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Abstract

SnaleToonzis aninteractie systemnthatallows childrenandothers
untrainedn celanimationto createtwo-dimensionatartoondrom

video streamsandimages.The ability to createcartoonshastradi-
tionally beenlimited to professionaknimationhousesandtrained
artists. SnalkeToonzaimsto give aryonewith a video cameraand
a computerthe ability to createcompellingcel animation. This is

doneby combiningconstraint®f the cartooningmediumwith sim-
ple userinputandanalysisof thatinput.

A cartoonis createdn adialoguewith the system After record-
ing video materialthe usersketchescontoursdirectly ontothe rst
frameof video. Thesesketchesnitialize asetof spline-basedctive
contourswhich arerelaxedto bestt theimageandotheraesthetic
constraints.Small gapsare closed,andthe usercanchoosecolors
for thecartoon.Thesystenthenusesnotionestimatiortechniques
to track thesecontoursthroughthe imagesequence The userre-
mainsin the procesgo editthe cartoonasit progresses.

CR Categories:
1.3.8 [ComputerGraphics]: Applications—[I.4.9]: ImagePro-
cessingandComputeVision—Applications

1 Introduction

Celanimationis adif cult andtime-consumingnediumto workin.
Kids love drawing cartoon-lile sketchesbut have never beenable
to draw anentireanimation.SnalkeToonzallows childrenandother
untrainedusergo createanimateccartoonsusinga combinationof
thechild's own videomaterialandsketching.

We useactivecontous, a computervision techniquenformally
known assnales[Kasset al. 1987], asthe basicprimitivesin our
cartoonanimations.A snale is a two-dimensionatontourwhich
is relaxed to a minimal enegy con guration; the enegy function
is typically basedon the greyscalevaluesof animageso thatthe
curve conformsto a certainobjector featurein theimage. Snales
areanactive areaof researchin computevision.

Two-dimensionalcartoonsare currently made in two ways.
Television andfeature- Im cartoonsare hand-dravn by animation
houseswith large teamsof highly-trainedartists at a very high
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cost[White 1988]. Web animation,usually streamedn the Flash
format, is a quickly growing alternatve. Thesecartoonsare cre-
ated by graphicdesignersusing complicateddesignsoftware. It
hasbeenestimatedhatit takesbetweeril0and30 hoursto createa
singleminuteof Flashanimation,notwithstandinghetrainingand
experiencenvolved[Paul 2000].

Creatinga compellingcartoonnormally requiresthe ability to
draw well, the ability to createandplan attractve motiontrajecto-
ries, andlots of time. The mediumis far out of the reachof the
averagepersonbecausef the high effort required. A recentand
exciting focusin computergraphicsresearcthasbeenthe attempt
to give childrenanduntrainedusersthe ability to expresstheir cre-
ativity in new mediumsand at quality levels previously unattain-
able [Igarashiet al. 1999; Andersonet al. 2000]. Thesesystems
combinesimple humaninput with computationaknalysisto cre-
atemediathatis betterthaneitherthe computeror untraineduser
couldhave achiezedalone.SnaleToonzbringsthis approacho the
mediumof 2D cartoons. By combininghumaninput with video
analysisandmotionestimation SnaleToonzcreatesartoonanore
quickly andeasilythantraditionalmethods.The downsideof such
a semi-automatidechnique,of course,is that the e xibility and
quality levelsof afully manualapproacharepartially sacri ced.

Our approachis inspiredby commontracingtechniques.Chil-
drenoftencreatemuchbetterdravingsthanthey couldcreatealone
by laying semi-transparenpaperover an image and tracing it.
EventrainedanimatorsoccasionallyuserotoscopingMaltin 1980],
wherecartoonsare tracedfrom Im projectedonto their desk,to
handle especiallycomplicatedsequencesDisng/'s Snav White
usedthis techniqueextensiely [Thomas1976]. However, cartoon
rotoscopinggtill requiresthe animatorto hand-drav eachframe of
the animation,a processtoo laboriousfor children. SnaleToonz
combineghis proces®f creatingcartoonswith videoanalysis.The
resultis amethodof creatinga cartoonthatrequiredittle expertise,
but still allows plentyof creatve freedomfor theuser

Video motion estimationis far from a perfectart, however, and
works bestwhentunedto a speci ¢ application. Thus, our goal
scenarids to allow childrento createtheir own cartoonausingtheir
own toys asactorsandactressesThe child canactout scenesvith
theirtoysaspuppetsn front of avideocameraandthenuseSnale-
Toonzto draw cartoondrom this videomaterial. Creatingcartoons
becomes fun learningactiity for children.

SnaleToonz createsanimationsthat are entirely vectorial. The
resultis animationthat canbe streamedn the internetover low-
bandwidthin avectorformatsuchasFlash.It canalsoberendered
atary resolutionwithout faceting,asparametriccurvesareusedas
thebasicprimitives.

The processof creatinga cartoonis modeledasa dialoguebe-
tweenchild andcomputer The child rst createsa cartoonof the
rst frameof video by drawing curvesdirectly on theimage. The
systenresponddy modifyingthedravn curvesto bestt theedges
in theimageaswell asotheraestheticonstraintsThe systemalso
snapstogethersmall gapsbetweendravn curves. The child can
adwanceto the next framesasthe systemattemptsto automatically
propagtethecartoonusingvideomotionestimation.He or shecan



theneditthe systems suggestionif necessaryandis freeto addor
deletecurves as occlusionsoccur or new perspecties of objects
appear

This paperis organizedas follows. After discussingprevious

work, theproces®f creatinga singleframeof cartoonis presented.

We thenshav how the single-framecartoonis propagtedinto a
multiple-frameanimation. Finally, we presentresultsand conclu-
sions.

2 Previous Work

We have found little publishedwork dealingspeci cally with the
applicationof active contoursto animation;a notableexceptionis
thework of HochandLitwinowicz [1996], wheresnaleswereused
to trackthe facialfeaturesof anactorfor driving animatedcharac-
ters. Themaindifferencerom oursystenis thattheactive contours
werenotuseddirectly asprimitivesfor animation.

We draw inspiration from several systemsthat allow chil-
dren to play in otherwisecomplicatedand advanced mediums.
Teddy [Ilgarashiet al. 1999] allows childrento create3D models
from sketching,andthework of Andersonetal. [2000] giveschil-
drentangibleacces$o modelingin 3D usingblocksandclay.

We arealsoheavily indebtedo alargebodyof researctirom the
computerisioncommunityin active contoursandtracking.Snales
were rst developedby Kassetal. [1987]. An in-depthtreatmenbf
recentactive contourresearcttanbefoundin abookby Blake and
Isard[1998]. Spline-basednaleswere rst exploredby Menetet
al. [1990]. We usea combinatiorof thesetechniquesasnonewere
speci cally suitedto our requirements.

Finally, we arealsoinspiredby thelargeandrecenteffort in non-
photorealistitechnique$or computeigraphics Much of this effort
hasfocusedon the renderingof 3D models,including cartoon-lile
rendering[K owalski et al. 1999]. However, thesetechniquesare
lessaccessibl¢o childrenanduntrainedusers as3D modelingand
animationis a complicatedtask. On the other handare systems
thatwork with imagesandvideo. Someof thesesystemsconduct
automatictransformationgHertzmann1998; Litwinowicz 1997];
we aremoreinterestedn combiningcomputatiorwith the sparkof
humancreatvity, suchasin interactve systemdor creatingillus-
trationsfrom images[Salishury et al. 1994; Salistury et al. 1997;
Ostromoukhwo 1999]. Theseefforts are the mostsimilar to ours
in inspiration,thoughthey dealwith very differentstyles,andonly
with singleimages.

3 Drawing One Cartoon Frame

Theprocesf creatingananimationstartswith draving a cartoon
fromthe rst frameof video. In our simplemodel,a cartoonimage
consistof solid regionsof color demarcatedy curves.We assume
thatthesalientcurvesin a cartoonrepresentationf a photographic
imagewill lie onstrongedgefeaturesn theimage.Thisassumption
may not always hold, but in our applicationsinvolving videosof
toys, it hasprovento bethecase.

To createa cartoonthe child draws contoursdirectly onto the
photographidmage. In a sensethe useris identifying featuresin
the imagethat he or shewishesto includein the animation. The
child hascompletecontrol over thesedecisionswhich is usefulin
creatingcartoonsof toys; the child doesnot needto include the
handholding the toy, so thatthe cartooncharacterswill seemto
move ontheirown.

Theproblemis thatthechild will notgenerallydrav acurve that
perfectly follows curvesin the image; nor will he or sheexactly
adjoinendpointssoasto clearlyde ne closedregionsfor coloring.
The formeris especiallya problemfor trackingthe contoursover
time; contoursthat do not lie directly on high-frequeng regions

of imagedataare dif cult to track. To this end, we must mod-
ify the child's sketchingto bestt the edgesn the data. We must
alsoexactly alignadjacenendpointof contourssoasto closegaps
andform closedregions,atechniquewe call snapping We discuss
thesetwo techniquesn the following two sections.Of course,in-
teractve controlsmustexist to allow the userto manuallycorrect
ary changeghe systemmight make. Thesetools arediscussedn
Section3.4. Finally, oncethe contoursof a cartoonimagearewell
de ned, the usercanentera coloring modeand setcolorsfor the
closedregions. Thisis discussedn Section3.3.

3.1 Snakes

Traditional snales are representedis mary points connectedby

line sggments. Suchcontourshowever, are not visually attractve

asthey exhibit facetingand do not scalewell over differentreso-
lutions. We useconnectecpiecavise cubic Bézier splinesasthe

representatioof the snale contours.In additionto their visualad-

vantagesspline-basednaleshave anothetbene t. Theirrepresen-
tation is more compact,which meansthe optimizationspacehas
lower dimensionality Anothercommonapproacho userguided

contour extraction usesa live-wire boundary such as Intelligent

ScissorgMortensenand Barrett 1995]. However, this technique
attemptsto be pixel accurate andthus suffers similiar limitations

in thevisualappearancef theresultantcontours.

To startthe processthe usertracesa contourdirectly onto the
image. We assumehatthe userhasplacedthe rst andlastpoints
of thecontourcorrectly anddo notallow thesystemnto changeheir
location (exceptfor snappingasdiscussedater). This is because

x ed endpointsmprove the resultsof snale relaxation. The user
canmove thesepointsinteractively if he or sheis not hapgy with
their initial locations. We then t pieceavise Bézier splinesto the
pointsin the users sketchedstroke usingthe techniqueof Schnei-
der[1990a]. This methodusesiterative leastsquaresninimization
to t aBeéziersplineto thesetof points.If this splinecannott the
datato within aspeci edtolerancehesplineis splitin half andthe
methodproceedsecursvely. For anuntraineduserthis approachs
moreintuitive thandirectly specifyingthecontrolpointsof aspline.

Oncethe contouris initialized we relaxthe snale to best t the
edgesin the imagesand to maximize other aestheticobjecties.
Marny techniquesfor optimizing snales exist [Kass et al. 1987;
Amini etal. 1990]; we chosea simple,greedytechniquesimilar to
Williams andMubarak[1992]. We iterateover eachcontrol point
in the snale, exceptfor the rst andlast which are frozen. We
calculateanobjective functionfor eachlocationin a 3x3 neighbor
hoodaroundthe currentlocation,andmove the controlpointto the
locationthatminimizesthis function.

The objective function is calculatedover thoseportionsof the
contourthatareaffectedby thelocationof thecontrolpointin ques-
tion. For theinterior pointsof eachBéziersegment,only thecurrent
Bézierseggmentis affected. For the endpointsof eachBézierseg-
ment,two sggmentsareaffected. Theobjective functionconsistof
threemaintermswhich areweightedandlinearly combined:

1. Edge Overlap: This termis the negative of the line inte-
gral of the image gradientalong the Bézier sggment. It is
calculateddiscretelyusing adaptve samplingof the Bézier
cune [de Figueiredo1995], andis normalizedby the length
of thecurve. Thistermpusheghe snale towardsedgesn the
image.

2. Curvature: The cunatureterm, which discouragegonvo-
luted splines,is calculatedby rst taking the averageof the
threevectorsformedby subtractingadjacentontrolpointsin
thecubicBéziersegment.Thetermis the sumof thesquared
differencedetweerthesethreevectorsandtheiraveragenor
malizedby the lengthfrom the rst control point to the last.
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Figurel: Creatingcartoonimagesof toys. (a) Theoriginal photographs(b) Theuserstracing.(c) The nished, coloredcartoons.

This termis smallestwhenthe threevectorsare equivalent,
whichis the Bezierrepresentatiofor a straightline.

3. Corner Sharpness: This term, which is weightedlightly,
discouragesornersbetweenconnected3ézier sggmentsun-
lessthe imagedatastrongly encouragedt. It is simply the
anglebetweerthetangentinesof the Béziersegmentswhere
they connect.

Theimagegradientdatausedin the edgeoverlaptermis calcu-
latedin a pre-processingtep. We rst cleanthe video by taking
eachframe as an imageand de-interlacingit; every otherline of
imagedatais discarded.Next, we apply the SUSAN [Smith and
Brady 1997]structure-preservingoisereduction lter to eachim-
age.This Iter blurstheimagewhile still preservingstrongedges;
thoughnotanecessargtep,it tendsto improve resultsfrom grairy
video. SUSANoperate®n greyscaleimagessowe applythe lter
independentlyn thethreecolor planes.Finally, we applya simple
Sobeledgedetectionlter to theimageto calculatethegradient.

In additionto thethreemaintermswe addseveral penaltyterms
in certainrarecaseghatwe wish to discourageFor one,we do not
wantpointsof extremelyhigh cunatureto exist alonga Bézierseg-
ment,asthesecancorrespondo a cuspor otherunsightlyfeatures.
Sowe adda strongpenaltywhenthis occurs.Calculatingpointsof
maximumcurvaturealonga cubicBéziersegmentin closedformis
not practical. Sowe again adaptvely sample[de Figueiredo1995]
the curve, and nd the maximumanglebetweerthe resultantine
segments.Anotherpenaltytermis necessaryo avoid confusionin
thede nition of closedregionsfor coloring. We donotwantBézier
segmentswhoseendpointsare snappedogether(seeSection3.2)

(b)
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to departfrom that endpointin nearlythe samedirection. Sowe
penalizethis fairly rarecondition.

Therelaxationof the snale usingthis objectie function contin-
uesuntil eithera local minimum is reachedor the userclicks the
mouseto signalthathe or sheis satis ed with the contourposition.
A cooperatie usereliminateshe needfor terminationcriterion.

Whentherelaxationof thesnaleis nished, we make onemore
attemptto minimizeits representationlt is commonthata section
of the userdravn curve that could not be representedby a single
Béziersegmentbeforerelaxationcannow be; this correspondso
unnecessaryvigglesin the users hand movementsthat were re-
solved during relaxation. So, we attemptto join togetheradjacent
Béziersggmentsif this canbe donewithin a certaintolerance This
is doneby generatinga set of pointsfrom the two segmentsus-
ing adaptve forward differencing[Lien et al. 1987]to avoid over
weightingary partof the curves. We attemptto t asingleBézier
segmentto this point setusing Schneides [1990a] leastsquares
techniquelf this canbedonewithin acertaintolerancewereplace
thetwo seggmentswith one.

The nal resultis a cartooncontourthat closely matchesthe
users desiresandthedatain theimagewhile maintainingaesthetic
propertiessuchas smoothness.This processcan be usedto cre-
ate single cartoonimagesas well asframesin an animation. A
child could,for example createcartoonimagesof thetoysin hisor
her collection. Two examplesareshowvn in Figurel. Theimages
shaving userinput area log of the users tracingdirectly over the
originalimage.The secondexampleshavs a moreextremecaseof
pooruserinput.



3.2 Snapping

Whenthe userdraws a curve thatis supposedo be attachedo an-
other it is unlikely thatthe userwill be ableto exactly positionthe
curve sothatit is attachedThis “gap closing” problemis common
in cartooningapplicationgGangnetetal. 1994;Feketeetal. 1995],
andis importantfor two reasons.One, gap closingimprovesthe
look of the nal cartoon.Two, it closesoff regionssothatthey may
be coloredwithout leaks.

We solve theproblemby simply detectingendpointplacedvery
neareachotherduring interactive drawing and snappingthemto-
gether We alsokeepdatastructuregecordingthesesnapssothat
we cankeepsnappedointstogetherduring interactve manipula-
tion andtrackingthroughmultiple frames. Therearefour typesof
shapghatarehandled.

1. Edge Snapping: If theuserstartsor endsa curve very near
theedgeof theimage,it is likely thattheuserwishesthecurve
to attachto the edge. This will de ne two separateegions
boundeddy the curve andthe edgeof theimage.

2. CloseSnapping: The usermay be draving a closedcurne
thatendswhereit starts.If the lastpoint of the curve is very
closeto the rst point, we snapthemtogether

3. Endpoint Snapping: Theusermaywish a curve to startor
endat oneof the endpointsof anothercurve. We thuscheck
this possibility for both the rst andlast points of a newly-
dravn cune. Note thatwe cansnapto the endpointsof an-
othercure aswell astheinternalcornerpointsthatform the
intersectiorbetweerconnectedéziersegments.

4. Curve Snapping: The nal caseis whenthe userwishes
the rst or last point of a newly-drawn curve to attachto an
arbitrary point along anothercurve. We must nd the clos-
estpoint on eachof the othercurvesto the endpointin ques-
tion, andthen determinewhetherthe closestof thesepoints
is within a certaintolerance.The solutionto this problemin-
volves nding therootsof a fth orderpolynomial,andwe
usetheformulationaspresentedby Schneidef1990b].

3.3 Coloring

Oncethe cartooncontoursare de ned, the usercanselecta color

for eachclosedfaceof the draving. To do so, we mustbe able
to de ne eachclosedregion. What makes the coloring problem
moredif cult is thatwe cannotsimply ood- Il eachregion;if we

did, theresultantartoonavould nolongerbeentirelyvectorbased,
makingit impossibleto transmitin a vectorformatlike Flash. In-

steadwe mustbeableto generatevectorialpathsthatdescribesach
closedregion. We mustalsosolve thepoint-locationproblem;given

apointin theimagespacejt mustbe possibleto determinewhich

closedregioncontainghis point. Thisis necessaro allow theuser
to interactively selectregionsfor coloring.

The versionof this problemwhereall primitives are line seg-
mentsis acommontopicin computationaeometry{de Berg etal.
1999], andis commonlyreferredto asa planarsubdvision. The
problemwith Bézier splineswas dealtwith in depthin the work
of Gangnef1989]. However, their focuson exact arithmeticand
efciency is not necessaryn our case. It is alsonot necessaryo
nd intersectionsbetweensplines,asthe useris expectedto end
individual contourswith snapsat their intersectionsWe thusbuild
adoubly-connecteddgelist [de Berg etal. 1999],or DCEL, to aid
usin de ning closedregions. This datastructurehastheadwantage
thateachcounterclockwisecycle represent®neclosedregion, or
face,while eachclockwisecycle represents hole thatis entirely

Figure2: A doubly-connecteddgelist example.

containedby an enclosingclosedregion. We alsoaddthe bound-
ariesof the imageinto the datastructure,so that the background
canbecoloredby theuser

3.3.1 Building the DCEL

A visual exampleof a DCEL is shavn in Figure2. The memory
representatiolonsistsof threelists: vertices,directededgesand
faces.Eachedgeknows its origin verte, its previous edge andits

next edge. Eachedgeis alsoawareif its twin, which is the edge
traveling alongthe samecontourbut in the oppositedirection. The
key invariantto maintainwheninsertinganddeletingedgesds that
during a clockwisetraversalarounda vertex, eachincomingedge
is followed by its next edgewhich is leaving the vertex. Thus,it is

necessaryo know thetangenwectorof eachsplineattheverticesto

maintainproperorderingof the edgesat eachvertex in the DCEL.

We mustalsotake careto split ary contoursnto multiple sggments
aroundcurve snaps,as thesecurve snapsmustbe verticesin the
DCEL.

To build a DCEL for aframeof the cartoon,we rst addall the
verticesand edgeswhile maintainingthe propertiesof the DCEL.
Next, we iterateover the edgesand nd all closedloops; thatis,
we nd theclosedoopsthatoccurby traversingthenext edge eld
until the original edgeis foundagain. A faceonly needgo storea
pointerto oneedgein this closedloop. Eachedgestoresa pointer
to the faceon its left. After nding all the faces,we trim away
ary edgesthatarenot part of a face. We determinewhethereach
faceis a contourclockwiseor clockwiseloop; clockwisefacesare
holes,andtheothersareclosedregionswhich canbecoloredby the
user Eachcounterclockwisefacemuststorepointersto ary holes
it containssoasto fully de ne thegeometryof a colorableface.

3.3.2 Using the DCEL

Theresultis a datastructurethat containsvectorial pathsfor each
colorableregion. We solve the point-locationproblemby castinga
ray leftwardsfrom the pointin question,andusethe closestedge
hit that correspondgo an enclosingface. The edgehit doesnot
correspondo anenclosingaceif thefaceit pointstois ahole,or if
thecrossproductof thecastray andthetangentectorto theedgeat
theintersectiorpointindicateshatthis edgeis partof anotherole
of the sameface. Intersectingan axis-alignedray with a Bézier
splinecanbedoneusingde Casteljausubdvision [Salomon1999].
Thefacepointedto by thefoundedgeis thusthe desiredregion for
coloring. Note thatthis techniqueis alsousedto identify the face
which encloses speci c hole.

Finally, it is necessaryo interactvely rendertheselled regions
from their vectorialpaths. The renderingof all splinesin the sys-



temis doneusingsimpleforwarddifferencing[Salomon1999]. To
renderaregion of color, we iterateover the scanlinesn thebound-
ing box of theregion expandedoy onepixel in eachdirection. The
locationsof the intersection®f the scanlinewith the splinescom-
posingtheregion arecalculatedusingde Casteljaisubdvision and
thensortedin increasingorder Sincewe know the startingedgeof
the scanlineis outsidethe region, a simple even-oddrule informs
usof which intervals of the scanlineneedto becolored.

3.4 Interactive Tools

Theusermusthave completecontrol over the geometryof the car
toonimage. Therefore several interactve tools arenecessaryTo
begin with, a movetool allows the userto pushandpull atthe con-
tours. If the userclicks on anendpointof a Béziersggmenthe or
sheis allowed to move that endpoint. A more complicatedcase
arisesif the userwishesto edit the internalgeometryof the cune.
Again,we donotwishto requiretheuserto understandhe concept
of controlpointsfor a Bézierspline. Insteadthe usermustbe able
to click directly on a curve, andpushandpull onit. Theendpoints
shouldremainin position.

An approactto this problemcanbefoundin thework of Fowler
andBartels[1993], which providesa generalformulationfor nd-
ing the minimum displacemento splinecontrol pointsundera set
of constraints. The rst constraint,in our case,is that the user
selectedpoint on the curve passeghroughits new location. The
secondandthird constraintarethattheendpointslonotmove. The
solutionis asfollows. If t is the parametricvaluealongthe Bézier
sgmentthe useris dragging,andthe vector p  is the changein
positionfrom dragging then

o= 9t )+t 1d)
d = pT[St(l H2 32 t) I

yields the 2x2 matrix d whosecolumnsare addedto the two
internalcontrol pointsof the Béziersegment.

Four othertoolscompletetheinterface.Onetool allows usergto
addcontoursto the cartoon,andanothererasesontours.The user
canalsosplit two Béziersegmentsinto two, or join two seggments
into one. Splitting segmentsis helpful aftertrackingover multiple
frames whereperspectie change®f thetoy canrevealmorecom-
plicatedgeometrythancanbe describedy the currentnumberof
segments.Joiningsegmentss helpful for thereversesituation.

4 Drawing a Cartoon Animation

Oncethechild hascreateda cartoonof the rst frameof thevideo,
he or shecanwork with the systemto createa multiple framean-
imation. The usercanclick to the next frame,andthe systemwill
attemptto automaticallytrackthe dravn cartoonto the next frame.
The usercanacceptthis automatically-propagted cartoonframe,
or editit usingtheinteractize tools. Whensigni cant eventsoccur
suchasanocclusion,a nev objectenteringthe scenea signi cant
perspectie change,or other suchsituations,the usermustinter-
veneto guidethe processContourscanbe addedor deletedat any
frame,andthe DCEL for every frameis built independentlyColor
choicesarepropagtedautomaticallywherepossible(asdiscussed
in Sectior4.3).

To trackthe contourswe rst copy the currentframe’s cartoon
forwardto the next framealongwith the snappingnformation.We
thenusea pointtrackingtechniqueo tracktheendsof thecontours.
Internalpointsaremaoved usinga transformatiorspacede ned by
theendpoints.The snalesarethenrelaxedto the edgesn the new

frame.We trackby the endpointssincefor our applicationtheends
of the contourstendto lie at cornersin the imagethat are easy
to track. Also, sincethe userspeci ed endpointsare not moved
during shale relaxation,it is necessaryo trackthemasaccurately
aspossible.

We rst describethe point trackingtechniqueusedandthe par
ticulars of moving the internal points. We thendiscussthe relax-
ation of the snaleswith an additionalterm to presere temporal
cohereny.

4.1 Point Tracking

Trackingsnalesby trackingtheir endpointswas rst suggestedy
HochandLitwinowicz [1996]. However, their useof block match-
ing throughvariance-normalizedrosscorrelationmet with little
successn our experiments. Block matchingis a processof ex-
haustvely searchingfor a window of imagedatain framei + 1
thatbestmatcheghe window in framei centeredat the point be-
ing tracked. The similarity of imagewindows is measuredising
sum-of-squared-diérences.The main problem,besidesslowv per
formance,is that this techniquedoesnot accountfor ary rotation
of the window; it assumesghat the small amountof motion that
can occur betweentwo framesof video can be modeledentirely
by translation. While this is true for mostpoint trackingapplica-
tions, it is nottruein our casetoys beingmovedby handcanhave
surprisingamountof inter-framerotation.

We thususethe Shi-Tomasifeaturetracker [1994] which tracks
pointswith anafne motion model. In fact, the authorsusetheir
tracker limited to a translationmodel,asthis leadsto betterstabil-
ity. Thefull af ne modelwasonly usedfor measuringlissimilarity
betweenthe currentandinitial frame. However, their applications
focusedon stationaryscenesand moving cameras.For our situa-
tion, the full afne modelhasworked well with little evidenceof
instability, while the tracker limited to the translationaimodeldid
notperformwell. Thetracker operate®n greyscaleimages.

The Shi-Tomasitracker modelsthe displacement of a point
betweertwo frameswith anaf ne motionmodel

= Dx + d: Q)

whereD is a 2x2 deformationmatrix andd is atranslation.Then,
if apointx in the rst imagel movesto apointAx + d in the
secondmageJ whereA = | + D andl is the2x2identity matrix,
we canhopethat:

J (Ax + d) =1 (x) 2

The Shi-Tomasitracker attemptgo nd the6 motionparameters
in D andd thatminimize a leastsquaresneasuref dissimilarity
betweera window aroundthe point beingtrackedin imagel and
thewindow of imagedatain imageJ de ne by themotionparam-
eters.We thusminimize

ZZ

= [J (Ax + d)
w

whereW is the window aroundthe point (we usea 13x13 pixel
window). To trackin a puretranslationaimodelD is setto zero.
Equation3 canbe linearizedinto a 6x6 linear system.The deriva-
tion andresultantinear systemis too comple to discusshere,but
mayfoundin thereference$Shi andTomasi1993]. Sincea Taylor
seriesis usedto linearizeequation3 the solutionis not exact. So,
thetracker proceedsn aNewton-Raphson-stylgerative minimiza-
tion to re ne theestimateuntil corvergence.

We male two simple modi cations to the Shi-Tomasitracler.
For one, the stability of the tracker is improved by a goodinitial
estimateof the motion parametersSo, we recordthe velocity and
acceleratiorof eachpoint during trackinganduseit to predictthe

I (x)]*]cx ®3)



next position. In addition,we trackthroughatwo-level imagepyra-
mid. Thatis, we calculateaninitial estimateof the motion param-
etersin a sub-sampledersionof theimagedata. This estimateis
thenre ned in thefull resolutionimage.lmagepyramidsarecom-
monin trackingapplicationgBergenetal. 1992]andareusedby a
freely availableimplementatiorof the translation-onlyShi-Tomasi
tracker [Birch eld 1998]. The sub-sampledmagesandtheimage
gradientdataneededy thetracker arepre-processedndstored.

Finally, the calculatedtranslationd is addedto the location of
the point being tracked in the currentframe. Whentracking the
endpointf cartooncontoursthecalculatedd matrixis discarded
sincewe only needtranslatiorresults;D only existsto adddegrees
of freedomto theminimizationproblem.However, we alsohave the
potentialto addothertypesof featurego thecartoon.In thecurrent
systemausercanaddsmall, lled circleswhichcanrepresengyes,
asevidentin Figure 1. Theseare tracked usingthe Shi-Tomasi
tracker. Other similar typesof featurescould be added,and the
appearancef thesefeaturescould betransformedy the resultsof
theD matrix.

4.2 Handling Internal Control Points

Thetwo extremeendpointsof the snale contouraretracked using
the Shi-Tomasitracker. However, whenpossiblewe alsousethis
tracler to track the internalendpoints. The internalendpointsare
thosecontrol pointsat the junction betweerntwo connected3ézier
splinestheseendto lie ateasilytrackabldocations.However, this
is not alwaysthe case. We mustdecidewhenit is worth tracking
thesepoints,or whenthesepointsshouldsimply follow the move-
mentsof their neighbors.

Fortunatelythe Shi-Tomasitracker gives us an excellent mea-
sureof whena point will trackwell. If the minimum eigervalue
of the 2x2 Z matrix (see[Shi andTomasi1993])is belav a certain
threshold,we can safely guessthat the point will not track well.
In this case the pointis skipped.We alsoabandortrackingof the
pointif theiterative re nementprocesdecomesinstablepr if the
differencebetweertheimagewindows in imagesl andJ aretoo
large.

We propagtethosecontrol pointsthathave not beentracked by
atransformatiormatrixde ned by thepreviousandthenext control
pointsthatweretrackedsuccessfullyThetransformatiorof theline
connectinghesetwo controlpointsis calculatedcomposedf the
translationof the centerof the line anda rotationand scaleabout
thatcenter

4.3 Snake Relaxation After Tracking

Oncethe cartooncontourshave beenautomaticallytracked to the
next frame,we onceagain allow thesnalesto relaxagainstthenew
imagedata. Hopefully, if trackingwas successfulthesecontours
will not have to move much. This is, of course,not alwaysthe
case However, we wantto make surethatthe shapeof thecontours
doesnot changesigni cantly betweerframes,asthiswill harmthe
appearancef temporalcohereng. Sowe adda shapedeformation
penaltyto the objective functiondiscussedn Section3.1.

The shapedeformationpenaltyterm calculatesa measuref the
changen shapeof thecontourfrom its shapen the previousframe.
The snale relaxationwill thus discouragesigni cant changesn
shape.The measureof changein shapemustbeinvariantto trans-
lation, rotation, and scale; that is, the measureshould not com-
plain aboutuniform transformationghat do not affect our notion
of shape. A commonshapesignaturefor sucha situationis the
turning function [Arkin etal. 1991; Wolfson 1990]. The turning
functionat a pointalongthe curve is simply the anglethatthe tan-
gentto the curve makesto a certainreferenceangle,suchasthe
x-axis. The behaior of this functionalongthelengthof the curve

is anexcellentcharacterizatiof the curve's shapeandis invari-
antto uniform changesn translation scale,or rotation. The shape
deformationpenaltyis thusthe sumof

Z,

= (2t) 2Rt ()
0

for eachBéziersegmentin the contour where ,(t) is theturning
functionin the currentframeand 1(t) is the onefor the previ-
ousframe. This is calculateddiscretelyusing Rombeg integra-
tion [Pressetal. 1992].

Oncethecontourshave beentrackedandthesnaleshave relaxed
to amostlystablestate the usercanedittheresultantcartoon.This
caninvolve both moving the endpointstracked by the Shi-Tomasi
tracker andpushingandpulling on the contourto the statedesired
by theuser Theusercanalsodeleteandaddnew contours.

A new DCEL for coloring informationis built for eachnew
frame. To propagte coloring choicesautomaticallyfrom the pre-
viousframe,we maintainpointersbetweercorrespondingontours
acrossadjacenframes.To propagtea color for aface,we simply

nd anedgeof thefacewith avalid pointerto anedgein the previ-
ousframe,andusethe color of thefacethatthatedgebordered.

5 Results

Severalframesof several cartoonanimationscreatedusingSnale-

Toonzareshawn in Figure3 (seecolorplate).In someof theexam-

pleswe haveinsertedbackgroundmagesehindthecartoonwhich

is easysincethe animationsare entirely vectorial. It is alsopossi-
ble to usereal photographsor live actionvideo as a background
for a meming of cartoonandrealimagery Individual framesof a

cartoonare saved by the systemas encapsulategostscript. Five

animationsare shawvn on the accompanping video: a bearanima-
tion of 125 frames,a penguinpuppetanimationof 116 frames,a

bunry animationof 100 frames,a whale animationof 98 frames,
anda schoolbusanimationof 89 frames.

We have alsofoundit simpleto print ipbooks, which providesa
simplephysical andportableembodimenbf the child's animation.
This createsan interestingcycle from physical play to a cartoon
animationandbackto atangibletraceof the original play.

We have foundthatit takesan adultan averageof about4 sec-
ondsper frameto createa cartoon,at 25 framesper secondusing
the PAL videostandardwhichis anorderof magnitudeasterthan
currentmethodsof cartoonanimation. This 4 secondsncludesa
secondof loading pre-processedataand calculatingthe motion
estimation,anda secondfor snale relaxation. The userspendsan
averageof 2 second®f interactve editing perframe. Most frames
requireno editing, while a few requiremoreinvolved effort. The
longesteffort is requiredwhenanew view of anobjectstartsto ap-
pear; planningthe cartoonchangesn responseo this canbe fun
and educationathoughtime-consuming.The mostcommonuser
edit, which takes little time, is correctingdrift in tracked points
which tendto appeaevery 20to 30frames.

We feel that the quality of the animationsis high, but they are
clearlymuchsimplerthanonewould nd in professionaanimation
for television or Im. However, the savzingsin time, training, and
effort justify thelossesn e xibility andquality for thecasualnon-
professionaliser

6 Conclusion

6.1 Limitations

Our systemworksbeston cleanvideowith well-de ned edgesand
few occurrence®f occlusion. The approachof SnaleToonz will



never work on arbitrary sequencesf video; a complicatedcrovd
sceneis oneexampleof somethingSnaleToonz could not handle.
Cel animationasa mediumis not well-suitedto representingne
detail,andthis mustbekeptin mind whenchoosingvideomaterial.

Anotherlimitation to noteis that cartoonscreatedwith Snale-
Toonzarerestrictedo therealitiesof whatcanbecapturedn video.
Traditionalanimationdependsieavily on exaggerationgcaricature,
andotherunrealisticmotionsand appearancethat aredif cult to
recordontape.

6.2 Future Work

We began SnaleToonzwith the the assumptiorthatwe could sim-
ply plug-in the currentstate-of-the-artn semi-automaticontour
tracking;it soonbecameclearthatthis is not the case.Our results
arefairly simple;they do notincludesigni cant 3D rotations,oc-
clusionsor very complicatedgures. Also, it is notclearto usthat
our systemis readyfor useby children;we feelthattoo muchhand-
editing of thetrackingis requiredto keepchildrenengaged.To ad-
dresghesdimitationswe needasigni cantly improvedmethodfor
semi-automati¢racking.

However, contourtracking techniquesseemto clusteraround
two poles. The computervision communityfocuseson nearlyau-
tomatictechniqueswithout userinput. On the otherhand,profes-
sionalrotoscopingsoftware packagesuchas Commotionrequire
signi cant andrepetitive usereffort.

Clearly thereis a needfor new, semi-automaticontourtrack-
ing techniques.We seemary applicationsof sucha tool beyond
SnaleToonz. Most interactve systemsfor the non-photorealistic
manipulatiorof imagednvolve acombinatiorof hand-dravn anno-
tationswith ananalysisof imagefeatures.The correspondingask
for videohasnotbeensigni cantly exploreddueto theaddedcom-
plexity of thetime-axis;withouttracking,theseannotationsieedto
bemadefor eachframe. Thus,our mainplanfor futurework is the
explorationof userguidedcontourtrackingin video.

6.3 Epilogue

Thegoalof SnaleToonzis notto surpasprofessionahnimation,or
to trivialize the medium;the creatvity of a professionahrtistwill
always be unreachabldy a semi-automatisystem. Instead,the
contribution of SnaleToonzis to allow thosewithout experiencen
celanimationto expresshemselesin the mediumat quality levels
muchbetterthanthey couldhave accomplishedlone.

We believe that SnaleToonz embodiesa newv and useful ap-
proachto human-computeartisticdialogueghatwill helpthoseof
uswho arebrimmingwith creatie vision but lack the skill andex-
perienceto mapfrom this visioninto results.Thekey is to abstract
the constraintsaand objectives of a medium,andthento projectan
inexperiencedisers inputinto this space.This approactpromises
to beusefulin avariety of artisticmediumsbeyondcartooning.
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Figure3: Severalframesfrom four examplesof animationcreatedvith SnaleToonzalongwith their correspondingideoframes.



