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Abstract

The productionof inbetweenss a tedioustask for animatorsand
a complicatedonefor algorithms. In this paper an algorithmfor
computeraided inbetweeningand its integration in a pen-based
graphicaluserinterfacearepresented.

Thealgorithmis layerbasedassuminganinvariantlayeringorder
It is applicableto animationsn a style similar to papercut out, in
which thedrawingsonthe cut-outpiecesareinbetweenedswell.
The contentof eachkey drawing is analysedand classi ed into
strokes,chainsof strokesandrelationsthatholdamongthem.Rules
decidewhat partsof differentdravings may be matched. These
rules specify allowed changeshetweenrelationsin key dravings.
A costfunctionbasedapproactdetermineshe correctmatchingof
strokes. Generate@nimationpathsbetweercorrespondingtrokes
determingheresultinginbetweens.

To hold for possiblemismatchingsndto allow for artistic control
over the results,the inbetweeningalgorithmis embeddedn afree
form graphicuserinterface. Thusartistsareenabledo focusonthe
partof theinbetweeningaskcomputersarenot ableto solve.

CR Categories: 1.3.6 [ComputerGraphics]: Methodologyand
Techniques—Interactiotechniques;.4.8 [Image Processingand
ComputerVision]: SceneAnalysis—ObjectRecognition;1.2.10
[Arti cial Intelligence]: Vision andSceneUnderstanding—Shape;

Keywords: keyframeanimation,inbetweening

1 Introduction and Overview

Likein other elds of animation,the useof computershasentered
theworld of 2D cartoonsanimationproduction but still mostlyun-
changedincethedaysof Snav White[ThomasandJohnstori981]
is thedivision betweerkey dravingsandinbetweens.

Drawing the inbetweenframesis time-consumingandtedious.
Automationof thesestepswould allow the artistto concentraten
the more creative work of drawing the key images. So eachartist
couldbecomeakey drawving animatorandleave theboringwork of
drawing theinbetweengo themachine.

Butinbetweensrenotjustinterpolationdetweerkey dravings.
Whendrawing theinbetweenstheinbetweeneutilises

herbackgrouncknowledgeof the physicalrulesof theworld,

herexpertknowvledgewhento bendor ignoretheserulesand

herideawhatemotionsshouldbe evoked by the animation.

For thesereasonsautomatianbetweeningwill probablyremainan
unreachablgoal, atleastfor the nearfuture.

Theapproactshavn heredoesnotaim atautomaticput atcom-
puter assistednbetweening. Embeddingan inbetweeningalgo-
rithm into a graphicaluserinterfaceenablesuent correctionsof
theresults.

Theproposedalgorithmis notapplicableo all kind of celanima-
tions. It's restrictedto thoseanimationsn which the cel contents
layeringorderis invariant. This includesanimationsn a“cut-out”-
style. It transcedesut-outbecause&ontentsof cut out piecescan
changebetweerdifferentkey cels,thuschangingn theinbetweens
aswell. Thesechangesarenot limited to afne transformations.
The “cutting out” of piecesandthe correspondencdetectionbe-
tweenthemis solved by the algorithmwithout userinteractionre-
quired.

The choserapproachs baseduponthefollowing assumptions

1. eachdrawing is madeof stroke chains structuresconsisting
of oneor moreconnectedtrokes. A strole “is a singlepath
speci ed by the movementof a pen”[Igarashil999].

Strolke chainsmodelthemerging of connectedtrolesaswell

as the closing of unintendedand recognitionof occlusion-
inducedgaps. Occludedlines may appearin key drawings,
but not necessaryn both. Modelling this allows interrupted
stroke chainsto berecognizedassuchandprocesse@ccord-
ingly in furthermatchingsteps.

2. astroke chainin onekey draving may have a corresponding
stroke chainin anotherkey drawing. It doesnot needto have
one.

3. thetransitionbetweerstrole chainsis modeledby animation
paths. Theseanimationpathsindicate both the correspon-
dencebetweenstroke chainsin key dravings andthe spatial
interpolationdbetweerthem.

The proposedalgorithmworks uponvectorizedstrokes. It will ad-
dressthetasksof

Identifyingstroke chains in givenkey dravings. Thevector
ized strokesin the key drawings areanalysecandgroupedto
strolke chainsbaseduponadjunctionsandocclusions.

Detectingthe correspondenceketweenstroke chainsin key

drawings, including point correspondencel he stroke chains
in eachdrawing are analysedandclassi ed into speci c re-

lationslike inclusion, adjaceng andlayering. A rule based
algorithm operateson theserelations,detectingthe allowed

matchingdetweerstroke chainsin differentdravings. These
rulesmodelchangedetweerthe differentdravings.

For allowed matchings,a cost function ratesthe animation
paths. The costfunctionis basedupontranslation,cunature
andbending. Animation pathsare optimizedwith regardto

this costfunction.

Geneating the inbetweensbasedon the resultinganimation
paths. The layeringrelationsobtainedin previous stepshelp
to handlecasef occlusions.
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Figurel: Ontheleft andright arethe key images.Thestroke chain
(highlightedon the left) andthe detectionof thelayeringorderbe-
tweennoseandfacecontourallowed generatinghe inbetweenin
themiddle.

This algorithmis embeddedh aninteractive freeform draving en-
vironment. The artistcandraw strokes, which are vectorizedim-

mediately Key drawings canbe selectedn variousways. After

calculatinginbetweenstheartistcancorrectanimationpathsman-
ually andspecifythedesiredtiiming. In oneor moreiterative steps
of inbetweeningand correctionsthe artistis assistedn producing
imagedul lling heraestheticriterias.

2 Related Work

Burtnyk and Wein [1976] introducedinteractve skeleton tech-
niquesfor enhancingmotion dynamicsin key frame animations.
Stick gure representationsf key framecomponentsareanimated
manually andthe inbetweensareinterpolated.Correspondencis

establishedaseduponthedrawing order

Catmull [1978] presentedan analysisof computersupportedani-

mationandtheexpectedoroblems Six differentsolutioncateyories
werepresentedall relatedto the problemof informationlosswhen
going from 3D to 2D. Accordingto this analysisthe methodpre-
sentechereis a combinationof infering missinginformation,using
the help of animatorsand restrictingthe classof animationsthat
maybedrawn.

An overview aboutthe principles of animationin computer
graphicsis given by Lassete1987]. Someof the principlescov-
eredtherelik e “squash-and-stretclpreventaneasytransferof suc-
cessfulsimilarity detectiormethoddrom otherapplication elds.

In a cartoonworld, the geometryof a characterdepictedmay
dependon the cameras position. Artistic criteriasare important,
not geometricidentity. This complicatesfurther ary use of esti-
mated3D modelsfor 2D Inbetweening.Rademachef1999] pro-
poseda solutionfor viewer-dependengeometryfor charactersl-
readymodeledn threedimensions.

Durand[Durand 1991] listed the requirementdor a computer
ized 2D animationsystem.

J.D. Felete et al. [1995] presentechn approachto the whole
vectorizeddrawing process. He also coveredthe adwantagesand
disadwantageof automaticinbetweening.The adwantagesarere-
ductionof thenumberf hand-based-inbetweeasdthepossibility
for procedurarendering lik e texture mappingon inbetweenede-
gions.

Onedisadwantagementioneds thatthe automationchangeghe
natureof inbetweeningand limits it complexity. It would restrict
the animationto fairly standarddravings. The approactpresented
hereaimsatrecognizingchangeshatcannotbeinterpolateciueto
lack of knowledge. So the partsof dravings which are automatic
inbetweenablare detectedand interpolated thosewhich are not
areleft outfor theartistto add.

He further statesthat tuning the inbetweensirgesthe animator
to acquire“skills from[...] acomputergraphistwho canprecisely
manipulateBeziercurve handles”.Thisis addressetly embedding

theinbetweeralgorithminto afreefrom stroke ervironment hiding
thingslike Beziercontrolpointsfrom the animatorsview.

Onepartof the methodproposedhereis the blendingof stroke
chains,oncetheir correspondencis established Work on shape-
blendingwasdoneby Sederbeay andGreenvood[1992], who pro-
poseda solution to the vertex correspondenceroblem between
two-dimensionapolygonalshapesAn approacho thevertex path
problemwasshavn by Sederbeg etal in [Sederbeg etal. 1993].

D. Cohen-Oretal [1998] introduceda methodfor 3D distance-
eld metamorphosiswhich was also appliedon two-dimensional
shapesThey reliedon anchomointsprovided by ananimator

Theproposedilgorithmusesanimationpathsfor spatialinterpo-
lationbetweertheshapeof theobjects animationpathsarecovered
in [GomesandDarsal999].

Madeira, Stork and GroR3[1996] describea region-basedap-
proachfor automaticcoloring. It is basedon similarity between
regions. Like in the methodproposedhere, they use heuristics
baseduponrelations(e.g. inclusion)to guide the region match-
ing. But their approach- which is extendedin [Madeira1999] -
requiresdentity of relations while this approachriesto modelal-
lowedchangedetweerrelationsin key frames.

Xie [1995] followed a differentapproachbuilding intermediate
imagedo generaténbetweendor animations Theinbetweengro-
ducedthis way wererestrictedo resultsof af ne transformations.

A eld closelyrelatedto automaticinbetweenings automatic
colouring. Automaticcolouringalgorithmscanexploit thattheim-
agesinvolved arelessdistinctthankey drawingsin inbetweening.
Seahand Feng[2000] proposeda methodbasedupon using both
distancevectorestimationandsegmentatiorof imagesn regions.

Part of thework presentedhereis the userinterface.l have cho-
senafreeformuserinterface bothwith respecto thestrokesdravn
and the possibleuserde nition of timings and animationpaths.
Igarashi[1999] coveredfreeformuserinterfacesin depth. Follow-
ing this approachthe userinterfacecould be calledsupportive In
these“the userinteractswith the target materialdirectly without
using GUI widgets” [Igarashi2000], with the drawings on differ-
ent sheetsand the animationpathsdravn betweenthem astarget
material.

3 The Model

3.1 Stroke chains

A drawing consistf strokes. A stroke is anuninterruptedpathof
possiblevaryingwidth. Strokescanform theoutlineof regions,can
bethin elementdik e hair or canrepresenspecialcasef “degen-
erated’regionslike a closedmouthin a face. Sometimedines or
bordersare partially occludedby otherregionsandthussplit into
differentstroles. Sincetheseocclusionsanaynot berepeatedn the
otherkey draving, the inbetweeningalgorithm mustconsiderthis
case.

A strole chainis modeledaschainof oneor morestrokes. These
strolesarefunctions

s:0 1 A3

The rst two dimensionsare the x andy valueson the drawving

carvas. Following [Madeiraet al. 1996],thethird dimensionis the

width. Stroless;, 5 ; in achainareconnecteds 1 s ; 0).
All elementdelongto oneof thefollowing two classes

cubic beziercurves which are dravn by the artist and vec-
torizedusing[Schneiderl988]or aregeneratedn a previous
inbetweeningstep.They arevisible.

line segments which are invisible. They connectstrokes
which arepresumedo be partof a commonshapes outline,
but areinterruptedby anoccludingshape(cf. gure 1).



Figure2: On the left sideis an examplefor correspondencani-
mation paths. Shavn aretwo animationpathsT, andT, between
stroke chainsS; ands,.

Stroke chainsof connectedrisible andinvisible strokesarethe
building blocksbothfor the matchingalgorithmandthe generation
of inbetweens.

3.2 Animation paths

Animation pathsA;: 0 1
stroke chains.
A mappingfunctionm: 0 1 0 1 speciesthecorrespon-
denceof points on thesechains. Sothe pathfrom S; s on the
stroke chain S, endsat point S, m s on strole chainS,. To-
getherA, andm de ne the location of the morphedpointson the
inbetweens.

Lett 0O 1 bethetimeands O 1 bethescalarvalueof
thepointonthe rst stroke to bemorphed.Thenthecorresponding
interpolatedpointis givenby

I st 1 tS s tS5ms 1 sAt

1 s1tAO0 1 stAl
1 tshA,0 A1

A2 model the correspondencef

sA it

Thisis basedupontheCoonstransformatior{cf. [GomesandDarsa
1999]). It is appliedon two stroke chainsS; andsS, with neighbor
ing animationpathsA; andA, , (seegure 2).

4 The user interface

4.1 The Worko w

All functionality is available via the graphicaluserinterface de-
pictedin gure 3. Theusercandrav uponthe drawing area,as-
sistedby an“onion skinning”feature.Cel levelscanbeloadedand

Figure 3: The userinterfacein which the inbetweeningalgorithm
is embeddedOn theright sidearethe celsthumbnails.

saved. Celsaredisplayedon a thumbnaildisplay The GUI offers
furtherfunctionalityfor moving, copying, deletingandgroupingof
stroke chains.

Theusercanlaunchtheinbetweeninglgorithmby selectingwo
key dravings on the thumbnaildisplay The inbetweensarethen
generatedand displayed. The artist may not be satis ed with the
resultsfor thefollowing reasons

Thewrongstroke chainsarematchedo eachother

The point correspondencis wrong, thoughthe stroke chain
correspondence right.

Point correspondencé good, but the proposedanimation
pathis notthe onetheartistwants

Thetiming on the otherwisegoodanimationpathis wrong

In all thesecases the resultscan be removed and/oroverridden.
Thisis donevia animationpaths.

The usercanremove animationpaths. He canalso drav new
animationpathsbetweerstroke chains.Thesenew animationpaths
maycontradictexisting pointcorrespondenc@.g. by crossingwith
existing pathsbetweenthe sameinvolved stroke chains). In this
casethe olderanimationpathis removed. The new pathmayeven
contradictexisting stroke correspondencesThen all other paths
which startor endat oneof theinvolvedstroke chainsareremored.

After removing or renderingan animationpath,new inbetweens
aregeneratedlf thelastanimationpathbetweertwo stroke chains
was removed, the interpolationof thesestroke chainsdisappears
from theinbetweens.

After eachchange.,it is possibleto restartthe matchingalgo-
rithm. Thenthe algorithmkeepsthe existing assignmentandtries
to matchonly the strokesstill unassignedn the key frames. It is
possibleto startwith draving a correspondencanimationpathbe-
forethe rst inbetweening.Somatchingandinteractie correction
canalternatequickly in thework o w.

4.2 Timing

Timing de nes at whattime a part of the drawing is at a certain
placeon the cel. Sinceaccordingto [Whitaker and Halas 1981]
timing is “the part of the animationwhich gives meaningto the
movement”,the artist canchangethe timing interactve. The pro-
poseddefaulttiming is a “slow-in-slow-out”.

In the graphicaluserinterface handlesorthogonako theanimation
path (cf. gure 4) are usedto display the timing aspects. They
arecenterecht the correspondingoint of the inbetweenedtroke.
By grabbinga handle the usercanmove the correspondingtroke
acrosgheanimationpath. It is alsopossibleto choosebetweeraf-
fectingall the handlesor just the oneselected.All changesn the
inbetweensareimmediatelyrerendere@nddisplayed.

5 The matching algorithm

Thematchingapproachs basedn

analysingthe key drawings with respecto their constituents
(thestroke chains)andtherelationsthey areinvolvedin

a setof rules,regulatingwhich stroke in onedrawing canbe
matchedo which stroke(s)in the otherdrawing

a costfunction measuringhe quality of a pairwisematching
of stroke chains.



Figure4: Changinghetiming. Ontheleft is theinitial con gurationwith slow-in-slow-out movement.In themiddle onehandlewasusedto
changeheinbetweenedball. At theright is a sequencevhereall inbetweensredraggedogethemwith the grabbechandle.

aschemeo nd thebestallowedassignmentbetweerstroke
chainsin differentdravings. Thegoalis to minimizethetotal
sumof the costof the stroke chainmatchings.Thereforean
optimizationalgorithmis used

Theinbetweenedtroke chainsaregeneratedisingthe bestassign-
ments.

5.1 Grouping the stroke chains

In bothkey drawings, stroke chainsarebuilt automatically Select-
ing a draving askey drawing startsa groupingalgorithmonit. It
follows thefollowing heuristics

don't join strokes at endswhich have a longerdistancethan
givenmaximumdistance

if threeor more strokesjoin at an end within the maximum
distancemeige thosewho have the leastchangen angledi-
rection

if two strokesendat the samestroke once,andeachdoesso
atat-junction,join themwith aline sggment.

if onestrole haswith both his startandendt-junctionsadja-
cenciego the sameotherstroke, closeit with aline sggment.

An ef cient problemmethodfor resolvingambiguitiesin grouping
is notwithin the scopeof this paper In experimentsa setof differ-
ent possiblegroupingswas generatedy taking both a joined and
a not-joinedversioninto accountandfurther extendboth of them.
Thematchingalgorithmwasappliedto eachelementof this setof
groupings.Thebestresultwaschosen.

5.2 Building a stroke chain graph

Generatinga matchingalgorithm basedon curve similarity alone
is adif cult approachn the domainof cartoonanimation.Curves
changebetweenframes,and thesechangeshave a meaning. But
while curve similarity aloneis notsufcient, assumingequaltopol-
ogy of the stroke chainsfor matchingis too restrictve. Changesn

relationsbetweenstroke chainsmay happen,so relying on equiv-

alenceof relationshipsn differentkey frameswould prohibit a lot

of thedynamicsappreciatedn animation.

This algorithm follows the approachof choosingbetweenac-
ceptableand unacceptablehangesn relations. So relationships
may changebetweendifferentdravings. This enlagesthe class
of possibleinbetweeningscomparedto the afne [Xie 1995] or
the topologicalidentical[Madeira1999]. By de ning the allowed
changesbetweenrelations, it is possibleto describethe possible
transitionsbetweenkey drawings. So the rst stepis to iden-
tify whatrelationshold, the secondstepis classifyingthe allowed
changes.

Therefore a stroke chain graph

GS s s U U B Bm
is built for eachkey drawing. The verticesof the graphare the
stroke chains s; s, , theedgesareunaryU; S andbinary

B, S relationshbetweerthem.

Somerelations( endsA a b, closed a , sartEndinside a b,
included a b , isolatedEnd a andisolatedart a ) arebased
uponpropertieof the strolke chains.

They arefoundby testingfor inclusionof stroke chainsandadja-
ceng testsat stroke chains'startandend. Inclusiontestsaredone
with fastintersectiortestsof cubicsplineswith horizontallines.

Other relationsare de ned by userinteractions,in this case
groupingstroke chainstogethershareGroup a b .

Finally relationsarealsoderivedfrom otherrelations:

cortour a b S included ab

isolated a isolatedEnd a isolatedart a
dangling a isolatedart a isolatedEnd a
above a b encsAt b a dangling b
leavinga b startEndinside ab above a b

5.3 Determining possib le assignments

Eachkey drawing is describedby a stroke chaingraph. Allowed
assignmentbetweerstroke chainsof differentstroke chaingraphs
aredeterminedisinga setof rules.Eachrule describes forbidden
assignmenbetweerstroke chains.

The strole chainsare outlines of three-dimensionalolumes.
Rulesdeterminghepossiblecorrespondencdsetweertheoutlines
of thesevolumes. Every rule introducedforbids a setof possible
transitions.Somerulesforbid transitionsthatarecovering unlikely
specialcases(like an opencontourbecominga closedcontour),
while the othersare motivatedby lack of three-dimensionahfor-
mationneccessarfor the generatiorof satishctoryinbetweens.

Given two stroke chain graphsG, andG,, the rules usedde-
scribe forbidden assignmentsnvolving either two stroke chains
a G; x G,orfourstrokechainsab G;andxy G,. They
forbid assignments

fromatox:

fromatoxandbtoy atthesametime: a xb vy
Thefollowing rulesareapplied: Do not
invertthelayeringorder?!

above ab above xy a yb x

1in general without 3D-informationit will be futile to generatean ac-
ceptabldnbetweerof this



Figure5: Ontheleft andright arethe two key drawings. In themiddle arethreeinbetweenings.

inverttheinclusionorder

included ab included xy a yb x

matchopencontourstroke chainsto closedstroke chains

closeda cortour a closed x a X

matchopendanglingstroke chainsto closedstrole chains

closeda dangling a closedx a x

matchclosedcontourstroke chainsto openstroke chains

closeda cortour a closed x a x

matchisolatedstroke chainsto stroke chainsbeingadjacent
with bothendsto anotherstroke

isolated a closed a closed x a x
isolatedEnd x isolatedart x
invertleaving relationships
leavinga b leavingxy a yb x
leave auserde ned group
shaeGroup a b shaeGroup xy a yb x

Thesearerulesforbidding speci ¢ mappingshetweertwo strokes.
Soif thereis no mappingavailablefor a speci ¢ stroke, it remains
asanunassignedtroke in thematching.

Someexperimentswere doneon relationsbasedon geometric
orderrelationslike WesOf or NorthOf. Thesewere measured
relative to the coordinatesystemde ned by the major axis of the
includingstrole chain(or the carvascoordinatesystem)andits or-
thogonal. But dueto squash-and-stretdhasseterl987], the esti-
mationof the coordinatesystemwastoo unreliable.

5.4 Finding the best animation paths

Con gurations model the animation paths betweentwo stroke
chains(seeb.4.1). The quality of singlecon gurationsis measured
with a costfunction (see5.4.2). To nd the lowest-costmatch-
ing, differentcon gurationsareinitialised(see5.4.3)andoptimized
(see5.4.4). Thebestcon gurationis choserastheresultdescribing
thebestpossiblematchingbetweerthesetwo stroke chains.

5.4.1 The Con guration

Eachstroke chainhasa setof potentialmatchingpositions. These
sets

A a, an g 0 1

B by bh b 0

are usedas position markers on the stroke chainsin the two key
drawings. Positiona; on onestroke correspondso position b, on
theotherstroke.

Both setsaremonotone.Thedraving directionof stroke chains

can not assumedo be the same. The correctdirection is de-
terminedusing the cost function. So while A is assumedo be
monotonouslyincreasing( i: a; a; ;), B canbe eitherde- or
increasing i:b, b, qor i:b b ;).
If closedstrole chainsareinvolved, the startingpointsarenotim-
mediatelyevident. While b, 0 b, 1resp.b; 1 by O
still holds,the offseta; 0 1 determineghe relative shift of
the stroke chains. In thesecasethe monotonicityassumptiorcan
beviolatedfor onepair ( !jaj a; 1)- As in determinatiorof the
drawing direction,an evaluationof the costfunctionwith different
offsetsdetermineshecorrectone.

Themappingis modeledas

mt b — b, b

with i chosersothatt  a; a; ; holds.

The algorithmfor nding the animationpathsbetweenstroke
chains models the animation paths betweenthe corresponding
points a; and b; as quadraticsplines. Therefore,n controlpoints

¢, A?areintroducedWith stroke chainsS, ands; theanimation

pathsare

A u 1 u?s,a 21 uug VS b
A con gurationfor the animationpathsbetweenwo stroke chains
is modeledas

X acghb 1 i n

5.4.2 Cost function

To choosethe bestassignmenta costfunctionis used. It should
measurethe goodnesf a con guration for animationpathsbe-
tweentwo stroke chains.

Thechosercostfunction? takesinto account

2This paperfocuseson the rulesgoverningthe dynamicsof inbetween-
ing. Any costfunction measuringhe goodnes®f t betweentwo stroke
chainscanbe usedwith the methodpresentedere. Furtherwork will be
doneon moreelaboratedtostfunctions.



Figure6: A successfuinbetweeningvith thekey dravingsattheleft andright.

thetranslationyelative to the enclosingstroke chain's or can-
vas' centroid

thelocal cunature
thedistancebetweemeighboringpoints

Thesevariablesare sampledin a regular interval both on the key
stroke chainsandon anintermediaténterpolatedstroke chain. This
stroke chainis generatedisingthe givencon guration. Nonmono-
tonicity acrosgimeis punishedothfor curvatureanddistancebe-
tweenneighboringsampledpoints. The total costis realisedasa
weightedsumof thesein uences. The weightsare chosenso that
thetranslatioris themostimportantcontrikbutor, with theothervari-
ablesbeingequallyweighted.

5.4.3 Initial con guration

Initial animationpathsare generated. The a; and b; are chosen
initially baseduponthestroke chainscunaturesextremas.For each
extremaon one of the two stroke, an a; ¢; b, is addedto the
con guration. If thereis anextremaonthe rst stroke, a; marksits
position,and b; is the positionmappedon the secondstroke. The
inverseholdsfor an extremab; on the secondstroke. Thereis no
matchingbetweenthe extremasyet, mappingof extremasto each
otheroccursduringthelateroptimizationstep.

Con gurationsaregeneratedoth for B monotonouslydecreas-
ing andincreasingIn caseof closedstroke chainsinvolved, several
of thesecon gurationarecreatedwith differentoffsetsfor a;. This
takesinto accountthe possiblerelative shift.

5.4.4 Optimizing the con gurations

All initial con gurationsareimproved usingthe metropolisalgo-
rithm [Presset al. 1988]. All parametersn the con guration are
changeable.Consideringthe relative small size of the con gura-
tions, this is fastenoughfor interactve behaiour. The lowestcost
con gurationis selectedasthe matchingresult.

The numberof involved animationpathsis reducedafterwards.
If oneanimationpathis a combinationof its two neighbors, it is
removedasredundant.

5.5 Finding the best matching between stroke
chain graphs

The bestoverall matchingis found by building up an assignment

treebetweerthestroke chains a; am and by by ofthe

stroke chaingraphsG, andG,. In thistree,every nodecorresponds
to

amatchingbetweertwo strole chainsa; b,

anunassignedanatchinga, 0 or

asurplusmatching0 bj
Thenodesareattributedwith thecostof the matching.In eachpath
from aleafto theroot node,eachstroke canappeaionly once.No

forbiddenmappingsareallowedin any pathfrom leafto rootnode.
Nonassignmendf stroke chainsis punishedwith high costs,but it

is explored wheneer possible. So even whena matchwould be
possible the variantwith the involved stroke being unassigneds

testedaswell.

The completetree can theoreticallybecomehuge. To avoid
building up completetrees, pruning techniquesare used. The
algorithmsexpandsthe most promising node rst. It also uses
costlook-a-headintegratingknowledgeaboutupcomingforbidden
mappings.

Finally oneor morecompletepathsin this treeremainthatinvolve
all stroke chainsin the two key drawings. The pathwith the least
costis thechosermatching.

5.6 Generating the inbetweenings

Stroke chainsarerenderedusingthede nition of | st (see3.2).
Thevalueof t is determineddy thetiming of the inbetween.With
x edt, coordinateandwidth valuesare sampledfor monotonous
increasings. The samealgorithmusedfor vectorizingthe dravn
strokes[Schneiderl988]is usedon thesesampledpoints,resulting
in vectorizednbetweenedtrokes.

Part of the stroke chaingrapharethe above relationshipsieter
mining the layeringorder If intersectionsxist in theinbetweens,
they areusedto determinethe correctocclusions.Soonly the visi-
ble partsof theinbetweenedtroke chainsarerendered.

5.7 Summary of the algorithm

Thematchingalgorithmproceedsasfollows

1. analysethe key framesand group their contentinto stroke
chaingraphs

2. determindorbiddenmappingsfor eachkey frame

3. build anassignmentreefor the allowed mappingsonly, cal-
culatingthe costfor eachmapping

4. selectthebestpathin theassignmentree

5. generatéheinbetweens

6 Results

To testboththe algorithmandits embeddingnto a graphicaluser
interface,an experimentalprototypein Java was developed. This
softwareis usedtogetherwith the Wacom-PLseriesof active ma-
trix displays. It runsasa stand-alonelava applicationaswell as



Figure7: An examplewherethe algorithmsreachests limits. Correspondencesredetectectorrectly but aninterpolationof the earis not
within the strict two-dimensionascopeof the algorithmandthereforeomitted.

in conjunctionwith a drawing softwarerealisedby Digital Video,
Rome.

Evaluationtook placeby the userpartnersin the PAPERLESS
project, SBP (Rome), Vaiga (London) and Neptuno(Barcelona).
An early prototypewas shavn to the public at the MIFA 2001.
During evaluation,about50 pairs of keyframes,mostof low im-
agecompleity, weregenerateéndinbetweened.

The graphicaluserinterfacewas evaluatedas usefuland inno-
vative, both from the userpartnersandthe visitorsat MIFA. Users
appreciatehothaving to careaboutde ning objecthierarchiesand
changingcontrolpoints. Stroke matchingwasalsomostlyaccepted,
thoughin comple imagesspeedproblemsmight prohibit a true
interactve work ow. The quality of someresultinginbetweened
strokesleavesroomfor improvements.

Thecharactein gure 5wasgeneratedvith correctassignments
betweerthe strole chains.The body contourneededsomemanual
adjustmentoneanimationpathaddedandoneremoved). Looking
at the hiddenleg andthe shoe(esp. in the lastinbetween)shavs
suboptimakhape-blendingNonethelesghecorrectlayeringorder
wasestablishedallowing for automaticdeterminatiorof thehidden
linesof leg andshoe.

Part of this problemsare easedby the interactve ervironment
allowing for fastcorrectionor rejectionof thedissatisfyingparts.In
gure 8 all matchingswere correct,but the matchingbetweenthe
body contourswentwrong. Oneanimationpathoverriding (shavn
in gure 9) sufces togettheresultsvisiblein gure 6. Thelayering
orderbetweenearandfacecontourallowed correctinbetweening.
The applicationof the rule “do not matchisolatedstroke chainto
adjacentstroke chain” preventedmatchingthe wrinkle aroundthe
mouthin the rst key frameto the openmouthin the secondkey
frame.

Figure8: Two inbetweensvith correctmatchingsf stroke chains,
but wrong mappingbetweenthe stroke chainsforming the faces
boundaryKey framesarethe sameasin gure 6

Figure9: Overridingawrongassignmentvith oneanimationpath

7 Conclusion and further work

The approactpresentedhereis an ervironmentenablingthe artist
to changeseamlesshbetweeninteractve editing and inbetween-
ing. The integration of hiddenlines allows for inbetweeningof
moredynamicscenesTheuseof e xible rulesallows e.g.changes
in topology andmakesinbetweeningpossiblefor a larger classof
imageshanbefore.

Due to the reasonssketchedbefore, inbetweeningalgorithms
will probablynever be perfect. Embeddingtheminto a free form
graphicaluserinterfaceallows theartistto call themwhenthey are
neededindto use,changeor rejecttheresults.

Still therearemary waysto improve andextendthe work done
sofar.

To improve thequality of theinterpolatedstrokesin 2D, we may
extendthe costfunctionwith additionalcriterias. For comparison
an establishedalgorithm like [Sederbeg and Greenvood 1992],
[Sederbey etal. 1993]or [Cohen-Oretal. 1998]canbeintegrated.

We obsenred that professionalusersdrav loose or duplicate
strokes. We would lik e to extendour approacho encompasthese
“looseandsketchy” [Curtis 1998]key dravings,maybeevenkeep-
ing this stylein theresultinginbetweens.

Sofaronly two key drawingsareinvolvedin onematching.Ex-
tendingthe algorithmto morekey dravingswould allow the trans-
fer of information aboutforbidden mappingsamongsetsof key
frames. This would further narrav the numberof allowed map-
pings.

Probablythe most interestingtask is the integration of three-
dimensionaknawledgein the matchingandinbetweeningrocess.
Sofaranimationsarerestrictedo alayeredtwo-dimensionaivorld
with a strict order Estimatinga complete3D model would al-
low using three-dimensionakeyframe interpolationmethodslike



[Nebel1999]. But this estimationwould possiblyevenfor simple
characters-dueto changesn pose shapgsquash-and-stretchpd
viewer-dependengeometry[Rademached 999] — requirea pro-
hibitive high numberof dravings asinput.

But even if a completethree-dimensionaleconstructioris not
feasible,a three-dimensionashapecould be approximated(like
in [Williams 1991]). Combiningthis approximatedshapesfrom
several key frames,possiblyincluding informationfrom “virtual”
modelsheets;ould be usedin rulesworking in a 3D-world andfor
animationpathsmodeledas projectionsof 3D movements. This
would enlage the classof possibleinbetweenable@nimationse.g.
allowing acompleteinbetweningof gure 7.
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