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Abstract

SnakeToonzis aninteractivesystemthatallowschildrenandothers
untrainedin celanimationto createtwo-dimensionalcartoonsfrom
videostreamsandimages.Theability to createcartoonshastradi-
tionally beenlimited to professionalanimationhousesandtrained
artists. SnakeToonzaimsto give anyonewith a videocameraand
a computertheability to createcompellingcel animation.This is
doneby combiningconstraintsof thecartooningmediumwith sim-
pleuserinputandanalysisof thatinput.

A cartoonis createdin adialoguewith thesystem.After record-
ing videomaterialtheusersketchescontoursdirectly ontothe�rst
frameof video.Thesesketchesinitialize asetof spline-basedactive
contourswhich arerelaxedto best�t theimageandotheraesthetic
constraints.Smallgapsareclosed,andtheusercanchoosecolors
for thecartoon.Thesystemthenusesmotionestimationtechniques
to track thesecontoursthroughthe imagesequence.The userre-
mainsin theprocessto edit thecartoonasit progresses.

CR Categories:
I.3.8 [ComputerGraphics]:Applications—[I.4.9]: ImagePro-

cessingandComputerVision—Applications

1 Intr oduction

Celanimationis adif�cult andtime-consumingmediumto work in.
Kids love drawing cartoon-like sketches,but have never beenable
to draw anentireanimation.SnakeToonzallowschildrenandother
untrainedusersto createanimatedcartoonsusinga combinationof
thechild's own videomaterialandsketching.

We useactivecontours, a computervision techniqueinformally
known assnakes[Kasset al. 1987],asthe basicprimitivesin our
cartoonanimations.A snake is a two-dimensionalcontourwhich
is relaxed to a minimal energy con�guration; the energy function
is typically basedon the greyscalevaluesof an imageso that the
curve conformsto a certainobjector featurein the image.Snakes
areanactiveareaof researchin computervision.

Two-dimensionalcartoonsare currently made in two ways.
Television andfeature-�lm cartoonsarehand-drawn by animation
houseswith large teamsof highly-trainedartists at a very high
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cost[White 1988]. Web animation,usuallystreamedin the Flash
format, is a quickly growing alternative. Thesecartoonsarecre-
atedby graphicdesignersusing complicateddesignsoftware. It
hasbeenestimatedthatit takesbetween10and30hoursto createa
singleminuteof Flashanimation,notwithstandingthetrainingand
experienceinvolved[Paul2000].

Creatinga compellingcartoonnormally requiresthe ability to
draw well, theability to createandplanattractive motiontrajecto-
ries, and lots of time. The mediumis far out of the reachof the
averagepersonbecauseof the high effort required. A recentand
exciting focusin computergraphicsresearchhasbeentheattempt
to give childrenanduntraineduserstheability to expresstheir cre-
ativity in new mediumsandat quality levels previously unattain-
able [Igarashiet al. 1999; Andersonet al. 2000]. Thesesystems
combinesimplehumaninput with computationalanalysisto cre-
atemediathat is betterthaneitherthe computeror untraineduser
couldhaveachievedalone.SnakeToonzbringsthisapproachto the
mediumof 2D cartoons. By combininghumaninput with video
analysisandmotionestimation,SnakeToonzcreatescartoonsmore
quickly andeasilythantraditionalmethods.Thedownsideof such
a semi-automatictechnique,of course,is that the �e xibility and
quality levelsof a fully manualapproacharepartially sacri�ced.

Our approachis inspiredby commontracingtechniques.Chil-
drenoftencreatemuchbetterdrawingsthanthey couldcreatealone
by laying semi-transparentpaperover an image and tracing it.
Eventrainedanimatorsoccasionallyuserotoscoping[Maltin 1980],
wherecartoonsare tracedfrom �lm projectedonto their desk,to
handleespeciallycomplicatedsequences;Disney's Snow White
usedthis techniqueextensively [Thomas1976]. However, cartoon
rotoscopingstill requirestheanimatorto hand-draw eachframeof
the animation,a processtoo laboriousfor children. SnakeToonz
combinesthisprocessof creatingcartoonswith videoanalysis.The
resultis amethodof creatingacartoonthatrequireslittle expertise,
but still allowsplentyof creative freedomfor theuser.

Videomotionestimationis far from a perfectart, however, and
works bestwhen tunedto a speci�c application. Thus, our goal
scenariois to allow childrento createtheirown cartoonsusingtheir
own toys asactorsandactresses.Thechild canactout sceneswith
their toysaspuppetsin front of avideocamera,andthenuseSnake-
Toonzto draw cartoonsfrom thisvideomaterial.Creatingcartoons
becomesa fun learningactivity for children.

SnakeToonzcreatesanimationsthat areentirely vectorial. The
result is animationthat canbe streamedon the internetover low-
bandwidthin avectorformatsuchasFlash.It canalsoberendered
atany resolutionwithout faceting,asparametriccurvesareusedas
thebasicprimitives.

The processof creatinga cartoonis modeledasa dialoguebe-
tweenchild andcomputer. The child �rst createsa cartoonof the
�rst frameof videoby drawing curvesdirectly on the image. The
systemrespondsby modifyingthedrawn curvesto best�t theedges
in theimageaswell asotheraestheticconstraints.Thesystemalso
snapstogethersmall gapsbetweendrawn curves. The child can
advanceto thenext framesasthesystemattemptsto automatically
propagatethecartoonusingvideomotionestimation.Heor shecan



thenedit thesystem'ssuggestion,if necessary, andis freeto addor
deletecurves as occlusionsoccur or new perspectives of objects
appear.

This paperis organizedas follows. After discussingprevious
work, theprocessof creatingasingleframeof cartoonis presented.
We thenshow how the single-framecartoonis propagatedinto a
multiple-frameanimation.Finally, we presentresultsandconclu-
sions.

2 Previous Work

We have found little publishedwork dealingspeci�cally with the
applicationof active contoursto animation;a notableexceptionis
thework of HochandLitwinowicz [1996],wheresnakeswereused
to trackthefacial featuresof anactorfor driving animatedcharac-
ters.Themaindifferencefromoursystemis thattheactivecontours
werenotuseddirectlyasprimitivesfor animation.

We draw inspiration from several systemsthat allow chil-
dren to play in otherwisecomplicatedand advancedmediums.
Teddy [Igarashiet al. 1999] allows children to create3D models
from sketching,andthework of Andersonet al. [2000] giveschil-
drentangibleaccessto modelingin 3D usingblocksandclay.

Wearealsoheavily indebtedto alargebodyof researchfrom the
computervisioncommunityin activecontoursandtracking.Snakes
were�rst developedby Kassetal. [1987]. An in-depthtreatmentof
recentactivecontourresearchcanbefoundin abookby Blakeand
Isard[1998]. Spline-basedsnakeswere�rst exploredby Menetet
al. [1990]. Weuseacombinationof thesetechniques,asnonewere
speci�cally suitedto our requirements.

Finally, wearealsoinspiredby thelargeandrecenteffort in non-
photorealistictechniquesfor computergraphics.Muchof thiseffort
hasfocusedon therenderingof 3D models,includingcartoon-like
rendering[Kowalski et al. 1999]. However, thesetechniquesare
lessaccessibleto childrenanduntrainedusers,as3D modelingand
animationis a complicatedtask. On the other handare systems
thatwork with imagesandvideo. Someof thesesystemsconduct
automatictransformations[Hertzmann1998; Litwinowicz 1997];
wearemoreinterestedin combiningcomputationwith thesparkof
humancreativity, suchasin interactive systemsfor creatingillus-
trationsfrom images[Salisbury et al. 1994;Salisbury et al. 1997;
Ostromoukhov 1999]. Theseefforts are the most similar to ours
in inspiration,thoughthey dealwith very differentstyles,andonly
with singleimages.

3 Drawing One Cartoon Frame

Theprocessof creatingananimationstartswith drawing a cartoon
from the�rst frameof video. In oursimplemodel,acartoonimage
consistsof solidregionsof colordemarcatedby curves.Weassume
thatthesalientcurvesin acartoonrepresentationof aphotographic
imagewill lie onstrongedgefeaturesin theimage.Thisassumption
may not alwayshold, but in our applicationsinvolving videosof
toys, it hasprovento bethecase.

To createa cartoonthe child draws contoursdirectly onto the
photographicimage. In a sense,theuseris identifying featuresin
the imagethat he or shewishesto includein the animation. The
child hascompletecontrolover thesedecisions,which is usefulin
creatingcartoonsof toys; the child doesnot needto include the
handholding the toy, so that the cartooncharacterswill seemto
moveon theirown.

Theproblemis thatthechild will notgenerallydraw acurvethat
perfectly follows curves in the image;nor will he or sheexactly
adjoinendpointssoasto clearlyde�ne closedregionsfor coloring.
The former is especiallya problemfor trackingthe contoursover
time; contoursthat do not lie directly on high-frequency regions

of imagedataare dif�cult to track. To this end, we must mod-
ify thechild's sketchingto best�t theedgesin thedata. We must
alsoexactlyalignadjacentendpointsof contourssoasto closegaps
andform closedregions,a techniquewecall snapping. We discuss
thesetwo techniquesin the following two sections.Of course,in-
teractive controlsmustexist to allow the userto manuallycorrect
any changesthesystemmight make. Thesetoolsarediscussedin
Section3.4. Finally, oncethecontoursof a cartoonimagearewell
de�ned, the usercanentera coloring modeandsetcolorsfor the
closedregions.This is discussedin Section3.3.

3.1 Snakes

Traditional snakes are representedas many points connectedby
line segments.Suchcontours,however, arenot visually attractive
asthey exhibit facetinganddo not scalewell over differentreso-
lutions. We useconnectedpiecewise cubic Bézier splinesas the
representationof thesnake contours.In additionto their visualad-
vantages,spline-basedsnakeshaveanotherbene�t. Their represen-
tation is morecompact,which meansthe optimizationspacehas
lower dimensionality. Anothercommonapproachto user-guided
contourextraction usesa live-wire boundary, suchas Intelligent
Scissors[Mortensenand Barrett 1995]. However, this technique
attemptsto be pixel accurate,andthussuffers similiar limitations
in thevisualappearanceof theresultantcontours.

To start the process,the usertracesa contourdirectly onto the
image.We assumethat theuserhasplacedthe�rst andlastpoints
of thecontourcorrectly, anddonotallow thesystemto changetheir
location(exceptfor snapping,asdiscussedlater). This is because
�x ed endpointsimprove the resultsof snake relaxation. The user
canmove thesepointsinteractively if he or sheis not happy with
their initial locations. We then�t piecewise Béziersplinesto the
pointsin theuser's sketchedstroke usingthe techniqueof Schnei-
der[1990a].This methodusesiterative leastsquaresminimization
to �t a Béziersplineto thesetof points.If this splinecannot�t the
datato within aspeci�edtolerancethesplineis split in half andthe
methodproceedsrecursively. For anuntraineduserthisapproachis
moreintuitivethandirectlyspecifyingthecontrolpointsof aspline.

Oncethecontouris initialized we relax thesnake to best�t the
edgesin the imagesand to maximizeother aestheticobjectives.
Many techniquesfor optimizing snakes exist [Kass et al. 1987;
Amini et al. 1990];we chosea simple,greedytechniquesimilar to
Williams andMubarak[1992]. We iterateover eachcontrolpoint
in the snake, except for the �rst and last which are frozen. We
calculateanobjective functionfor eachlocationin a3x3neighbor-
hoodaroundthecurrentlocation,andmove thecontrolpoint to the
locationthatminimizesthis function.

The objective function is calculatedover thoseportionsof the
contourthatareaffectedby thelocationof thecontrolpoint in ques-
tion. For theinteriorpointsof eachBéziersegment,only thecurrent
Béziersegmentis affected.For theendpointsof eachBézierseg-
ment,two segmentsareaffected.Theobjective functionconsistsof
threemaintermswhichareweightedandlinearlycombined:

1. Edge Overlap: This term is the negative of the line inte-
gral of the imagegradientalong the Bézier segment. It is
calculateddiscretelyusing adaptive samplingof the Bézier
curve [de Figueiredo1995],andis normalizedby the length
of thecurve. This termpushesthesnake towardsedgesin the
image.

2. Curvature: The curvatureterm,which discouragesconvo-
luted splines,is calculatedby �rst taking the averageof the
threevectorsformedby subtractingadjacentcontrolpointsin
thecubicBéziersegment.Thetermis thesumof thesquared
differencesbetweenthesethreevectorsandtheiraverage,nor-
malizedby the lengthfrom the �rst control point to the last.



(a) (b) (c)

Figure1: Creatingcartoonimagesof toys. (a)Theoriginalphotographs.(b) Theuser's tracing.(c) The�nished, coloredcartoons.

This term is smallestwhenthe threevectorsareequivalent,
which is theBezierrepresentationfor astraightline.

3. Corner Sharpness: This term, which is weightedlightly,
discouragescornersbetweenconnectedBéziersegmentsun-
lessthe imagedatastronglyencouragesit. It is simply the
anglebetweenthetangentlinesof theBéziersegmentswhere
they connect.

Theimagegradientdatausedin theedgeoverlaptermis calcu-
lated in a pre-processingstep. We �rst cleanthe video by taking
eachframeasan imageandde-interlacingit; every other line of
imagedatais discarded.Next, we apply the SUSAN [Smith and
Brady1997]structure-preservingnoisereduction�lter to eachim-
age.This �lter blurstheimagewhile still preservingstrongedges;
thoughnotanecessarystep,it tendsto improve resultsfrom grainy
video.SUSANoperatesongreyscaleimages,soweapplythe�lter
independentlyin thethreecolor planes.Finally, we applya simple
Sobeledgedetection�lter to theimageto calculatethegradient.

In additionto thethreemaintermsweaddseveralpenaltyterms
in certainrarecasesthatwewish to discourage.For one,wedonot
wantpointsof extremelyhighcurvatureto exist alongaBézierseg-
ment,asthesecancorrespondto acuspor otherunsightlyfeatures.
Sowe adda strongpenaltywhenthis occurs.Calculatingpointsof
maximumcurvaturealongacubicBéziersegmentin closedform is
not practical.Sowe again adaptively sample[de Figueiredo1995]
the curve, and�nd the maximumanglebetweenthe resultantline
segments.Anotherpenaltytermis necessaryto avoid confusionin
thede�nition of closedregionsfor coloring.WedonotwantBézier
segmentswhoseendpointsaresnappedtogether(seeSection3.2)

to departfrom that endpointin nearly the samedirection. So we
penalizethis fairly rarecondition.

Therelaxationof thesnake usingthis objective functioncontin-
uesuntil eithera local minimum is reachedor the userclicks the
mouseto signalthatheor sheis satis�edwith thecontourposition.
A cooperativeusereliminatestheneedfor terminationcriterion.

Whentherelaxationof thesnake is �nished, we make onemore
attemptto minimizeits representation.It is commonthata section
of the user-drawn curve that could not be representedby a single
Béziersegmentbeforerelaxationcannow be; this correspondsto
unnecessarywiggles in the user's handmovementsthat were re-
solvedduring relaxation.So,we attemptto join togetheradjacent
Béziersegmentsif thiscanbedonewithin acertaintolerance.This
is doneby generatinga set of points from the two segmentsus-
ing adaptive forwarddifferencing[Lien et al. 1987] to avoid over-
weightingany partof thecurves. We attemptto �t a singleBézier
segmentto this point set using Schneider's [1990a] leastsquares
technique.If thiscanbedonewithin acertaintolerance,wereplace
thetwo segmentswith one.

The �nal result is a cartooncontour that closely matchesthe
user'sdesiresandthedatain theimagewhile maintainingaesthetic
propertiessuchassmoothness.This processcanbe usedto cre-
ate single cartoonimagesas well as framesin an animation. A
child could,for example,createcartoonimagesof thetoys in hisor
her collection. Two examplesareshown in Figure1. The images
showing userinput area log of theuser's tracingdirectly over the
original image.Thesecondexampleshowsamoreextremecaseof
pooruserinput.



3.2 Snapping

Whentheuserdraws a curve that is supposedto beattachedto an-
other, it is unlikely thattheuserwill beableto exactly positionthe
curve sothatit is attached.This “gapclosing”problemis common
in cartooningapplications[Gangnetetal. 1994;Feketeetal. 1995],
and is importantfor two reasons.One,gap closing improves the
look of the�nal cartoon.Two, it closesoff regionssothatthey may
becoloredwithout leaks.

Wesolvetheproblemby simplydetectingendpointsplacedvery
neareachotherduring interactive drawing andsnappingthemto-
gether. We alsokeepdatastructuresrecordingthesesnaps,sothat
we cankeepsnappedpointstogetherduring interactive manipula-
tion andtrackingthroughmultiple frames.Therearefour typesof
snapsthatarehandled.

1. EdgeSnapping: If theuserstartsor endsa curve very near
theedgeof theimage,it is likely thattheuserwishesthecurve
to attachto the edge. This will de�ne two separateregions
boundedby thecurveandtheedgeof theimage.

2. CloseSnapping: The usermay be drawing a closedcurve
thatendswhereit starts.If the lastpoint of thecurve is very
closeto the�rst point,wesnapthemtogether.

3. Endpoint Snapping: Theusermaywish a curve to startor
endat oneof theendpointsof anothercurve. We thuscheck
this possibility for both the �rst and last pointsof a newly-
drawn curve. Note that we cansnapto the endpointsof an-
othercurve aswell astheinternalcornerpointsthatform the
intersectionbetweenconnectedBéziersegments.

4. Curve Snapping: The �nal caseis when the userwishes
the �rst or last point of a newly-drawn curve to attachto an
arbitrarypoint alonganothercurve. We must �nd the clos-
estpoint on eachof theothercurvesto theendpointin ques-
tion, andthendeterminewhetherthe closestof thesepoints
is within a certaintolerance.Thesolutionto this problemin-
volves �nding the rootsof a �fth orderpolynomial,andwe
usetheformulationaspresentedby Schneider[1990b].

3.3 Coloring

Oncethe cartooncontoursarede�ned, the usercanselecta color
for eachclosedfaceof the drawing. To do so, we must be able
to de�ne eachclosedregion. What makes the coloring problem
moredif�cult is thatwe cannotsimply �ood-�ll eachregion; if we
did, theresultantcartoonswouldnolongerbeentirelyvector-based,
makingit impossibleto transmitin a vector-format like Flash. In-
stead,wemustbeableto generatevectorialpathsthatdescribeeach
closedregion. Wemustalsosolvethepoint-locationproblem;given
a point in the imagespace,it mustbepossibleto determinewhich
closedregioncontainsthispoint. Thisis necessaryto allow theuser
to interactively selectregionsfor coloring.

The versionof this problemwhereall primitives are line seg-
mentsis acommontopic in computationalgeometry[deBerg etal.
1999], and is commonlyreferredto asa planarsubdivision. The
problemwith Béziersplineswasdealtwith in depthin the work
of Gangnet[1989]. However, their focuson exact arithmeticand
ef�ciency is not necessaryin our case. It is alsonot necessaryto
�nd intersectionsbetweensplines,as the useris expectedto end
individual contourswith snapsat their intersections.We thusbuild
adoubly-connectededgelist [deBerg etal. 1999],or DCEL, to aid
usin de�ning closedregions.Thisdatastructurehastheadvantage
thateachcounter-clockwisecycle representsoneclosedregion, or
face,while eachclockwisecycle representsa hole that is entirely

Figure2: A doubly-connectededgelist 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 shown in Figure2. The memory
representationconsistsof threelists: vertices,directededges,and
faces.Eachedgeknows its origin vertex, its previousedge,andits
next edge. Eachedgeis alsoawareif its twin, which is the edge
traveling alongthesamecontourbut in theoppositedirection.The
key invariantto maintainwheninsertinganddeletingedgesis that
during a clockwisetraversalarounda vertex, eachincomingedge
is followedby its next edgewhich is leaving thevertex. Thus,it is
necessaryto know thetangentvectorof eachsplineattheverticesto
maintainproperorderingof theedgesat eachvertex in theDCEL.
Wemustalsotakecareto split any contoursinto multiplesegments
aroundcurve snaps,as thesecurve snapsmustbe verticesin the
DCEL.

To build a DCEL for a frameof thecartoon,we �rst addall the
verticesandedgeswhile maintainingthe propertiesof the DCEL.
Next, we iterateover the edgesand �nd all closedloops; that is,
we �nd theclosedloopsthatoccurby traversingthenext edge�eld
until theoriginal edgeis foundagain. A faceonly needsto storea
pointerto oneedgein this closedloop. Eachedgestoresa pointer
to the faceon its left. After �nding all the faces,we trim away
any edgesthat arenot part of a face. We determinewhethereach
faceis a contour-clockwiseor clockwiseloop; clockwisefacesare
holes,andtheothersareclosedregionswhichcanbecoloredby the
user. Eachcounter-clockwisefacemuststorepointersto any holes
it contains,soasto fully de�ne thegeometryof acolorableface.

3.3.2 Using the DCEL

Theresultis a datastructurethatcontainsvectorialpathsfor each
colorableregion. We solve thepoint-locationproblemby castinga
ray leftwardsfrom the point in question,andusethe closestedge
hit that correspondsto an enclosingface. The edgehit doesnot
correspondto anenclosingfaceif thefaceit pointsto is ahole,or if
thecrossproductof thecastrayandthetangentvectorto theedgeat
theintersectionpoint indicatesthatthisedgeis partof anotherhole
of the sameface. Intersectingan axis-alignedray with a Bézier
splinecanbedoneusingdeCasteljausubdivision [Salomon1999].
Thefacepointedto by thefoundedgeis thusthedesiredregion for
coloring. Note that this techniqueis alsousedto identify the face
whichenclosesaspeci�c hole.

Finally, it is necessaryto interactively renderthese�lled regions
from their vectorialpaths.The renderingof all splinesin thesys-



temis doneusingsimpleforwarddifferencing[Salomon1999].To
rendera regionof color, we iterateover thescanlinesin thebound-
ing box of theregion expandedby onepixel in eachdirection.The
locationsof the intersectionsof thescanlinewith thesplinescom-
posingtheregionarecalculatedusingdeCasteljausubdivisionand
thensortedin increasingorder. Sincewe know thestartingedgeof
the scanlineis outsidethe region, a simpleeven-oddrule informs
usof which intervalsof thescanlineneedto becolored.

3.4 Interactive Tools

Theusermusthave completecontrolover thegeometryof thecar-
toon image. Therefore,several interactive tools arenecessary. To
begin with, a movetool allows theuserto pushandpull at thecon-
tours. If the userclicks on an endpointof a Béziersegmenthe or
sheis allowed to move that endpoint. A more complicatedcase
arisesif theuserwishesto edit the internalgeometryof thecurve.
Again,wedonotwishto requiretheuserto understandtheconcept
of controlpointsfor a Bézierspline.Instead,theusermustbeable
to click directly on a curve,andpushandpull on it. Theendpoints
shouldremainin position.

An approachto thisproblemcanbefoundin thework of Fowler
andBartels[1993], which providesa generalformulationfor �nd-
ing theminimumdisplacementto splinecontrolpointsundera set
of constraints. The �rst constraint,in our case,is that the user-
selectedpoint on the curve passesthroughits new location. The
secondandthirdconstraintsarethattheendpointsdonotmove. The
solutionis asfollows. If t is theparametricvaluealongtheBézier
segmentthe useris dragging,andthe vector�p is the changein
positionfrom dragging,then

f̂ = 9(t2(1 � t)4 + t4(1 � t)2)

�d =
�p

f̂
[ 3t(1 � t)2 3t2(1 � t) ]T

yields the 2x2 matrix �d whosecolumnsare addedto the two
internalcontrolpointsof theBéziersegment.

Fourothertoolscompletetheinterface.Onetool allowsusersto
addcontoursto thecartoon,andanothererasescontours.Theuser
canalsosplit two Béziersegmentsinto two, or join two segments
into one. Splitting segmentsis helpful after trackingover multiple
frames,whereperspectivechangesof thetoy canrevealmorecom-
plicatedgeometrythancanbedescribedby thecurrentnumberof
segments.Joiningsegmentsis helpful for thereversesituation.

4 Drawing a Cartoon Animation

Oncethechild hascreateda cartoonof the�rst frameof thevideo,
heor shecanwork with thesystemto createa multiple framean-
imation. Theusercanclick to thenext frame,andthesystemwill
attemptto automaticallytrackthedrawn cartoonto thenext frame.
The usercanacceptthis automatically-propagatedcartoonframe,
or edit it usingtheinteractive tools. Whensigni�cant eventsoccur
suchasanocclusion,a new objectenteringthescene,a signi�cant
perspective change,or other suchsituations,the usermust inter-
veneto guidetheprocess.Contourscanbeaddedor deletedat any
frame,andtheDCEL for every frameis built independently. Color
choicesarepropagatedautomaticallywherepossible(asdiscussed
in Section4.3).

To track thecontours,we �rst copy thecurrentframe's cartoon
forwardto thenext framealongwith thesnappinginformation.We
thenuseapointtrackingtechniqueto tracktheendsof thecontours.
Internalpointsaremovedusinga transformationspacede�ned by
theendpoints.Thesnakesarethenrelaxedto theedgesin thenew

frame.Wetrackby theendpointssincefor ourapplicationtheends
of the contourstend to lie at cornersin the imagethat are easy
to track. Also, sincethe user-speci�ed endpointsare not moved
duringsnake relaxation,it is necessaryto trackthemasaccurately
aspossible.

We �rst describethepoint trackingtechniqueusedandthepar-
ticularsof moving the internalpoints. We thendiscussthe relax-
ation of the snakes with an additionalterm to preserve temporal
coherency.

4.1 Point Tracking

Trackingsnakesby trackingtheir endpointswas�rst suggestedby
HochandLitwinowicz [1996]. However, their useof block match-
ing throughvariance-normalizedcrosscorrelationmet with little
successin our experiments. Block matchingis a processof ex-
haustively searchingfor a window of imagedatain frame i + 1
that bestmatchesthe window in framei centeredat the point be-
ing tracked. The similarity of imagewindows is measuredusing
sum-of-squared-differences.Themainproblem,besidesslow per-
formance,is that this techniquedoesnot accountfor any rotation
of the window; it assumesthat 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 not truein our case;toys beingmovedby handcanhave
surprisingamountsof inter-framerotation.

We thususetheShi-Tomasifeaturetracker [1994] which tracks
pointswith an af�ne motion model. In fact, the authorsusetheir
tracker limited to a translationmodel,asthis leadsto betterstabil-
ity. Thefull af�ne modelwasonly usedfor measuringdissimilarity
betweenthecurrentandinitial frame. However, their applications
focusedon stationaryscenesandmoving cameras.For our situa-
tion, the full af�ne modelhasworked well with little evidenceof
instability, while the tracker limited to the translationalmodeldid
notperformwell. Thetrackeroperatesongreyscaleimages.

The Shi-Tomasi tracker modelsthe displacement� of a point
betweentwo frameswith anaf�ne motionmodel

� = Dx + d: (1)

whereD is a 2x2 deformationmatrix andd is a translation.Then,
if a point x in the �rst imageI movesto a point Ax + d in the
secondimageJ whereA = I + D andI is the2x2identitymatrix,
wecanhopethat:

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

TheShi-Tomasitrackerattemptsto �nd the6 motionparameters
in D andd thatminimizea leastsquaresmeasureof dissimilarity
betweena window aroundthepoint beingtracked in imageI and
thewindow of imagedatain imageJ de�ne by themotionparam-
eters.We thusminimize

" =

Z Z

W

[J (Ax + d) � I (x )]2 ]dx (3)

whereW is the window aroundthe point (we usea 13x13pixel
window). To track in a puretranslationalmodelD is setto zero.
Equation3 canbelinearizedinto a 6x6 linearsystem.Thederiva-
tion andresultantlinearsystemis too complex to discusshere,but
mayfoundin thereferences[Shi andTomasi1993].SinceaTaylor
seriesis usedto linearizeequation3 thesolutionis not exact. So,
thetrackerproceedsin aNewton-Raphson-styleiterativeminimiza-
tion to re�ne theestimateuntil convergence.

We make two simple modi�cations to the Shi-Tomasitracker.
For one, the stability of the tracker is improved by a good initial
estimateof themotionparameters.So,we recordthevelocity and
accelerationof eachpoint during trackinganduseit to predictthe



next position.In addition,wetrackthroughatwo-level imagepyra-
mid. That is, we calculateaninitial estimateof themotionparam-
etersin a sub-sampledversionof the imagedata. This estimateis
thenre�ned in thefull resolutionimage.Imagepyramidsarecom-
monin trackingapplications[Bergenetal. 1992]andareusedby a
freely availableimplementationof thetranslation-onlyShi-Tomasi
tracker [Birch�eld 1998]. Thesub-sampledimagesandthe image
gradientdataneededby thetrackerarepre-processedandstored.

Finally, the calculatedtranslationd is addedto the locationof
the point being tracked in the currentframe. When tracking the
endpointsof cartooncontours,thecalculatedD matrix is discarded
sinceweonly needtranslationresults;D only existsto adddegrees
of freedomto theminimizationproblem.However, wealsohavethe
potentialto addothertypesof featuresto thecartoon.In thecurrent
systemausercanaddsmall,�lled circleswhichcanrepresenteyes,
as evident in Figure 1. Theseare tracked using the Shi-Tomasi
tracker. Other similar typesof featurescould be added,and the
appearanceof thesefeaturescouldbetransformedby theresultsof
theD matrix.

4.2 Handling Internal Contr ol Points

Thetwo extremeendpointsof thesnake contouraretrackedusing
the Shi-Tomasitracker. However, whenpossiblewe alsousethis
tracker to track the internalendpoints.The internalendpointsare
thosecontrolpointsat the junctionbetweentwo connectedBézier
splines;thesetendto lie ateasilytrackablelocations.However, this
is not alwaysthe case.We mustdecidewhenit is worth tracking
thesepoints,or whenthesepointsshouldsimply follow themove-
mentsof their neighbors.

Fortunatelythe Shi-Tomasitracker gives us an excellent mea-
sureof whena point will track well. If the minimum eigenvalue
of the2x2 Z matrix (see[Shi andTomasi1993]) is below a certain
threshold,we can safelyguessthat the point will not track well.
In this case,thepoint is skipped.We alsoabandontrackingof the
point if theiterative re�nementprocessbecomesunstable,or if the
differencebetweentheimagewindows in imagesI andJ aretoo
large.

We propagatethosecontrolpointsthathave not beentrackedby
atransformationmatrixde�nedby thepreviousandthenext control
pointsthatweretrackedsuccessfully. Thetransformationof theline
connectingthesetwo controlpointsis calculated,composedof the
translationof the centerof the line anda rotationandscaleabout
thatcenter.

4.3 Snake Relaxation After Tracking

Oncethe cartooncontourshave beenautomaticallytracked to the
next frame,weonceagainallow thesnakesto relaxagainstthenew
imagedata. Hopefully, if trackingwassuccessful,thesecontours
will not have to move much. This is, of course,not always the
case.However, wewantto makesurethattheshapeof thecontours
doesnotchangesigni�cantly betweenframes,asthiswill harmthe
appearanceof temporalcoherency. Soweaddashapedeformation
penaltyto theobjective functiondiscussedin Section3.1.

Theshapedeformationpenaltytermcalculatesa measureof the
changein shapeof thecontourfrom its shapein thepreviousframe.
The snake relaxationwill thus discouragesigni�cant changesin
shape.Themeasureof changein shapemustbeinvariantto trans-
lation, rotation, and scale; that is, the measureshouldnot com-
plain aboutuniform transformationsthat do not affect our notion
of shape. A commonshapesignaturefor sucha situationis the
turning function [Arkin et al. 1991;Wolfson 1990]. The turning
functionat a point alongthecurve is simply theanglethat thetan-
gent to the curve makes to a certainreferenceangle,suchas the
x-axis. Thebehavior of this functionalongthe lengthof thecurve

is anexcellentcharacterizationof thecurve's shape,andis invari-
ant to uniform changesin translation,scale,or rotation.Theshape
deformationpenaltyis thusthesumof

� =

Z 1

0

(� 2(t) � � 1(t)) 2 dt (4)

for eachBéziersegmentin thecontour, where� 2(t) is theturning
function in the currentframeand � 1(t) is the one for the previ-
ous frame. This is calculateddiscretelyusing Romberg integra-
tion [Pressetal. 1992].

Oncethecontourshavebeentrackedandthesnakeshaverelaxed
to amostlystablestate,theusercanedit theresultantcartoon.This
caninvolve both moving the endpointstracked by the Shi-Tomasi
tracker andpushingandpulling on thecontourto thestatedesired
by theuser. Theusercanalsodeleteandaddnew contours.

A new DCEL for coloring information is built for eachnew
frame. To propagatecoloring choicesautomaticallyfrom the pre-
viousframe,wemaintainpointersbetweencorrespondingcontours
acrossadjacentframes.To propagatea color for a face,we simply
�nd anedgeof thefacewith avalid pointerto anedgein theprevi-
ousframe,andusethecolorof thefacethatthatedgebordered.

5 Results

Several framesof severalcartoonanimationscreatedusingSnake-
Toonzareshown in Figure3 (seecolorplate).In someof theexam-
pleswehaveinsertedbackgroundimagesbehindthecartoon,which
is easysincetheanimationsareentirelyvectorial. It is alsopossi-
ble to usereal photographsor live action video as a background
for a merging of cartoonandreal imagery. Individual framesof a
cartoonaresaved by the systemasencapsulatedpostscript. Five
animationsareshown on the accompanying video: a bearanima-
tion of 125 frames,a penguinpuppetanimationof 116 frames,a
bunny animationof 100 frames,a whaleanimationof 98 frames,
andaschoolbusanimationof 89 frames.

Wehavealsofoundit simpleto print �ipbooks, whichprovidesa
simplephysicalandportableembodimentof thechild's animation.
This createsan interestingcycle from physical play to a cartoon
animationandbackto a tangibletraceof theoriginalplay.

We have found that it takesanadultanaverageof about4 sec-
ondsper frameto createa cartoon,at 25 framesper secondusing
thePAL videostandard,which is anorderof magnitudefasterthan
currentmethodsof cartoonanimation. This 4 secondsincludesa
secondof loading pre-processeddataand calculatingthe motion
estimation,anda secondfor snake relaxation.Theuserspendsan
averageof 2 secondsof interactive editingperframe.Most frames
requireno editing, while a few requiremoreinvolved effort. The
longesteffort is requiredwhenanew view of anobjectstartsto ap-
pear;planningthe cartoonchangesin responseto this canbe fun
andeducationalthoughtime-consuming.The mostcommonuser
edit, which takes little time, is correctingdrift in tracked points
which tendto appearevery20 to 30 frames.

We feel that the quality of the animationsis high, but they are
clearlymuchsimplerthanonewould�nd in professionalanimation
for television or �lm. However, the savings in time, training,and
effort justify thelossesin �e xibility andquality for thecasual,non-
professionaluser.

6 Conc lusion

6.1 Limitations

Our systemworksbeston cleanvideowith well-de�ned edgesand
few occurrencesof occlusion. The approachof SnakeToonzwill



never work on arbitrarysequencesof video; a complicatedcrowd
sceneis oneexampleof somethingSnakeToonzcouldnot handle.
Cel animationasa mediumis not well-suitedto representing�ne
detail,andthismustbekeptin mindwhenchoosingvideomaterial.

Another limitation to note is that cartoonscreatedwith Snake-
Toonzarerestrictedto therealitiesof whatcanbecapturedin video.
Traditionalanimationdependsheavily on exaggeration,caricature,
andotherunrealisticmotionsandappearancesthat aredif�cult to
recordon tape.

6.2 Future Work

We beganSnakeToonzwith thetheassumptionthatwe couldsim-
ply plug-in the currentstate-of-the-artin semi-automaticcontour
tracking;it soonbecameclearthat this is not thecase.Our results
arefairly simple; they do not includesigni�cant 3D rotations,oc-
clusions,or verycomplicated�gures. Also, it is notclearto usthat
oursystemis readyfor useby children;wefeel thattoomuchhand-
editingof thetrackingis requiredto keepchildrenengaged.To ad-
dresstheselimitationsweneedasigni�cantly improvedmethodfor
semi-automatictracking.

However, contour tracking techniquesseemto clusteraround
two poles.Thecomputervision communityfocuseson nearlyau-
tomatictechniqueswithout userinput. On theotherhand,profes-
sionalrotoscopingsoftwarepackagessuchasCommotionrequire
signi�cant andrepetitiveusereffort.

Clearly thereis a needfor new, semi-automaticcontourtrack-
ing techniques.We seemany applicationsof sucha tool beyond
SnakeToonz. Most interactive systemsfor the non-photorealistic
manipulationof imagesinvolveacombinationof hand-drawn anno-
tationswith ananalysisof imagefeatures.Thecorrespondingtask
for videohasnotbeensigni�cantly exploreddueto theaddedcom-
plexity of thetime-axis;without tracking,theseannotationsneedto
bemadefor eachframe.Thus,ourmainplanfor futurework is the
explorationof user-guidedcontourtrackingin video.

6.3 Epilogue

Thegoalof SnakeToonzis notto surpassprofessionalanimation,or
to trivialize themedium;thecreativity of a professionalartistwill
always be unreachableby a semi-automaticsystem. Instead,the
contributionof SnakeToonzis to allow thosewithoutexperiencein
celanimationto expressthemselvesin themediumatquality levels
muchbetterthanthey couldhaveaccomplishedalone.

We believe that SnakeToonz embodiesa new and useful ap-
proachto human-computerartisticdialoguesthatwill helpthoseof
uswho arebrimmingwith creative vision but lack theskill andex-
perienceto mapfrom this vision into results.Thekey is to abstract
theconstraintsandobjectivesof a medium,andthento projectan
inexperienceduser's input into this space.This approachpromises
to beusefulin avarietyof artisticmediumsbeyondcartooning.
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SnakeToonz: A Semi-Automatic Approachto CreatingCel Animation fr om Video: AseemAgarwala

Figure3: Severalframesfrom four examplesof animationcreatedwith SnakeToonzalongwith their correspondingvideoframes.


