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Abstract

Image metamorphosiasan animationtool hasmostlybeenemployedn thecontext of theentire image. Thiswork
explores the useof isolatedand focusedimage basedmetamorphosibetweenwo-dimensionabbjects,while
capturingthefeatues,colors, andtexturesof the objects.This pinpointedapproac allows oneto independently
overlayseveral sud dynamicshapeswithoutanybleedingof oneshapeinto anotherHence shapeblendingand
metamorphosisf two-dimensionabbjectscanbe exploitedas animatedsequencesf clip arts.

1. Intr oduction

The continuousevolution from a sourceobjectinto a tar
getobjectis generallyknovn asmetamorphosisor morph-
ing. Metamorphosiganproducecompellingtransitionsbe-
tweenobjects,andthushase numerousapplicationsn sci-
enti ¢ visualizationandin animationsin the Im andad-
vertisingindustries.Marny morphingalgorithmshave been
proposedSomearebasedon two dimensionabolylinesor
piecaviselinearcurves?’ 11 14 26 27 somearebasedn three
dimensionalpolyhedralt 28 and othersare basedon im-
ages? 5192529 or even volumetric datasets12 21, In this
paperwe focuson imagemorphing.We refer to a two di-
mensionabbjectin theimageasanobjector ashape

The goal of morphingand shapeblendingis to generate
in—betweergeometrywhich smoothlytransformshesource
shapeinto the target shape.This generalproblemrequires
solutionsto two subproblemsthe correspondencproblem
thataimsat establishinga matchbetweerpointson the two
shapesndthe pathproblemwhichaimsatde ning theway
thetransactiomovesthrough.Thecorrespondenagaroblem
canbequitedif cult, andit is oftenthecasethatsolutionsto
this probleminvolve manualintervention.

Methodshave mostly beendevelopedin image morph-
ing to govern the way the correspondences de ned and
to help usersmanuallyprescribethis correspondencé&uch
methodsinclude prescriptionof featurepointson boththe
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sourceandtargetimageshatareto beinterpolatec? 20 25 30,
line segmentsand edgeson both images®, or even mesh—
basedtechniqueg? 30, wherenonuniform(Bézier) meshes
are usedto specify the correspondinggeometricfeatures.
Findingthecorrespondenc®r every pixel in theimagehas
experience@wholevarietyof methodsuchastheexploita-
tion of the mesh—basetechniques3 30, radial basisfunc-
tions2 andcontouring®.

Frequentlyin particularin the contet of imagemorph-
ing, the path problemis solved using linear interpolation,
thoughhigherinterpolationschemeganbe utilized aswell.
Thepathproblemfor two-dimensionapolygonss discussed
in 26, whereinterpolationis performedon edgelengthsand
anglesln 27, theinterior of the polygonaswell asits bound-
ary aretakeninto account.In 14, a differentrepresentation
of polygons,with a multi-resolutioncharacteiis proposed.
Polygonsarethenmorphedaccountingrst for globalshape,
andthenfor local deformations.

Focusedon pictorial data,this work proposesa different
approachto imagemorphing.Ratherthaninterpolatingthe
entire image, perform the shapeblending on isolatedob-
jectsin the scenesFor instancegiven two picturesof two
animals,isolate the animalsand blend only them. Sucha
schemecan be usedfor composinganimationsof various
objectsin asimilarwayto clip artsin paintpackages.

In addition,we seekanapproactthatpreseresbasicfea-
turesin the two shapeslin the ensuingdiscussionye refer
to afeatue notin its geometricneaningasaline or a point
in theimagebut ratherin its real-life meaningasa part of



an objectsuchas an eye or a leg. The presered features
might be enclosednewithin anotherandthe presentedl-
gorithm handlesthis case.For instance the pupils are en-
closedwithin the eyes,which are,in turn, enclosedwithin
the outerboundarie®f theanimals.

The proposedapproachcan be viewed as a hybrid be-
tweenimage morphing methodsand polygonal morphing
methodslt is relatedto polygonalmorphingsincegeomet-
rically, the nestedeaturescanbe oftendescribedasa setof
simpletwo-dimensionapolygonsnestedwithin eachother
andneedto bemorphedappropriatelyHowever, it is related
to imagemorphingsincethe colors andthe texturesof the
objectsneedalsobe capturedasthey appeaiin thetwo im-
agesandmorphedaccordingly

The restof this paperis organizedasfollows. Section2
presentghe differentstagesof our algorithm.In Section3
we presenta few examples.Finally, we concludein Sec-
tion 4.

2. Algorithm

Giventwoimages, i i 1 2,containingtwo objects,
i i 1 2,theproposednorphingapproacttonsistof the
following four stages:

1. Outlineextractionof ; i 1 2.Theoutline(orbound-
ary) of anobjecti is de ned asa setof non-intersecting
simple closedcurnesCij t ,t 01, which might be
nestedThisprocesss brie y presentedh Section2.1.

2. Establishmenbf correspondenceThe correspondence
is establishedetweenthe two setsof curvesC; t and
Ct,t 0 1,astagethatis describedn Section2.2.

3. Compatibletriangulation. After the matchedcunesare
sampledandreplacedoy piecavise linearcunes,P; and
P,, acompatibletriangulationof P; andP, is computed.
This stageis discussedh Section2.3.

4. Texture mapping Finally, the endresultis formedwith
the aid of the original colors and the original textures
from j,i 1 2,theoutlinesof B, the compatibletri-
angulatiorandtheestablishedorrespondenc&his nal
stages portrayedn Section2.4.

2.1. Outline Extraction

Given two images, i i 1 2, containingtwo objects,

i i 12, we seekthe outline boundarieof in ;.
While it seemsplausiblethat edgedetectiontools (e.g, 6)
canbesuccessfullemplgredin this context, wefoundthata
semi-automati@proceduras muchpreferred Following the
approachsuggesteéh 22, we emplgy aninteractve tool that
shapgto the areawith the large gradientin theimage.Fur-
ther, we foundthattheusermustbeableto preciselycontrol
this extraction of the outlinesof the shape,sincein mary
casesthe gradientsof the imagedo not lead to the exact
cune thatthe userseeksClearly, otherextractionmethods
of outlinesof shapesnaybeemploed.

Becausehis stagecangeneratea large amountof point
data,this datais reducedwith the aid of leastsquarestting
of Bsplinecurves.Figurel shavs anexampleof apiecavise
linearoutlinereducedvia leastsquares.

2.2. Matching the Curves

Given two sets of n closed Bspline curwes each,
1 Cipt Cipt Cint and » Co t
Coot Cnt ,t 01, wewould like to establisha
correspondencbetweencommonfeaturesin eachpair of
cunesCy t ,i 12, foralll k n. Weassumehatthe
two curvesarealike, in the sensehat eachis an outline of
an animal, a face,or a car Otherwise,the more different
the two shapesare, the lessneedthereis to presere the

differentfeaturesof theshapes.

Featuressuch as the legs or the mouth can be distin-
guishedvia their patterngn the normalor Gaussiamimmap of
theshapeof thecurve. Suchfeaturegyeneratadistinctturn-
ing signaturen the curve thatyieldsalarge variationin the
Gaussiarimage.

Let Tix t betheunit tangenteld of Gyt ,t 01,
i 12,1 k n. Forplanarcures,the normalvector
eld of Gy t is alwaysperpendiculato T t . Hence,for
simplicity, we emplg T t insteadof the Gaussianm-
age.In 10, the correspondencleetweerthetwo curesis es-
tablishedby deriving a reparametrizatioto oneof the two
cunes,r t , by maximizingthefollowing function,

1

max Tkt Txrt dt Q)

rt

subjectto theendconditionsofr 0 O andr 1 1, and
r t is anallowable changeof paramete(i.e., monotone).
Tikt Ty rt canassumevaluesbetweenl andl and
thereforeEquation(1) is maximizedwhenthe two tangent
elds areidenticalthroughout.

Findingasolutionto thecontinuouptimizationproblem
presentedn Equation(1) is dif cult. Insteadthe problem
canbediscretizedoy samplingm pointson eachof the two
curvesand,asin 10, the optimizationproblemwhich needs
to besohedis:

Ml i
max a Tk Tx (2)
jiio
subjectojO O,jm 1 m 1,andji jio1.

Using dynamic programming,the global optimum is
found to Equation(2) in quadratictime, O m? . The solu-
tion to Equation(2) providesthe optimalmatchbetweerthe
two discretesetsof the tangentsof curesCyc t , i 1 2.
This discretesolution, j i , corvergesto the solutionof the
continuousproblemof Equation(1) as m becomedarger



Image Mor phing with Feature Presering Texture

@

(b) (©)

Figure 1: (a) showsa piecaviselinear outlineof a topi as extractedvia theoutliningtools.It containsover 3500points.In (b),
a quaditic Bsplinecurve(in blad) with 200 contol pointshasbeen tted to the shapeof the piecaviselinear curve(in gray)
of (a). (c) showsa similar t with 100contmwl points.Thepieceaviselinear outlineshownin (a) is alsodisplayedn (b) and(c)

in gray.

j i is emplo/edto reparameterizeneof thetwo curvesso
thatthetwo curvessharearegularparameterizatiorkigure2
shavs oneexampleof the outputof this matchingalgorithm
betweeratopi andagazelle.

While the matchingalgorithm is completelyautomatic
andyields quite satishictoryresults,it canalsomatchunde-
siredfeaturesFor example,in Figure2 (b), the backof the
topiis matchedo theearof thegazelle Manualpinpointing
of the earof the topi canrecover the desiredsituation.This
minimal andoptionalinterventionby the useris feasibleby
applyingthematchingprocedurédetweertheprescribedlo-
mainsonly.

Thenext stageof thealgorithminvolvesthe derivation of
a compatibletriangulation,and requiresthat the piecevise
linear outlinesof the two shapeshave the samenumberof
samplesHence this stageendswith a samplingat the de-
siredresolutionof the two setsof Bspline curvesinto two
setsof piecavise linear closedcurves. Figure 3 shaws the
gazellesampledat 50, 150 and500 pointsalongits outline,
after the correspondenckasbeenestablishedThe sample
with 500pointsin Figure3 (c) is morethansufcient, while
thesamplewith 150pointsin Figure3 (b) is almostasgood.

2.3. Compatible Triangulation

At this stagewe applya compatibletriangulationalgorithm.
Given two polygonsP; and P,, eachwith n vertices,their
compatibletriangulationis ajoint labelingof the verticesof
the polygonsandof someof their internalpoints,suchthat
atriangulationof onepolygonadmitsa triangulationin the
otherpolygonandit is labeledcompatibly

Compatibletriangulation algorithms have been mainly
usedfor three—dimensionamorphing,asin 161728 They

werelessutilized in polygonmorphingor in imagemorph-
ing, thoughalgorithmshave beendevisedin computational
geometry

It is shavnin 3 thattherealwaysexistsacompatiblerian-
gulation,wherek O n? Steinermpointsareallowed.Algo-
rithms for constructingcompatibletriangulationsof simple
polygonsare presentedn 3 1518, It is shavn in 4 thatwhen
the polygonshave holes,a compatibletriangulationof size
on? alwaysexists,andanalgorithmis presentedhere.

We follow 3, and extendits algorithmto work for poly-
gonswith holes. Thoughour algorithmis lessgeneralthen
4, its implementatioris mucheasier andit is lessproneto
degenerateasesin fact,thealgorithmworkedvery well for
all our examples,aswill be shavn in Section3. Handling
holesis importantsinceit allows for bettercontrol over in-
ternalfeaturesuchastheeyesandthemouthwhile avoiding
vanishingandbleedingeffects of the texturesof thosefea-
turesinto otherregionsof the objects We will rst describe
thealgorithmfor simplepolygons,andthenits extensionto
polygonswith oneor moreholes.

Giventwo simplepolygonsP; andP;, a triangulationTy
(respectiely, T») is rst foundfor P; (P,), usingary trian-
gulationalgorithm(e.g.,? 13 24), ThetriangulationT; is then
mappedinto a triangulationT; of P, whereP is a simple
polygonwith n vertices.Similarly, T, is mappednto atrian-
gulationT, of P. OverlayingT; andT, onP yieldsaconvex
subdvision, which canbeeasilytriangulatedEvery triangle
in thisre ned triangulationis fully containedn sometrian-
gleof T; andin sometriangleof T, . HenceJt canbemapped
backinto T; andT, to obtaina compatibletriangulationof
Py ansz.

If the polygonhasa hole thenthe goalis to remorve the
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Figure 2: (a) showsa naivelinear blend of the outlinesof a topi (left) and gazelle(right) that were createdby the outline
extractionstage. In (b), theautomaticprocedue of thematding algorithmhasbeenappliedto repammetrizeoneof thecurves
(i.e., agazelle) yieldinga mud betterresultthat preservegeatuessud asthelegs,thehorns,etc.
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Figure 3: Piecaviselinear sampleof the outline of the gazelle oncethe matding hasbeenestablished(a) showstheresults
of samplingwith 50 points.(b) employsl50pointsand (c) employss00points

hole by adding a bridge betweenthe hole and the outer
boundary To constructa bridge,a sggmentconnectingwo
verticespneontheholeandtheotherontheouterboundary
is rst addedThesggmentshouldintersecthe boundaryof
thepolygononly atthesegments vertices A bridgeis repre-

sentedby two suchsggments having oppositeorientations.

Thus,addinga bridge removesthe hole from the polygon,

andtransformsthe polygoninto a simple polygon.For our
problemthegoalisto nd acompatiblebridge,i.e.,abridge
whoseendpointshave thesamelabelingin bothpolygons.

Givena a pair of polygonsP; andP,, eachwith h holes,
the holesareremoved oneby one. Topologically the outer
boundaryof the polygonis no differentfrom the boundaries
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of the holes.Thus, a hole canbe removed eitherby adding
a bridgefrom thathole to the outerboundaryor by adding
abridgeto anotherhole. After a singleholeis remored, the

problemis reducedto the problemof nding a compatible
triangulatiorfor a pairof polygonswith h 1 holes.Repeat-
ing this procedureh timesyields a simple polygon. More-

over, thealgorithmcanbeappliedrecursvely to holeswhich

arenestedwithin otherholes.

For selectingbridgeswe emplg/ the following greedy
procedure Every possiblebridge in P; getsa score.The
scoremight re ect, in additionto the Euclideandistance,
someotherpropertiessuchasthepreferredutlinesfor con-
nection.Someof the candidatebridgesfoundin Py do not
yield a compatiblebridgein P, sincethe compatiblesey-
mentintersectshe boundaryof P, in aninternal point of
thatseggment.Themoresimilar P, andP, are,the higherthe
probability that candidatebridgesfound in P; indeedhave
compatiblebridgesin P,. In fact,in practice therearemary
feasiblebridges.Of all the candidatebridges,we selectthe
bridgewith the joint best(minimum) score.In the extreme
case,wheresimple compatiblebridgescannotbe found, a
more comple polygonal path needsto be constructedn
P,. This canalways be doneby selectinga path which is
e away from theboundaryfor instancesimilar to theway
proposedn 4.

The compatibletriangulationalgorithmis appliedto the
outerpolygon (afterthe bridgesare constructedpswell as
to eachof theholes,recursvely. For instancethealgorithm
canbe appliedto the outerboundarie®f the animals,then
recursvely to their eyes, andif desired,recursvely to the
theirpupils.Thisensureshateachdistinctive featureis mor
phedinto its compatiblefeaturein a way thatpreseresthe
features properties.

The resultsof the algorithm areillustratedin Figure 4.
In Figure4(a)-(b),the objectsaretriangulatedgnoring the
holesof the eyes.In the resultingmorphsequencethe eye
disappear# orderto re-appeam adifferentlocation.How-
ever, in Figure 4(c)-(d), the objectsare triangulatedafter
compatiblebridgeshave beenconstructedetweerthe eyes
andtheouterboundarie®f theanimals.n Figure4(e)-(f),a
zoomedversionof the compatibletriangulationof the eyes
is shawn. In this case the eye of the gazelleis mappedto
the eye of the topi throughoutthe morphsequenceandall
bleedingeffectsof thevanishingandthereappearancef the
eye areavoided.

2.4, Texture Mapping

We are naw given two lists of | triangularpolygonseach,
RPj,i 12,j 0 | 1, andneedto computethe in-
betweertriangles Assumeanintermediateéblendingvaluet
betweenzeroandone,andlet the threeverticesof triangle

P be\/i']‘, k 12 3. For eachpair of triangles Pyj Py; ,

theintermediatdriangle,P;j t , is computeds,

Pt tvy 1 tvf k 123

blendingthe verticesof thetwo compatiblepolygons.

Given Pj t , all the pixels covering Pj t are now vis-
ited andscancorverted.For eachpixel p P t , thethree
barycentriccoordinateshy k 1 2 3,arecomputedsothat

3
poAbk tvg 1 tVf
k1
The barycentriccoordinatesare applied back to the three
verticesof Pyj andto the threeverticesof P;j, to compute
the two correspondingpixels on the two original images,
P12,

3
poabvii 12
k1
Then,given the colors of the pixels p; and pp, denotedas
c p1 andc p, respectrely, the nal colorof pixel p,c p,
is setto be

cp tcp 1 tecp

3. Examples

The examplewe have emplgyed throughoutthis paperof

a two-dimensionalshapeblending betweena topi and a
gazelleyields the resultshawvn in Figure5. Thesetwo an-
imals were extracted from imagesthat were dowvnloaded
fromtheWWW 1. The nal backgroundf Figure5is com-
pletely differentfrom the backgroundof the two original

imagesandis taken from of a whole differentimage.This

is possiblesincetheobjectsweremorphedwithoutregardto

theimagesfrom whichthey wereextracted.

Another exampleof a metamorphosi®etweentwo ani-
mals,this time quite different,is shavn in Figure6. Here,a
giraffe andawarthogarematchedandblendedogetheiin a
similarmanner

In bothexamplesthatof thetopi andthe gazelleandthat
of the giraffe andthe warthog,key interior featuresof the
animalsvanish.Most noticeablethe eyesdisappearonly to
reappeait a differentlocation. Figure 7 shavs a zoomed
sectionfrom Figure6 thatfocusentheeyes.

The eyesarea crucial organthatis very distinctive and
its preseration canvastly improve the quality of the blend.
As explainedbefore we areableto presere ary key interior
featureby addinginterior contoursasholes.Whenasecond
contouraroundthe eye is extractedand the algorithm de-
scribedin this work is appliedto the outline of the animal
with a holein the form of the eye, the resultingmorphcan
greatlyimprove. Figure8 shavs theresultof applyingnes
contourgo theeyesof thetwo animals.

Finally, becausethe metamorphosiss conductedon a
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Figure 4: Thecompatibleriangulationestablishedetweerthe gazelleandthetopi for 150sampleslongtheoutline (a) and
(b) showthe compatibletriangulationwithoutthe eye takeninto consideation. (¢) and (d) showthe compatibletriangulation
with theeyetakeninto consideation asa hole Finally, (e) and (f) showthetwo zoomedip regionsof theeyes.



Image Mor phing with Feature Presering Texture

well isolateddomain boundedby an exact outline of the
shapepnecancomposanimationf variousobjectsmuch
likeclip artsin two-dimensionatiravingsand/ormaintpack-
ages.In Figure9, two gazellesareblendedwith two topis.
Thisscenavascreatedy pastingogetheitwo animatectlip
artsof themetamorphosisequenceresentedh Figure5, at
differentlocationsontheimage.

4. Conclusions

This work hasexploredthe metamorphosisf isolatedtwo-
dimensionalkhapeswithin images.Theseshapeanight be
nestedwithin eachother We have presentedan algorithm
that allows oneto captureand morph arbitrary numberof
suchshapesdn a single imageindependentlyand without
ary bleedingof one shapeinto another thusallowing one
to presere the main featuresof the objects.Moreover, the
approactpresented@anbeexploitedfor puttingtogetherdy-
namicclip artsin animatedsequences.

The algorithmconsistsof four stagesputline extraction,
establishinga correspondencepnstructiorof a compatible
triangulationandtexture mapping.Eachof the thesestages
forms an interestingand intriguing problemby itself. We
choseassinglesolutionfor eachof thesesubproblemstHow-
ever, othertechniquegevised for the variouscomponents
can be soughtand easily integratedinto our generalalgo-
rithm.

4.0.0.1. Acknowledgments: We thankDaniel Bricker for
implementinghe compatibleriangulationalgorithm.
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Figure5: The nal metamorphosibetweerthegazelleandthetopi. Theoriginal gazelleis shownat thetopleft cornerwheeas
theoriginal topi is shownat the bottomright. Notethe stationarybadgroundthroughoutthe metamorphosisequence



Figure 6: A metamorphosisf a giraffe (top left) anda warthag (bottomright).
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Figure 7: A zoomedup sectionof the eyesof Figure 6. Theeyesof the giraffe disappeas during the metamorphosistheeas
theeyesof thewarthay appearat a totally differentlocation.

Figure 8: A zoomedup sectionof the eyesof Figure 6. The eyesduring the blend are correctedwith the aid of an interior
contouraroundtheeyes.Compae with Figure 7.



Figure 9: Becausdghe metamorphosigs conductedn a well isolatedand exact domainof the object,in theimage, onecan
composearbitrary numberof sud animatedmetamorphosisequencesnud like the static clip arts usedin two dimensional
drawing and/or paint padkages. This gure showstwo animatedsequencesomposedogether at different locationsin the
image. Compae with Figure 5.



