecharactefeaturesand
runsCCA onall pairs,resultingin hundredf potentialmappings,

1We borrow thenotationMny: nd x giventhelinearsystemMx = y.

Figure3: This kangarooanimationwascreatedwith six layersand
wascompletedn twentyminutes.The rst layerspeci edthekan-
garoo'strajectory Thesecondayeraddecdthe bendingof thelegs.
Subsequeriayersanimatedhetorso,head arms,andtail.

eachranked betweerD and 1. Becauseof spatialandtemporaler
rors from both the userand the input devices, the canonicalco-
efcients of the featuresmay vary over repeatedexperiments. In
addition, sometimeghe usermay wantto control multiple DOFs,
suchastwo limbs, with just oneinput. We needa way of analyz-
ing the mary possiblemappingsfrom the Cartesiarproductsand
distilling the informationfrom the bestones,with somedegreeof
consisteng over multiple trials.

First,we eliminatemappingghatareworsethanathresholdten
percentfrom the bestmapping.We distill theremainingmappings
by eliminating featuresthat are highly dependenbn eachother
Relative handlesharingkinematicsubchainseduceto asinglefea-
ture by favoring a handletowardsthe end-efectoranda coordinate
frameneartheroot. For example,the handin the shoulderframe
is preferred,andthe forearmin the shoulderframediscarded.The
handin the shoulderframeis preferredandthe handin the elbov
frame discarded. The world coordinateframeis treatedspecially
becaus¢heroottranslatiordoesnotcoincidewith ary naturaljoint;
only thebestmappingwith aworld coordinatdrameis retained.

Althoughtheseheuristicsarefar from robust, they work well in
practice.The motion mappingsaresolved beforethe usereditsthe
motion, andthe active limbs on the charactearehighlighted. The
usercanchooseto redothe mimicking X if not satis ed with the
inferredmappings Noisemight saturatehe subtlefrequencieshat
discernonecoarticulatedeaturefrom another A poormimic X can
resultin apoormappingY  L(X) with mucherror

6.3 Motion-Curve Subspaces

While testingour systemwe discoveredthatwhena users motion
is primarily 1-d or 2-d (or twisting ratherthantumbling), the data
for the underusediimensionsanhave non-Gaussianoise,which
canleadto poor mappings We calculatethe principal components
of theuserfeaturesandremove the subspacethatcontribute mini-
mally to thedata.Whenremappinganedit, the samesubspaceare
likewise remored. Not only doesthis projectionimprove the per
formanceof the systemput it grantsthe animatorthe ability to se-
lectively editonasubspacéby no meansaxis-alignedpf afeature;
e.g.,the animatorcould ignore horizontalmotion and only mimic
andedit vertical motion. Whenmappinga lower-dimensionakdit
to a higherdimensionafeature the systemusesprojectionsof the
original higherdimensionafeatureto Il themissingdimensions.
For the differencingand direct equationspresentedn Subsec-
tion 6.1, if B is rank-de cient, thereis no uniquesolutionto the
nonhomogeneouinear equation,becauseaddingary 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 Usingtheseprojectorsthe editsfrom theuserareremapped
onto the rowspace,andthe alignedcharacterdataS (Y) lls the
nullspace Theprojectorsenabletheuserto actin asubspacavhile
thesystemhallucinatesensibledatafor theremainingdimensions.
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6.4 Timewarping

CCA solwesfor a spatialmapping,but temporalmappingsnay be
necessaraswell. Onecould designa functionaloptimizationthat
solvesfor afne spatialmappingsand smoothtemporalmappings
simultaneouslybut it would take too long, andwe requirean in-
teractize system.First we calculateCCA on phase-shiftedeatures
to accounffor a constantateng. Becausef the closed-formsolu-
tion, runningCCA for all arrangementsf featuresandphaseshifts
takes undera second. We thentake the top-ranled mappingand
solve for thetimewarp T that maximizesthe correlationbetween
T (X) andY. This timewarp aligns constraintsand accountsfor
higherordererrorssuchasanticipationor slow reaction,discussed
in AppendixC. The userfeaturesaretimewarped,andthe spatial
mappingsarerecalculated We alsocalculatethe timewarp S for
aligning the semanticf the alignedmimic T (X) to the edit X2
If the users featurecorrespondso multiple charactefeaturesthe
remapsareshiftedaccordingo the phaseoffsetsdetectedat rst.

6.5 Constraints and Solving for the New Motion

We desireour editsto presere positionalconstraints,suchasto
keepfeetfrom sliding. Sucha constrainpinsahandleto alocation
for someinterval in time. Whentheuserperformsaneditanddoes
not changethe semanticof the motion, the numberof constraints
remainghesameput they maymovein bothspaceandtime. If we
allowed the numberof constraintsto change,it would be harder
likely indeterminableto deducecorrespondencdsetweerthecon-
straints. The systemrst decidesf constraintsareaffectedby the
edit. If theuseris manipulatingthe arms,thereis no needto worry
aboutconstraintonthefeet. ThetimewarpS betweerthealigned
mimic T (X) andtheusers edit X°warpsthepositionalconstraints
in time. For eacheditedconstraintwe sampleits handleover the
activeintenal. Inversekinematicontheeditedfeaturesletermines
the handles values,andthe constrainis pinnedto their mean.

Our systemtakes the userand characteDOFs and constructs
featureslt discovrersmappingsfrom userfeaturedo charactefea-
turesand remapsedits of userfeaturesto the characterfeatures,
modifying constraintsas needed. The nal stepis to solve for
the characteDOFsthat matchthe editedcharactefeatureswhile
maintainingconstraints Quaternionsareremappedlirectly. When
featuresand constraintsareremappedy a world-framemapping,
the root translationsare adjustedto minimize error with the con-
straintsandthedesiredeaturesin somecasesthesechangeslone
may be enoughto generategood motion becausahe semanticof
the motion getpresered. Thesemanipulationshelp becausaon-
linearsolversareoftensensitve to initial conditions.We thensolve
the inversekinematicsas a constrainedptimization[Popwi¢ and
Witkin 1999]. The constraintsinclude positional constraintsand
joint bounds.Theobjective includesdesirego matchthenew char
acterfeaturesto matchthe original motion,andto be smooth.

7 Results

We useda variety of characterswith arbitrary rigs to evaluate
the versatility and effectivenesof our framevork. The animators
startecby roughlysketchingthetrajectorieof themotionsandthen

addedletailsin subsequertyers.Theplaybackspeedvasusually
slowed down to give the animatormorecontrol over the character
To be effective, animatorshadto be awareof the speedof the ani-

mationto avoid maoving too quickly andcreatingspasticandunre-
alistic motion. The durationof the animationprocesslependedn

the speedf the playbackfor theadditionof layersandthe number
of timesa layerwasperformedbeforethe animatorwassatis ed.

Figure 4: This spideranimationwas createdwith six layersand
wascompletedn twenty minutes. Pairs of legs wereanimatedas
separatdayers.Finally, theuseraddedorsoandheadmotion.

Synthesis Using a combinationof the performanceanimation
andexplicit editing techniquesiescribedn Section5, we created
animationsof a bird, kangaroo,anda spider The bird wascreated
in two layers,andthe animationprocesdastedonly two minutes.
First, thetrajectoryof the bird wasde ned usingthe absolutemap-
ping. Then,theuseranimatedhewingswith thetrajectory-relatie

mapping.The camerawvasattachedo the bird trajectory allowing

theuserto animatewhile ying with thebird. Thisview wasuseful
whenthebird wasdif cult to animatefrom a staticview.

We animateda kangaroojumpingin a zig-zagpatternusingser-
eral interactionparadigms.The animationconsistedof six layers
andwas producedin twenty minutes. The animatorusedthe ab-
solutemappingto sketchthetrajectoryof the kangarooin ajump-
ing zig-zagpattern,asshavn in Figurel. In the secondayer, the
animatorbentthe legs for the jumping motion. A tablewasused
asa referencefor the groundplane. The iterative processcontin-
uedwith the tail, arms,and head. The torsowas modi ed using
the additive mappingto addanticipationandfollow-throughto the
jumping. Figure3 shawvs the nal kangaroomotion. This pipeline
is typical of how auserwould animatea charactemwith our system.

Thespideranimationalsoconsistedf six layersandwascreated
in twentyminutes.Again, theuserstartedby de ning thetrajectory
with theabsolutemapping.Next, two of thelegswereanimatedsi-
multaneouslyith two widgets.Therestof thelegswereanimated
in a similar manner The choiceof whatlegs to animatetogether
wasleft to the user andtherewasno restrictionon the numberof
legs animatedat once. Finally, the animatoraddedheadmotion
usingthe trajectory-relatie mappingto give the spidermore per
sonality Usingthe additive mapping,the animatoraddedbounce
andsway to thetorsoof the spiderwhile still maintainingthe walk
cycle. The spideranimationshavs how our systemcan be used
to createcomplex motion ef ciently . The animatorperformedthe
motionof all eightlegswith justtwo 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-
capturesequencef a broadjump, the animatorexaggeratedhe
jumpandaddedaback ip. Bothtransformationsveredonein just
onemotion, takingundera minuteto edit.

We also edited a two-charactetboxing scenariothat required
synchronizing two unrelated motion-capturesequences. The
twelve-secondanimationconsistedof threelayersand was com-
pletedafter ve minutes.The animationsequencstartedwith 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: The animatormimicsthe arm swing of the walking motion. Bottom: He editsby bendinghis elbon. The systeminfersthat
theuseris controllingbotharmsof the charactemwith justonearm. Themotionis changedo make botharmsswingwith bentelbows.

punchesNext, theusermadethe boxer's headreactto the hits. Fi-
nally, the hipswerepulledbackto make the stomactpunchesnore
realistic. This animationshoved us how easilyand effectively an
animatorcaneditanimationghatrequiretiming adjustments.

Implicit Editing We used the implicit editing techniqueto
changethe style of arm swingingin a walk sequence.First, the
animatormimicked the motion seenon the screerby swinginghis
right arm. Then, he performedthe motion differently, bendingthe
elbav (Figure5). The systemdiscoreredthe mappingsfrom the
widgetto thecharactes left andright armsandremappedhearms
accordingly The userinput wastreatedas only 2-d becausehe
subspacalgorithmdeemedhethird dimensionnconsequential.

We editedthe world positionandorientationof a characteiin a
broadjump anda spinningjump sequenceT hesystenmappedhe
userinput to the charactes left foot in the world frame. The feet
werepinned andtheeditspreseredtheseconstraintdy transform-
ing thembothin spaceandin time. The systemcalculatedtime-
warpsbetweenthe usermimic andthe characteifeatures,aswell
astheusereditandthe usermimic, to alignthe semanticof all the
motions.Althoughthetiming of thejumpschangedcharacteristics
suchasthearmswingsweretimewarpedto presere the semantics.
In thespinningjump edit, theanimatorchangedhedirectionof the
charactespin. With just onewidget, the animatorsimultaneously
controlledbothtranslationandorientation six DOFs,with ease.

We alsoeditedthe spiderwalk describedabove. The animator
mimicked oneleg with respecto the spiderbody. The systemdis-
coveredthattheanimatorcontrollednotjustoneleg, but all legsby
determiningthe phaseshiftsrelatingtheleg motions.In this exam-
ple, theleg movementhadenougherrorthatthe systenrevertedto
directly solving for Y2 from X°ratherthanusingX® S (T (X)).
The mimic and edit were only 1-d, but the nullspacef the spi-
der's leg featureseproducedhe remainingtwo dimensionf the
original spidermotion. Thelegswereremappedisingthe detected
phaseshifts,enablingtheanimatorto presere thegait of thespider
but reanimateall legs by just editingone.

Informal Experiences with Users A professionakndnovice
animatortestedhesystenwe have describedTheresultsandfeed-
backwereexciting andgeneratednterestingdiscussions.
Theprofessionahnimatomwaseageto try our system Although
hewasa classicabnimatorhehadusedmotioncaptureprior to our
sessiorandwascomfortablewith thetechnology His mainconcern
with the systemwasthe lack of precisionit provided comparedo
moretraditionaltools. He was excited, however, aboutthe possi-
bility of usingour systemfor theinitial staging directing,andpro-
totyping of the desiredmotion. Theimprecisionand uidity of the
systenmadetheseinitial tasksof positioningandgeneratingough
trajectoriesimplerthanusinga systenthatalwaysdemand&xact-
ness.He hadsimilar positive remarksaboutroughingout camera
positionsandcameramovesthrougha scene.

The novice animatorhad no prior animationexperienceof ary
kind, but foundit intuitive to actthedesiredbehaior. Shehadlittle
trouble makinga mentalmappingbetweenher physical surround-
ings andthe virtual scene.However, shefoundit dif cult to slow
down and adjusther actingto slower motion on the screen. Un-
like the author who likesto animateat slow playbackspeedgo
ensurecontrolover the characterthe novice wasmorecomfortable
animatingat closeto real-timespeed. After a forty-minuteintro-
ductionto the system shetook twenty minutesto producea fairly
successfulalthoughstylized,spiderwalk, seenin thevideo.

We had other usersinteractwith the system,and their experi-
encessuggesthat acting is an easy-to-learrinterfacefor anima-
tion. In a productionsetting,the ability to sketchroughcharacter
andcamergathsquickly canmale theinitial stageof storyboard-
ing andstagingfaster Directorsoftenhave troubledirectingvirtual
scenedecausét is dif cult to move the cameranteractively. Us-
ing our systemthesetasksbecomefasterandmorenatural.

8 Discussion and Future Work

We hadseveralgoalsin mindwhendesigningour system Weimag-
inedaneasy-to-ussystenthatwould alsogranttheanimatorgreat
control. The systemwould requirelittle trainingandwould allow
theuserto createmotionswith personality Someof ourgoalswere
con icting; generallyonesacri cescontrolfor the expertby mak-
ing the systemapproachabléor the beginner As theinitial users,
we oftenfelt this con ict whenmakingdecisionsn designingand
usingthe system.It wasencouraginghowever, thata novice could
createaninterestinganimationsequencafterverylittle experience
with the system.We werepleasedhatthe systemcould offer ben-
e ts, albeitof adifferentsort,to the professional.

Many questionsemainon how we could improve the system.
Currently theanimatousesawirelessmouseon buttonsandsliders
to controlspeedmotion-editingsectionscameraview, andcharac-
ter selection. Theseoperationoften slow down usersanddistract
them from interactingwith the virtual scene. We hopeto mini-
mize mouseinteractionto keepthe userinterfacewithin the acting
paradigm.Animationsrequiringinteractionswith physicalobjects,
suchastheground,provedmoredif cult becausef thetug-of-war
betweersatisfyingconstraint@ndgiving theusercompletecontrol.
Thesystemasit standds tailoredneitherfor the absolutebeginner
nor for the expert; we expectthat further customizatiorfor either
purposewould increasehe applicability of our framework.

We foundthatanimatingcomplex motionsrequirediongertrain-
ing andgreateranimationskills. As anexample,we attemptedan-
imating a quadrupeddog) walk, andalthoughthe leg motionwas
constrainedand the paws were not sliding on the oor, the walk
did not exhibit the requiredphysical likenesghatis necessaryor
a gooddog animation. Creatingsuchan animationrequiresmore
trainingon how to make a quadrupedook expressve andrealistic.
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Editing throughinferring mappingsstill presentsmary open
questions.Theinitial systemwe have presentedor editingworks
well in mary cases.However, we feel we have presentedsmuch
anopenproblemasa completesetof solutions. We tried to make
as few assumptionss possibleyet still hadto requirethat edits
presere the semanticof the motion.

Distilling the large setof possiblemappingsto the essencef
whatthe animatorwantscontinuego be a hardproblem.Whereas
CCA dggradessmoothly distilling degradeddiscretely The useof
thresholdsmakesthe problemlessstablethanit shouldbe. We are
working towardsovercomingtheseissueswvhile alsoexpandingthe
systems capabilities.Althoughthe mappingsexploredsofar were
from motion to motion, we plan to investigate higher derivatives
or frequenciegPullen and Bregler 2000]. Moving the otherway,
we plan to explore whetherimposing simple constraintssuchas
alwaysmappingy-up to y-up would provide morestability without
imposingtoo muchon the users senseof freedom. We alsowant
to leveragethat sometimeghe 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.

The reademay have wonderedwvhy we would designa system
for novicesthatrequiresan expensive motion capturesystem.Al-
thoughour approactcurrentlyrelieson a full motion-capturestu-
dio, this machineryis not essentiafor our system.To capturesix
DOFs,onecanusea dataglove, stereovision, or ary othermotion
capturedevice [Ooreetal. 2002]. We feelthatit is reasonablyik ely
for cheap3-d input devicesto becomeavailablein the nearfuture.
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A Quaternions and Ane Transformations

To operateon orientationswe needthemin a Euclideanspacethelog mapof quater
nions. We alsousethe mapto smoothorientations[Lee and Shin 2002], which are
noisy. Notehow rotationsandscalesn R® mapto quaterniondy theexp map. Scaling
changeswist but notthe axis of rotation;rotatingchangeshe axisbut not the twist.

B CCA

CanonicalCorrelationAnalysis nds transformation#\ andB suchthatthecorrelation
of transformedzero-meanefeaturesA” X andB” Y is maximized:

argmax A" Sy B ;
O (A S, AB> S, B) 2

whereSyy, Syy, and Sy, arethe co- andcross-ariances. CCA canbe posedas a
generalizeeigervalueproblemto nd A andB quickly [Mardiaetal. 2000].

[SL]1= eig SxxSxySyySiy
A=S  B=SySiyA

C Timewarping

The systemextractspositionalconstraintdrom the users initial motionandtheusers
editingmotion. Theseconstraint@areintenalsin timewhentheuserfeatureis still. Be-
causeheuseris not changingthe semantic®f the motion,therearethe samenumber
of constraintsn both of the users motions.We solve for a piecavise-lineartimewarp
thatexactly alignstheendpointof the constrainintenalsandminimizesanobjective.

The motivationfor the objective is thatin anattemptto faithfully reproducea fea-
ture of the original motion,the usermay have errorsbothin spacethe usertwitched)
andin time (the userlaggedor anticipated) We make theassumptiorthattemporaler-
rorsarelow frequeng, soby usinga sparsenumberof controlpointsin thetimewarp,
we minimize our interferencewith the spatialcomponenibf the motion. We select
a small numberof control pointst; by analyzingthe speedof the featurecurve. We
choose‘peaks; local maximathatarea standardieviation above their surroundings.
We wantto nd the besttimewarp consistingof thesecontrol points that minimizes
the error betweerthe two features.The erroris de ned piecavise (asedges)andthe
problemcanbe formulatedasa shortest-patproblemfor anef cient globalsolution.
We optimizeT, suchthatthecontrolpointst; ! T, minimizetheerror

z
E= nél Ti+1 u (Ti+j_ T)ti+ (T T\)ti+1
i=0 T Tor T

1
whereu andv arethe spatiallyaligned,dominantsubspacesf the two features.Be-
causethe curvesaresampledpnemustevaluateE with careto avoid aliasing.

2
vT) dT;
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