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Abstract

The productionof inbetweensis a tedioustask for animatorsand
a complicatedonefor algorithms. In this paper, an algorithmfor
computeraided inbetweeningand its integration in a pen-based
graphicaluserinterfacearepresented.
Thealgorithmis layer-based,assuminganinvariantlayeringorder.
It is applicableto animationsin a stylesimilar to papercut out, in
which thedrawingson thecut-outpiecesareinbetweenedaswell.
The contentof eachkey drawing is analysedand classi�ed into
strokes,chainsof strokesandrelationsthatholdamongthem.Rules
decidewhat partsof different drawings may be matched. These
rulesspecifyallowed changesbetweenrelationsin key drawings.
A costfunctionbasedapproachdeterminesthecorrectmatchingof
strokes.Generatedanimationpathsbetweencorrespondingstrokes
determinetheresultinginbetweens.
To hold for possiblemismatchingsandto allow for artisticcontrol
over theresults,the inbetweeningalgorithmis embeddedin a free
form graphicuserinterface.Thusartistsareenabledto focusonthe
partof theinbetweeningtaskcomputersarenotableto solve.

CR Categories: I.3.6 [ComputerGraphics]: Methodologyand
Techniques—Interactiontechniques;I.4.8 [ImageProcessingand
ComputerVision]: SceneAnalysis—ObjectRecognition; I.2.10
[Arti�cial Intelligence]:Vision andSceneUnderstanding—Shape;

Keywords: keyframeanimation,inbetweening

1 Intr oduction and Overview

Like in other�elds of animation,theuseof computershasentered
theworld of 2D cartoonsanimationproduction,but still mostlyun-
changedsincethedaysof Snow White[ThomasandJohnston1981]
is thedivisionbetweenkey drawingsandinbetweens.

Drawing the inbetweenframesis time-consumingandtedious.
Automationof thesestepswould allow theartist to concentrateon
the morecreative work of drawing the key images.So eachartist
couldbecomeakey drawing animatorandleavetheboringwork of
drawing theinbetweensto themachine.

But inbetweensarenotjust interpolationsbetweenkey drawings.
Whendrawing theinbetweens,theinbetweenerutilises

� herbackgroundknowledgeof thephysicalrulesof theworld,

� herexpertknowledgewhento bendor ignoretheserulesand

� herideawhatemotionsshouldbeevokedby theanimation.

For thesereasons,automaticinbetweeningwill probablyremainan
unreachablegoal,at leastfor thenearfuture.

Theapproachshown heredoesnotaimatautomatic,but atcom-
puter assistedinbetweening. Embeddingan inbetweeningalgo-
rithm into a graphicaluserinterfaceenables�uent correctionsof
theresults.

Theproposedalgorithmis notapplicableto all kind of celanima-
tions. It' s restrictedto thoseanimationsin which thecel content's
layeringorderis invariant.This includesanimationsin a“cut-out”-
style. It transcedescut-outbecausecontentsof cut out piecescan
changebetweendifferentkey cels,thuschangingin theinbetweens
aswell. Thesechangesarenot limited to af�ne transformations.
The “cutting out” of piecesandthe correspondencedetectionbe-
tweenthemis solvedby thealgorithmwithout userinteractionre-
quired.

Thechosenapproachis baseduponthefollowing assumptions:

1. eachdrawing is madeof stroke chains, structuresconsisting
of oneor moreconnectedstrokes. A stroke “is a singlepath
speci�edby themovementof a pen” [Igarashi1999].
Strokechainsmodelthemergingof connectedstrokesaswell
as the closing of unintendedand recognitionof occlusion-
inducedgaps. Occludedlines may appearin key drawings,
but not necessaryin both. Modelling this allows interrupted
stroke chainsto berecognizedassuchandprocessedaccord-
ingly in furthermatchingsteps.

2. a stroke chainin onekey drawing mayhave a corresponding
stroke chainin anotherkey drawing. It doesnot needto have
one.

3. thetransitionbetweenstroke chainsis modeledby animation
paths. Theseanimationpathsindicateboth the correspon-
dencebetweenstroke chainsin key drawings andthespatial
interpolationsbetweenthem.

Theproposedalgorithmworksuponvectorizedstrokes. It will ad-
dressthetasksof

� Identifyingstroke chains in givenkey drawings. Thevector-
izedstrokesin thekey drawingsareanalysedandgroupedto
stroke chainsbaseduponadjunctionsandocclusions.

� Detectingthe correspondencesbetweenstroke chainsin key
drawings,includingpoint correspondence.Thestroke chains
in eachdrawing areanalysedandclassi�ed into speci�c re-
lationslike inclusion,adjacency and layering. A rule based
algorithmoperateson theserelations,detectingthe allowed
matchingsbetweenstrokechainsin differentdrawings.These
rulesmodelchangesbetweenthedifferentdrawings.
For allowed matchings,a cost function ratesthe animation
paths.Thecostfunction is basedupontranslation,curvature
andbending. Animation pathsareoptimizedwith regardto
thiscostfunction.

� Generating the inbetweens, basedon theresultinganimation
paths.The layeringrelationsobtainedin previous stepshelp
to handlecasesof occlusions.



Figure1: Ontheleft andright arethekey images.Thestroke chain
(highlightedon theleft) andthedetectionof thelayeringorderbe-
tweennoseandfacecontourallowed generatingthe inbetweenin
themiddle.

Thisalgorithmis embeddedin aninteractive freeform drawing en-
vironment. The artist candraw strokes,which arevectorizedim-
mediately. Key drawings canbe selectedin variousways. After
calculatinginbetweens,theartistcancorrectanimationpathsman-
ually andspecifythedesiredtiming. In oneor moreiterative steps
of inbetweeningandcorrectionsthe artist is assistedin producing
imagesful�lling heraestheticcriterias.

2 Related Work

Burtnyk and Wein [1976] introducedinteractive skeleton tech-
niquesfor enhancingmotion dynamicsin key frame animations.
Stick �gure representationsof key framecomponentsareanimated
manually, andthe inbetweensareinterpolated.Correspondenceis
establishedbaseduponthedrawing order.
Catmull [1978] presentedan analysisof computer-supportedani-
mationandtheexpectedproblems.Six differentsolutioncategories
werepresented,all relatedto theproblemof informationlosswhen
going from 3D to 2D. Accordingto this analysis,themethodpre-
sentedhereis acombinationof inferingmissinginformation,using
the help of animatorsand restrictingthe classof animationsthat
maybedrawn.

An overview about the principles of animation in computer
graphicsis given by Lasseter[1987]. Someof theprinciplescov-
eredtherelike“squash-and-stretch”preventaneasytransferof suc-
cessfulsimilarity detectionmethodsfrom otherapplication�elds.

In a cartoonworld, the geometryof a characterdepictedmay
dependon the camera's position. Artistic criteriasare important,
not geometricidentity. This complicatesfurther any useof esti-
mated3D modelsfor 2D Inbetweening.Rademacher[1999] pro-
poseda solutionfor viewer-dependentgeometryfor charactersal-
readymodeledin threedimensions.

Durand[Durand1991] listed the requirementsfor a computer-
ized2D animationsystem.

J.D. Fekete et al. [1995] presentedan approachto the whole
vectorizeddrawing process.He alsocoveredthe advantagesand
disadvantagesof automaticinbetweening.The advantagesarere-
ductionof thenumberof hand-based-inbetweensandthepossibility
for proceduralrendering,like texturemappingon inbetweenedre-
gions.

Onedisadvantagementionedis that theautomationchangesthe
natureof inbetweeningandlimits it complexity. It would restrict
theanimationto fairly standarddrawings. Theapproachpresented
hereaimsat recognizingchangesthatcannotbeinterpolateddueto
lack of knowledge. So the partsof drawings which areautomatic
inbetweenablearedetectedand interpolated,thosewhich arenot
areleft out for theartistto add.

He further statesthat tuning the inbetweensurgesthe animator
to acquire“skills from [...] a computergraphistwho canprecisely
manipulateBeziercurvehandles”.This is addressedby embedding

theinbetweenalgorithminto afreefrom strokeenvironment,hiding
thingslike Beziercontrolpointsfrom theanimatorsview.

Onepartof themethodproposedhereis theblendingof stroke
chains,oncetheir correspondenceis established.Work on shape-
blendingwasdoneby Sederberg andGreenwood[1992],who pro-
poseda solution to the vertex correspondenceproblembetween
two-dimensionalpolygonalshapes.An approachto thevertex path
problemwasshown by Sederberg et al in [Sederberg et al. 1993].

D. Cohen-Oret al [1998] introduceda methodfor 3D distance-
�eld metamorphosis,which wasalsoappliedon two-dimensional
shapes.They reliedonanchorpointsprovidedby ananimator.

Theproposedalgorithmusesanimationpathsfor spatialinterpo-
lationbetweentheshapeof theobjects,animationpathsarecovered
in [GomesandDarsa1999].

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

Xie [1995] followeda differentapproach,building intermediate
imagesto generateinbetweensfor animations.Theinbetweenspro-
ducedthisway wererestrictedto resultsof af�ne transformations.

A �eld closely relatedto automaticinbetweeningis automatic
colouring.Automaticcolouringalgorithmscanexploit thattheim-
agesinvolvedarelessdistinct thankey drawings in inbetweening.
SeahandFeng[2000] proposeda methodbaseduponusingboth
distancevectorestimationandsegmentationof imagesin regions.

Partof thework presentedhereis theuserinterface.I have cho-
senafreeformuserinterface,bothwith respectto thestrokesdrawn
and the possibleuser-de�nition of timings and animationpaths.
Igarashi[1999] coveredfreeformuserinterfacesin depth.Follow-
ing this approach,theuserinterfacecouldbecalledsupportive. In
these“the user interactswith the target materialdirectly without
usingGUI widgets” [Igarashi2000], with the drawings on differ-
ent sheetsandthe animationpathsdrawn betweenthemastarget
material.

3 The Model

3.1 Stroke chains

A drawing consistsof strokes.A stroke is anuninterruptedpathof
possiblevaryingwidth. Strokescanform theoutlineof regions,can
bethin elementslike hair or canrepresentspecialcasesof “degen-
erated”regionslike a closedmouthin a face. Sometimeslines or
bordersarepartially occludedby otherregionsandthussplit into
differentstrokes.Sincetheseocclusionsmaynotberepeatedin the
otherkey drawing, the inbetweeningalgorithmmustconsiderthis
case.

A strokechainis modeledaschainof oneor morestrokes.These
strokesarefunctions

s:
�

0 ����� 1��� Â3

The �rst two dimensionsare the x and y valueson the drawing
canvas.Following [Madeiraet al. 1996],thethird dimensionis the
width. Strokessi , si � 1 in achainareconnected(si �

1	�
 si � 1 �

0	 ).
All elementsbelongto oneof thefollowing two classes:

� cubic beziercurves, which aredrawn by the artist andvec-
torizedusing[Schneider1988]or aregeneratedin a previous
inbetweeningstep.They arevisible.

� line segments, which are invisible. They connectstrokes
which arepresumedto bepartof a commonshape's outline,
but areinterruptedby anoccludingshape.(cf. �gure 1).



Figure2: On the left side is an examplefor correspondenceani-
mationpaths. Shown aretwo animationpathsT1 andT2 between
stroke chainsS1 andS2.

Stroke chainsof connectedvisible andinvisible strokesarethe
building blocksbothfor thematchingalgorithmandthegeneration
of inbetweens.

3.2 Animation paths

Animation pathsAi :
�

0 ����� 1��� Â2 model the correspondenceof
stroke chains.
A mappingfunctionm:

�

0 ����� 1�
�

�

0 ����� 1� speci�esthecorrespon-
denceof points on thesechains. So the path from S1 �

s	 on the
stroke chain S1 endsat point S2 �

m
�

s	�	 on stroke chain S2. To-
getherAi andm de�ne the locationof the morphedpointson the
inbetweens.

Let t �

�

0 ����� 1� bethetime ands �

�

0 ����� 1� bethescalarvalueof
thepointon the�rst stroke to bemorphed.Thenthecorresponding
interpolatedpoint is givenby

I
�

s� t 	�


�

1 � t 	 S1 �

s	�� tS2 �

m
�

s	�	��

�

1 � s	 Ai �

t 	�� sAi � 1 �

t 	

�

�

1 � s	

�

1 � t 	 Ai �

0	��

�

1 � s	 tAi �

1	

�

�

1 � t 	 sAi � 1 �

0	�� stAi � 1 �

1	

ThisisbasedupontheCoonstransformation(cf. [GomesandDarsa
1999]). It is appliedon two stroke chainsS1 andS2 with neighbor-
ing animationpathsAi andAi � 1 (see�gure 2).

4 The user interface

4.1 The Work�o w

All functionality is available via the graphicaluser interfacede-
picted in �gure 3. The usercandraw uponthe drawing area,as-
sistedby an“onion skinning” feature.Cel levelscanbeloadedand

Figure3: The userinterfacein which the inbetweeningalgorithm
is embedded.On theright sidearethecelsthumbnails.

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

Theusercanlaunchtheinbetweeningalgorithmby selectingtwo
key drawings on the thumbnaildisplay. The inbetweensare then
generatedanddisplayed. The artist may not be satis�ed with the
resultsfor thefollowing reasons:

� Thewrongstroke chainsarematchedto eachother

� The point correspondenceis wrong, thoughthe stroke chain
correspondenceis right.

� Point correspondenceis good, but the proposedanimation
pathis not theonetheartistwants

� Thetiming on theotherwisegoodanimationpathis wrong

In all thesecases,the resultscan be removed and/oroverridden.
This is donevia animationpaths.

The usercan remove animationpaths. He can also draw new
animationpathsbetweenstrokechains.Thesenew animationpaths
maycontradictexistingpointcorrespondence(e.g.bycrossingwith
existing pathsbetweenthe sameinvolved stroke chains). In this
casetheolderanimationpathis removed. Thenew pathmayeven
contradictexisting stroke correspondences.Then all other paths
whichstartor endatoneof theinvolvedstrokechainsareremoved.

After removing or renderingananimationpath,new inbetweens
aregenerated.If thelastanimationpathbetweentwo stroke chains
was removed, the interpolationof thesestroke chainsdisappears
from theinbetweens.

After eachchange,it is possibleto restartthe matchingalgo-
rithm. Thenthealgorithmkeepstheexisting assignmentsandtries
to matchonly the strokesstill unassignedin the key frames. It is
possibleto startwith drawing acorrespondenceanimationpathbe-
fore the�rst inbetweening.Somatchingandinteractive correction
canalternatequickly in thework�o w.

4.2 Timing

Timing de�nes at what time a part of the drawing is at a certain
placeon the cel. Sinceaccordingto [Whitaker andHalas1981]
timing is “the part of the animationwhich gives meaningto the
movement”,theartist canchangethe timing interactive. The pro-
poseddefault timing is a “slow-in-slow-out”.
In thegraphicaluserinterface,handlesorthogonalto theanimation
path (cf. �gure 4) are usedto display the timing aspects.They
arecenteredat thecorrespondingpoint of the inbetweenedstroke.
By grabbinga handle,theusercanmove thecorrespondingstroke
acrosstheanimationpath.It is alsopossibleto choosebetweenaf-
fectingall thehandlesor just theoneselected.All changesin the
inbetweensareimmediatelyrerenderedanddisplayed.

5 The matc hing algorithm

Thematchingapproachis basedon

� analysingthekey drawings with respectto their constituents
(thestroke chains)andtherelationsthey areinvolvedin

� a setof rules,regulatingwhich stroke in onedrawing canbe
matchedto which stroke(s)in theotherdrawing

� a costfunctionmeasuringthequality of a pairwisematching
of stroke chains.



Figure4: Changingthetiming. Ontheleft is theinitial con�gurationwith slow-in-slow-outmovement.In themiddleonehandlewasusedto
changetheinbetweenedball. At theright is a sequencewhereall inbetweensaredraggedtogetherwith thegrabbedhandle.

� aschemeto �nd thebestallowedassignmentsbetweenstroke
chainsin differentdrawings.Thegoalis to minimizethetotal
sumof thecostof thestroke chainmatchings.Thereforean
optimizationalgorithmis used

Theinbetweenedstroke chainsaregeneratedusingthebestassign-
ments.

5.1 Grouping the str oke chains

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

� don't join strokesat endswhich have a longerdistancethan
givenmaximumdistance

� if threeor morestrokes join at an endwithin the maximum
distance,mergethosewho have the leastchangein angledi-
rection

� if two strokesendat thesamestroke once,andeachdoesso
at a t-junction,join themwith a line segment.

� if onestroke haswith bothhis startandendt-junctionsadja-
cenciesto thesameotherstroke,closeit with a line segment.

An ef�cient problemmethodfor resolvingambiguitiesin grouping
is not within thescopeof this paper. In experimentsa setof differ-
ent possiblegroupingswasgeneratedby taking both a joined and
a not-joinedversioninto accountandfurtherextendbothof them.
Thematchingalgorithmwasappliedto eachelementof this setof
groupings.Thebestresultwaschosen.

5.2 Building a str oke chain graph

Generatinga matchingalgorithmbasedon curve similarity alone
is a dif�cult approachin thedomainof cartoonanimation.Curves
changebetweenframes,and thesechangeshave a meaning. But
while curvesimilarity aloneis notsuf�cient, assumingequaltopol-
ogy of thestroke chainsfor matchingis too restrictive. Changesin
relationsbetweenstroke chainsmay happen,so relying on equiv-
alenceof relationshipsin differentkey frameswould prohibit a lot
of thedynamicsappreciatedin animation.

This algorithm follows the approachof choosingbetweenac-
ceptableand unacceptablechangesin relations. So relationships
may changebetweendifferent drawings. This enlargesthe class
of possibleinbetweeningscomparedto the af�ne [Xie 1995] or
the topologicalidentical[Madeira1999]. By de�ning theallowed
changesbetweenrelations,it is possibleto describethe possible
transitionsbetweenkey drawings. So the �rst step is to iden-
tify what relationshold, thesecondstepis classifyingtheallowed
changes.

Therefore,astroke chaingraph

G � S 
�� s1 ��������� sn �

� U1 ��������� Ul � B1 ����� Bm�

is built for eachkey drawing. The verticesof the graphare the
stroke chains �

s1 ��������� sn
�

, the edgesare unaryUi �

S andbinary
Bi �

S2 relationsbetweenthem.
Somerelations( endsAt

�

a � b	 , closed
�

a	 , startEndInside
�

a � b	 ,
included

�

a � b	 , isolatedEnd
�

a	 and isolatedStart
�

a	 ) arebased
uponpropertiesof thestroke chains.

They arefoundby testingfor inclusionof strokechainsandadja-
cency testsat stroke chains'startandend. Inclusiontestsaredone
with fastintersectiontestsof cubicsplineswith horizontallines.

Other relationsare de�ned by user interactions,in this case
groupingstroke chainstogethershareGroup

�

a � b	 .
Finally relationsarealsoderivedfrom otherrelations:

contour
�

a	��  ! b � S included
�

a � b	

isolated
�

a	�� isolatedEnd
�

a	�" isolatedStart
�

a	

dangling
�

a	�� isolatedStart
�

a	�# isolatedEnd
�

a	

above
�

a � b	�� endsAt
�

b � a	�"%$ dangling
�

b	

leaving
�

a � b	�� startEndInside
�

a � b	�" above
�

a � b	

5.3 Determining possib le assignments

Eachkey drawing is describedby a stroke chaingraph. Allowed
assignmentsbetweenstroke chainsof differentstroke chaingraphs
aredeterminedusingasetof rules.Eachruledescribesa forbidden
assignmentbetweenstroke chains.

The stroke chainsare outlines of three-dimensionalvolumes.
Rulesdeterminethepossiblecorrespondencesbetweentheoutlines
of thesevolumes. Every rule introducedforbids a setof possible
transitions.Somerulesforbid transitionsthatarecoveringunlikely
specialcases(like an opencontourbecominga closedcontour),
while theothersaremotivatedby lack of three-dimensionalinfor-
mationneccessaryfor thegenerationof satisfactoryinbetweens.

Given two stroke chain graphsG1 and G2, the rules usedde-
scribe forbidden assignmentsinvolving either two stroke chains
a � G1 � x � G2 or four stroke chainsa � b � G1 andx � y � G2. They
forbid assignments

� from a to x : $

�

a � x	

� from a to x andb to y at thesametime : $

�

a � x � b � y	

Thefollowing rulesareapplied: Do not
� invert thelayeringorder1

above
�

a � b	�" above
�

x � y	�&'$

�

a � y� b � x	

1In general,without 3D-informationit will be futile to generatean ac-
ceptableinbetweenof this



Figure5: On theleft andright arethetwo key drawings. In themiddlearethreeinbetweenings.

� invert theinclusionorder

included
�

a � b	�" included
�

x � y	�&($

�

a � y� b � x	

� matchopencontourstroke chainsto closedstroke chains

$ closed
�

a	�" contour
�

a	�" closed
�

x	�&'$

�

a � x	

� matchopendanglingstroke chainsto closedstroke chains

$ closed
�

a	�" dangling
�

a	�" closed
�

x	�&($

�

a � x	

� matchclosedcontourstroke chainsto openstroke chains

closed
�

a	)" contour
�

a	�"%$ closed
�

x	�&'$

�

a � x	

� matchisolatedstroke chainsto stroke chainsbeingadjacent
with bothendsto anotherstroke

isolated
�

a	�"%$ closed
�

a	�"%$ closed
�

x	

" $ isolatedEnd
�

x	�"%$ isolatedStart
�

x	

&($

�

a � x	

� invert leaving relationships

leaving
�

a � b	�" leaving
�

x � y	�&($

�

a � y� b � x	

� leave a user-de�ned group

shareGroup
�

a � b	*"%$ shareGroup
�

x � y	�&($

�

a � y� b � x	

Thesearerulesforbiddingspeci�c mappingsbetweentwo strokes.
Soif thereis no mappingavailablefor a speci�c stroke, it remains
asanunassignedstroke in thematching.

Someexperimentsweredoneon relationsbasedon geometric
order relationslike WestOf or NorthOf . Thesewere measured
relative to the coordinatesystemde�ned by the major axis of the
includingstroke chain(or thecanvascoordinatesystem)andits or-
thogonal.But dueto squash-and-stretch[Lasseter1987], the esti-
mationof thecoordinatesystemwastoounreliable.

5.4 Finding the best animation paths

Con�gurations model the animation paths betweentwo stroke
chains(see5.4.1).Thequalityof singlecon�gurationsis measured
with a cost function (see5.4.2). To �nd the lowest-costmatch-
ing,differentcon�gurationsareinitialised(see5.4.3)andoptimized
(see5.4.4).Thebestcon�gurationis chosenastheresultdescribing
thebestpossiblematchingbetweenthesetwo stroke chains.

5.4.1 The Con�guration

Eachstroke chainhasa setof potentialmatchingpositions.These
sets

A 
 �
a1 ����� an

�

a i �

�

0 ����� 1�

B 
 � b1 ����� bn
�

bi �

�

0 ����� 1�

areusedasposition markers on the stroke chainsin the two key
drawings. Positiona i on onestroke correspondsto positionbi on
theotherstroke.

Both setsaremonotone.Thedrawing directionof stroke chains
can not assumedto be the same. The correct direction is de-
terminedusing the cost function. So while A is assumedto be
monotonouslyincreasing(+ i : a i ,

a i � 1), B can be eitherde- or
increasing( + i : bi ,

bi � 1 or + i : bi -

bi � 1).
If closedstroke chainsareinvolved,thestartingpointsarenot im-
mediatelyevident. While b1 
 0 " bn 
 1 resp. b1 
 1 " bn 
 0
still holds, the offset a1 �

�

0 ����� 1� determinesthe relative shift of
the stroke chains. In thesecasethe monotonicityassumptioncan
beviolatedfor onepair ( ! ! ja j -

a j � 1). As in determinationof the
drawing direction,anevaluationof thecostfunctionwith different
offsetsdeterminesthecorrectone.

Themappingis modeledas

m
�

t 	.
 bi �

t � a i
a i � 1 � a i

� bi � 1 � bi �

with i chosensothatt �0/ a i � a i � 1 1

holds.
The algorithm for �nding the animationpathsbetweenstroke

chains models the animation paths betweenthe corresponding
points a i and bi as quadraticsplines. Therefore,n controlpoints

2

ci � Â2 areintroduced.With strokechains
2

SA and
2

SB theanimation
pathsare

Ai �

u	3


�

1 � u	

2
2

SA � a i �

� 2
�

1 � u	 u
2

ci � u2
2

SB � bi �

A con�guration for theanimationpathsbetweentwo stroke chains
is modeledas

X 

�4� a i �

2

ci � bi �65

1 7 i 7 n
�

5.4.2 Cost function

To choosethe bestassignment,a cost function is used. It should
measurethe goodnessof a con�guration for animationpathsbe-
tweentwo stroke chains.

Thechosencostfunction2 takesinto account
2This paperfocuseson therulesgoverningthedynamicsof inbetween-

ing. Any cost function measuringthe goodnessof �t betweentwo stroke
chainscanbe usedwith the methodpresentedhere. Furtherwork will be
doneonmoreelaboratedcostfunctions.



Figure6: A successfulinbetweeningwith thekey drawingsat theleft andright.

� thetranslation,relative to theenclosingstroke chain's or can-
vas' centroid

� thelocal curvature

� thedistancebetweenneighboringpoints

Thesevariablesaresampledin a regular interval both on the key
strokechainsandonanintermediateinterpolatedstrokechain.This
stroke chainis generatedusingthegivencon�guration. Nonmono-
tonicity acrosstime is punishedbothfor curvatureanddistancebe-
tweenneighboringsampledpoints. The total cost is realisedasa
weightedsumof thesein�uences. Theweightsarechosenso that
thetranslationis themostimportantcontributor, with theothervari-
ablesbeingequallyweighted.

5.4.3 Initial con�guration

Initial animationpathsare generated.The a i and bi are chosen
initially baseduponthestrokechainscurvaturesextremas.For each
extremaon one of the two stroke, an � a i �

2

ci � bi �

is addedto the
con�guration. If thereis anextremaon the�rst stroke,a i marksits
position,andbi is thepositionmappedon thesecondstroke. The
inverseholdsfor an extremabi on the secondstroke. Thereis no
matchingbetweenthe extremasyet, mappingof extremasto each
otheroccursduringthelateroptimizationstep.

Con�gurationsaregeneratedboth for B monotonouslydecreas-
ing andincreasing.In caseof closedstrokechainsinvolved,several
of thesecon�gurationarecreatedwith differentoffsetsfor a i . This
takesinto accountthepossiblerelative shift.

5.4.4 Optimizing the con�gurations

All initial con�gurationsareimproved usingthe metropolisalgo-
rithm [Presset al. 1988]. All parametersin the con�guration are
changeable.Consideringthe relative small sizeof the con�gura-
tions,this is fastenoughfor interactive behaviour. Thelowestcost
con�gurationis selectedasthematchingresult.

Thenumberof involvedanimationpathsis reducedafterwards.
If oneanimationpathis a combinationof its two neighbors, it is
removedasredundant.

5.5 Finding the best matc hing between str oke
chain graphs

The bestoverall matchingis found by building up an assignment
treebetweenthestrokechains

�
a1 ��������� am

�

and
�
b1 ��������� bn

�

of the
strokechaingraphsG1 andG2. In thistree,everynodecorresponds
to

� a matchingbetweentwo stroke chainsai � b j

� anunassignedmatchingai � 0 or

� a surplusmatching0 � b j �

Thenodesareattributedwith thecostof thematching.In eachpath
from a leaf to theroot node,eachstroke canappearonly once.No
forbiddenmappingsareallowedin any pathfrom leaf to rootnode.
Nonassignmentof stroke chainsis punishedwith high costs,but it
is exploredwhenever possible. So even whena matchwould be
possible,the variantwith the involved stroke beingunassignedis
testedaswell.

The completetree can theoreticallybecomehuge. To avoid
building up completetrees, pruning techniquesare used. The
algorithmsexpandsthe most promising node �rst. It also uses
costlook-a-head,integratingknowledgeaboutupcomingforbidden
mappings.
Finally oneor morecompletepathsin this treeremainthatinvolve
all stroke chainsin the two key drawings. Thepathwith the least
costis thechosenmatching.

5.6 Generating the inbetweenings

Stroke chainsarerenderedusingthede�nition of I
�

s� t 	 (see3.2).
Thevalueof t is determinedby thetiming of the inbetween.With
�x ed t, coordinateandwidth valuesaresampledfor monotonous
increasings. The samealgorithmusedfor vectorizingthe drawn
strokes[Schneider1988]is usedon thesesampledpoints,resulting
in vectorizedinbetweenedstrokes.

Part of thestroke chaingrapharetheabove relationshipsdeter-
mining the layeringorder. If intersectionsexist in the inbetweens,
they areusedto determinethecorrectocclusions.Soonly thevisi-
blepartsof theinbetweenedstroke chainsarerendered.

5.7 Summar y of the algorithm

Thematchingalgorithmproceedsasfollows

1. analysethe key framesand group their contentinto stroke
chaingraphs

2. determineforbiddenmappingsfor eachkey frame

3. build anassignmenttreefor theallowedmappingsonly, cal-
culatingthecostfor eachmapping

4. selectthebestpathin theassignmenttree

5. generatetheinbetweens

6 Results

To testboth thealgorithmandits embeddinginto a graphicaluser
interface,an experimentalprototypein Java wasdeveloped. This
softwareis usedtogetherwith theWacom-PLseriesof active ma-
trix displays. It runsasa stand-aloneJava applicationaswell as



Figure7: An examplewherethealgorithmsreachesits limits. Correspondencesaredetectedcorrectly, but aninterpolationof theearis not
within thestrict two-dimensionalscopeof thealgorithmandthereforeomitted.

in conjunctionwith a drawing softwarerealisedby Digital Video,
Rome.

Evaluationtook placeby the userpartnersin the PAPERLESS
project, SBP (Rome),Varga (London) and Neptuno(Barcelona).
An early prototypewas shown to the public at the MIFA 2001.
During evaluation,about50 pairsof keyframes,mostof low im-
agecomplexity, weregeneratedandinbetweened.

The graphicaluserinterfacewasevaluatedasusefuland inno-
vative, both from theuserpartnersandthevisitorsat MIFA. Users
appreciatednothaving to careaboutde�ning objecthierarchiesand
changingcontrolpoints.Strokematchingwasalsomostlyaccepted,
thoughin complex imagesspeedproblemsmight prohibit a true
interactive work�o w. The quality of someresultinginbetweened
strokesleavesroomfor improvements.

Thecharacterin �gure 5 wasgeneratedwith correctassignments
betweenthestroke chains.Thebodycontourneededsomemanual
adjustment(oneanimationpathaddedandoneremoved). Looking
at the hiddenleg andthe shoe(esp. in the last inbetween)shows
suboptimalshape-blending.Nonetheless,thecorrectlayeringorder
wasestablished,allowing for automaticdeterminationof thehidden
linesof leg andshoe.

Part of this problemsareeasedby the interactive environment
allowing for fastcorrectionor rejectionof thedissatisfyingparts.In
�gure 8 all matchingswerecorrect,but the matchingbetweenthe
bodycontourswentwrong.Oneanimationpathoverriding(shown
in �gure 9) suf�ces togettheresultsvisiblein �gure 6. Thelayering
orderbetweenearandfacecontourallowedcorrectinbetweening.
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 inbetweenswith correctmatchingsof stroke chains,
but wrong mappingbetweenthe stroke chainsforming the face's
boundary. Key framesarethesameasin �gure 6

Figure9: Overridinga wrongassignmentwith oneanimationpath

7 Conc lusion and fur ther work

Theapproachpresentedhereis anenvironmentenablingtheartist
to changeseamlesslybetweeninteractive editing and inbetween-
ing. The integration of hidden lines allows for inbetweeningof
moredynamicscenes.Theuseof �e xible rulesallowse.g.changes
in topologyandmakesinbetweeningpossiblefor a largerclassof
imagesthanbefore.

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

Still therearemany waysto improve andextendthework done
sofar.

To improve thequalityof theinterpolatedstrokesin 2D, wemay
extendthecostfunctionwith additionalcriterias. For comparison
an establishedalgorithm like [Sederberg and Greenwood 1992],
[Sederberg etal. 1993]or [Cohen-Oretal. 1998]canbeintegrated.

We observed that professionalusersdraw loose or duplicate
strokes.We would like to extendour approachto encompassthese
“looseandsketchy” [Curtis1998]key drawings,maybeevenkeep-
ing thisstylein theresultinginbetweens.

Sofar only two key drawingsareinvolvedin onematching.Ex-
tendingthealgorithmto morekey drawingswould allow thetrans-
fer of information about forbiddenmappingsamongsetsof key
frames. This would further narrow the numberof allowed map-
pings.

Probablythe most interestingtask is the integration of three-
dimensionalknowledgein thematchingandinbetweeningprocess.
Sofaranimationsarerestrictedto a layeredtwo-dimensionalworld
with a strict order. Estimatinga complete3D model would al-
low using three-dimensionalkeyframe interpolationmethodslike



[Nebel1999] . But this estimationwould possiblyevenfor simple
characters– dueto changesin pose,shape(squash-and-stretch)and
viewer-dependentgeometry[Rademacher1999] – requirea pro-
hibitive high numberof drawingsasinput.

But even if a completethree-dimensionalreconstructionis not
feasible,a three-dimensionalshapecould be approximated(like
in [Williams 1991]). Combining this approximatedshapesfrom
several key frames,possiblyincluding informationfrom “virtual”
modelsheets,couldbeusedin rulesworking in a 3D-world andfor
animationpathsmodeledas projectionsof 3D movements. This
would enlargetheclassof possibleinbetweenableanimations,e.g.
allowing a completeinbetweningof �gure 7.
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