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Abstract
Thispaperdescribesanalgorithmfor morphingpolyhedral surfacesbasedon their decompositionsinto patches.
Thegivensurfacesneedneitherbegenus-zero nor two-manifolds.We presenta new algorithmfor decomposing
surfacesinto patches.Wealsopresenta new projectionschemethathandlestopologically cylinder-likepolyhedral
surfaces.We showhowthesetwo new techniquescanbeusedwithin a general framework andresultwith morph
sequencesthatmaintainthedistinctivefeaturesof theinputmodels.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.5 [ComputationalGeometryandObjectModel-
ing]: BoundaryrepresentationsI.3.7 [Three-DimensionalGraphicsandRealism]:Animation

Keywords: Metamorphosis,shapetransformation,surfacedecomposition

1. Intr oduction

Metamorphosisof three-dimensionalpolyhedralmodelshas
beena lively topicof researchfor many years.To generatea
pleasingmorphsequence,it isusuallyrequiredto �nd agood
correspondencebetweenthemodelsbeforeaninterpolation
is applied.

A commonapproachfor �nding a correspondencebe-
tweentwo given polyhedrais to look for a commonem-
beddingof their topologies(i.e., their one-skeletongraphs).
This is doneby projectingthe modelsonto a commonpa-
rameterizationdomain,mergingtheirone-skeletongraphsin
thisdomain,andprojectingthemergedtopologybackto the
original models.Variousprojectiondomainsandprojection
techniqueshavebeenproposed.For instance,in 8� 5 thepoly-
hedraareprojectedonto the plane.In 10 the polyhedraare
projectedonto the surfaceof a sphere.In 14 the polyhedra
areprojectedontothesurfacesof convex polyhedra.

This generalapproachhasa coupleof drawbacks.First,
�ne correspondenceis hardto achievesincetheprojectionis
global.Thiscanresultwith visibleartifactswhenfeaturesin
oneobjectaretransformedinto completelydifferentfeatures
on theother. Second,it is necessaryto assumethattheinput

�
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modelsareeithergenus-zeropolyhedraor disk-like polyhe-
dralsurfaces,for theabovealgorithmstobeapplicable.Most
modelsfoundin VRML libraries,however, areneither. Mod-
elsarerarely two manifolds,let alonegenus-zero.Usually,
modelsare“polygon soups”,consistingof setsof triangles
withoutany restrictionsapplied.

To overcomethe�rst shortcoming,it is proposedin 1 that
theuserspeci�escorrespondingfeaturepointson thepoly-
hedra's surfaces.This algorithmis shown to generatepretty
morphsequences.However, specifyingmany pointsmight
make theglobalembeddingimpossible,in additionto being
a burdenon the user. And, it is still requiredthat the input
modelsaregenus-zeropolyhedra.

One way to get over both shortcomingsis to decom-
posethe objectscompatiblyprior to their projection.Then,
a commonembeddingis foundfor eachcompatiblepair of
patches.Thisapproachwas�rst proposedby 7� 16, whereim-
pressivemorphsequencesareproduced.

Both 7 and 16 require that the modelsare decomposed
manually, which might not alwaysbe a simpletask.More-
over, it is requiredthat the resultingpatchesare all topo-
logically disks.However, for many models,meaningfulde-
compositionsnecessarilyincludetopologicallycylinder-like
patches(i.e., polyhedralmodelshaving two closedpolygo-
nal boundaries).Think for instanceon legs of furniture or
legsof animals.In fact,rotationalsweepmodelsor general
sweepobjectsall consistof cylinder-like patches.In 16 it is
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proposesto cut cylinder-like patchesalong a cutting line,
thus converting them into disk-like patches.This scheme
works,but might resultwith visibleartifactalongthecut.

In this paperwe follow 7� 16 andadd two novel aspects.
First, we proposea novel decompositionalgorithmfor de-
composingpolyhedralmodels.Second,we proposea new
algorithmfor projectingcylinder-likepatches.

The main idea that underliesour schemeis that given
a model, its componentsand the way they relate to each
othercharacterizethis modelandportrayits distinctive fea-
tures.This is supportedby observationsthat thevisualsys-
temtendsto segmentcomplex objectsat regionsof matched
concavities 2. Thus,it is importantto morphthemeaningful
componentsof themodelsto eachother.

This is in particularthe casewhenthe modelsbelongto
the samefamily of objectsand are highly similar to each
other. In this casetheviewer expectsthat themetamorpho-
sismaintainsthissimilarity throughoutthemorphsequence.
Figure1 illustratesthis case,by showing a few snapshots
from a movie that morphsa cheetahinto a tiger, as gen-
eratedby our system.As canbe seen,the gradualchanges
arehardlynoticeable.(Theanimalsarecoloredaccordingto
theirdecompositions.)

Therestof thepaperis organizedasfollows. In Section2
wegivesomede�nitions anddescribethegeneralalgorithm.
The next four sectionsdescribethe variousstepsof our al-
gorithm. Section3 describesthe decompositionalgorithm.
Section4 describesthe algorithm for projectingcylinder-
like patches.Section5 reviews somewell-known disk-like
projectionalgorithmsandpresentsacomparativestudy. Pre-
servingcontinuity acrosspatchboundariesis describedin
Section6. Resultsarepresentedin Section7. Finally, con-
clusionsaredrawn in Section8.

2. GeneralAlgorithm

Webegin thissectionwith afew de�nitions andthenoutline
ouralgorithm.Let Sbeapolyhedralsurfacewith n vertices.

De�nition 2.1Decomposition:S1 �

S2 �������

Sk is a decomposi-
tion of S iff (i) � i

�

1 � i � k, Si 	

S, (ii) � i, Si is connected.
(iii) � i

�

j
�

i 


� j
�

1 � i
�

j � k, Si andSj areface-wisedisjoint
(i.e, the patchescanonly intersectin a vertex or alongan
edge)and(iv) �

k
i 
 1Si

� S.

De�nition 2.2 Decompositiongraph: Given a decomposi-
tion S1 �

S2 �������

Sk of a surfaceS, a graphG � V
�

E � is its rep-
resentative decompositiongraphiff eachpatchSi is repre-
sentedby a vertex vi �

V andthereis an arc betweentwo
verticesin thegraphiff thetwo correspondingpatchesshare
anedgein S.

De�nition 2.3 Compatibledecomposition:Given two sur-
faces S and T, their decompositionsS1 �

S2 �������

Sk and
T1 �

T2 �������

Tk are called compatibleif their decomposition
graphsareisomorphic.

De�nition 2.4 Disk-like polyhedral surface:A polyhedral
surfaceis calleddisk-likeif thefollowing requirementshold:
(i) Thefacesareeitherdisjoint,or they have a singlevertex
in common,or they have two verticesandthe edgejoining
themin common,(ii) Every internalpoint is homeomorphic
to adisk,andeveryboundarypoint is homeomorphicto half
a disk. (iii) Thesurfaceis connected.(iv) The boundaryof
thesurfaceis asinglesimple(3D) polygon.

De�nition 2.5 Cylinder-like polyhedral surface:A polyhe-
dral surfaceis calledcylinder-like if the following require-
mentshold: (i)-(iii) asin thedisk-like case.(iv) Thebound-
ary of thesurfaceconsistsof two disjoint simple(3D) poly-
gons.

Given two modelsandtheir compatibledecompositions,
our goal is to morph eachpair of correspondingpatches,
while preservingcontinuityacrosspatchboundaries.Recall
that theunderlyingassumptionis that thepatchesrepresent
themeaningfulpartsof theobjects,thustheboundariesbe-
tweenthem representthe essentialfeatureswhich charac-
terizetheobjects.A decomposition-basedmorphmaintains
theseessentialfeatures.Consequentially, having a goodde-
compositionalgorithmis of vital importanceto theapproach
pursuedin thispaper.

Thealgorithmconsistsof the following stages.First, the
modelsaredecomposed,asdescribedin Section3. A novel
aspectof ourdecompositionalgorithmis thatthelevel of the
decompositioncanbecontrolledby theenduser. Thus,it is
possibleto decomposetheobjectstop-down. In otherwords,
the system�rst decomposesthe objectsinto a small num-
berof patches,andthenselectedpatchesarefurtherdecom-
posed.For instance,the animalsare �rst decomposedinto
theirmajororgans(e.g.,head,body, tail, legs),andtheneach
partis furtherdecomposed(e.g.theheadis decomposedinto
thenose,earsetc.).Thisminimizestheneedfor manualcor-
rectionsto thedecompositions.

Oncethepolyhedraaredecomposedcompatibly, theprob-
lemof �nding aglobalparameterizationis brokendown into
�nding a parameterizationfor eachpair of corresponding
patches.At this stageeachpatch is classi�ed as disk-like
or ascylinder-like,andaccordingly, thepatchesareembed-
dedonto their correspondingparameterizationdomains,as
describedin Sections4–5. Disk-like patchesare projected
to the planewhile cylinder-like patchesareprojectedto an
ideal cylinder. (In casewe get other typesof patches,they
are further decomposed.)It is essentialto maintainconti-
nuity acrossthe boundariesof the patches,asdescribedin
Section6.

Theprojectedtopologiesaremergedon their parameteri-
zationdomainsin a conventionalmanner, i.e. 10� 14, andthe
mergedtopologyis projectedbackontotheoriginalobjects.
This mergedtopologyis thecorrespondencewe wereseek-
ing.
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Figure1: Metamorphosisof a cheetahinto a tiger

Having establisheda correspondence,themodelsarein-
terpolated,to producethe metamorphosis,using any stan-
dard interpolationscheme.In the examples,we uselinear
interpolation.In thenext sectionswe elaborateon eachstep
of thealgorithm.

3. SurfaceDecomposition

GivenS, a polyhedralsurfacewith n vertices,thegoal is to
decomposeS into k disjoint patchesS1 �������

Sk whoseunion
givesS.

In the past,convex decompositions3 andwatershedde-
compositions12 wereproposed.In this sectionwe describe
anew algorithmfor surfacedecomposition.A majorbene�t
of our algorithmis thatthenumberof outputpatchescanbe
controlled,thusavoiding over-segmentation.Thealgorithm
is particularlysuitablefor morphingsinceasmallnumberof
meaningfulpatchesis needed,andin our casethe usercan
determinethisnumber.

The algorithm getsas input a three-dimensionalmodel
(e.g.,in VRML) andaparameterspecifyingtheupperbound
on thenumberof �nal patches.This parametercanbe � in
casetheuserprefersthatthesystemdeterminesthesuitable
numberof patches.

The major decision the algorithm needs to make is
whethertwo given facesshouldbelongto the samepatch
or not. Possibleconsiderationsare convexity 3 and curva-
tures12. Anotherpossibleconsiderationis theproximity of
thefaces.

Our underlyingassumptionis that distantfaces,both in
termsof physicaldistanceandin termsof angulardistance,
arelesslikely to be in thesamepatchthanfaceswhich are
closetogether. Wethereforede�ne thedistancebetweentwo
facesF1 andF2 asfollows.If F1 andF2 areadjacent,then:

Distance� F1 �

F2 �

�

� 1 � d��� 1 � cos2 � a ����� dPhysDist � F1 �

F2 �

The�rst partof thedistancede�nition measurestheangu-
lar distance,wherea is thedihedralanglebetweenthefaces.
Notethattheexpression� 1 � cos2 � a ��� reachesits maximum
atP � 2 andits minimumat0 (or P). Thus,coplanar(or close
to coplanar)facesareconsideredcloseto eachotherandare
morelikely to belongto thesamepatch.Thesecondpartof
the formulameasuresthe “physical” distance.It is thesum
of thedistancesbetweenthecentersof massof thetwo faces
andthemidpointof theircommonedge.Notethatwechoose
not to take thedistancebetweenthe facecenterswhich de-
pendsonthedihedralangle.Thelatterpeaksat0 andgetsits
minimumat P � 2, which would be theoppositeof whatwe
aretrying to achieve.Thed is aweightparameterthatallows
theuserto tradeoff thetwo distances.

Thedistancede�nition is extendedto non-adjacentfaces
in thefollowing manner. If F1 andF2 arenon-adjacent,then:

Distance� F1 �

F2 �

� min
F3 �


 F1 �

F2

� Distance� F1 �

F3 ��� Distance� F3 �

F2 ���

The main ideaof the algorithmis to iteratively improve
the decompositionby transferringfacesfrom onepatchto
another. In otherwords,unlikepreviousalgorithmsin which
thedecompositionis determinedandcannotbechanged,our
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algorithmiterateson switchingfaceslocally aslong asthe
valueof someglobalfunctionis beingimproved.Thisissim-
ilar to theconceptthatunderliestheK-meansclusteringal-
gorithm.

Thealgorithmconsistsof four steps:preprocessing,elect-
ing the initial representatives of the patches,determining
thedecomposition,andreelectingtherepresentatives.Steps
3 and 4 are iterateduntil convergenceor until somepre-
de�ned numberof iterationsis performed.We elaborateon
eachof thesestepsbelow.

1. Preprocessing:During preprocessingthe distancesbe-
tweenall the adjacentfacesarecomputed.In addition,the
faces'normalsare�x edwhenthemodelis wronglyoriented,
and the disconnectedcomponentsof the modelare found.
Obviously, thenumberof patchesin the�nal decomposition
shouldbeat leastthenumberof disconnectedcomponents.

2. Electing the initial representativesof the patches:Each
patch is representedby one of its faces.In principle, the
initial representatives of the patchescould be chosenran-
domly. In practice,however, therearea coupleof reasons
for carefullychoosingtheserepresentatives.First,our algo-
rithm convergesto localminima,whichmakestheinitial de-
compositioncritical for the the �nal quality of the decom-
position.Second,goodinitial representativesmeanthat the
algorithmwill convergeafterasmallnumberof iterations.

The goal is to maximizethe distancesbetweenthe ini-
tial representatives.Initially, onerepresentative is chosenfor
eachdisconnectedcomponent.It is thefacehaving themin-
imal distancebetweenits centerof massandthe centerof
massof its component.If thenumberof requiredpatchesis
lessor equalto thenumberof representatives,wearedone.

Otherwise,themodelshouldbefurtherdecomposed.We
calculate,for eachrepresentative, theminimumdistancesto
all thefaces(e.g.,usingDijkstra's algorithm).A new repre-
sentative is addedsoasto maximizetheaveragedistanceto
all theexisting representativeson thesameconnectedcom-
ponent.New representativesareaddedoneby one,until the
requirednumberof representatives(i.e.,patches)is reached.
In casethe userspeci�es that the systemshouldautomati-
cally determinethenumberof patches,new representatives
areaddedaslong astheir distancefrom any existing repre-
sentative is largerthanapre-de�nede-distance.

3. Determiningthe decomposition:For eachface,the dis-
tancesto all therepresentativeswithin its connectedcompo-
nentarecalculated.Eachfaceis assignedto thepatchwhose
representativeis theclosest.Thisprocedurecreatesadecom-
positionof thegivenmodel.

4. Re-electingtherepresentatives:Thegoalof thealgorithm
is to minimizethefunction

F � SpSf � patch � p�

Dist f p

whereDist f p is the shortestdistancefrom a patchrepre-

sentative p to a face f belongingto thepatchp represents.
Therefore,SpSf � patch � p�

Dist f p is the sum on the shortest
distancesof all thefacesto theirpatchrepresentatives.

In order to converge to a solution,new patchrepresen-
tatives are being elected.This is doneby minimizing the
sumof theshortestdistancesfrom eachrepresentative to the
faceswhich belongto the relevant patch.In other words,
for eachpatcha new representative pnew is electedas the
face (belongingto the patch) that optimizesthe function
minp Sf Dist f p �

In practice,anotheroptionis to chooseasanew represen-
tative thefacewhosecenterof massis closestto thecenter
of massof the patch,aswasdonein the initialization step.
Obviously, thecomplexity of thelatteris muchbetter. More-
over, our experimentshave shown that the decompositions
producedby this techniqueareoftenbetter.

If any patchhadits representative changedin Step4, the
algorithmgoesbackto Step3.

Lemma 3.1All thefaceswhichbelongto asinglepatchare
connected,thusthe algorithmproducesa legal decomposi-
tion.

4. EmbeddingCylinder-lik ePatches

Theresultof thesurfacedecompositionalgorithmneednot
necessarilyconsistof disk-likepatches,norgenus-zeropoly-
hedra.In fact, it is often the casethat the resultingpatches
aretopologicallycylinder-like.This is thecase,for instance,
with most of the patchesof rotational sweepor general
sweepobjects,aswell aswith animals,furnitureetc.For in-
stance,mostof the patchesof the cheetahin Figure1 are
cylinder-like.

In 16 cylinder-likepatchesare“cut” sothatthey aretrans-
formedinto disk-like patches.This, however, might distort
the objectsalong the cutting line. Figure 2 illustratesthis
distortionby showing a morphof a bishopanda cylinder,
bothwithout their topsandbottoms(i.e., they arecylinder-
like).Our algorithmavoidsthesedistortions,ascanbeseen
in Figure3.

In 11 theusercontrolstheglobalevolutionof thedeforma-
tionof cylinder-likemodelsby specifyingtwo skeletalstruc-
tures.Thisworksverywell, however, it mightnotalwaysbe
easyfor theuser.

We proposea novel schemewherethe parameterization
domain is an ideal cylinder, i.e. a cylinder with radius1
andheight1. Our algorithmis basedon a recursive divide-
and-conquerschemeandconsistsof two steps:establishing
boundarycorrespondenceandcylinderembedding.

1. Establishingboundarycorrespondence:Given a pair of
cylinder-like patchesC1 andC2, a correspondencebetween
theirboundariesis �rst established.Let theboundariesof C1
andC2 be c11 �

c12 andc21 �

c22 respectively (seeFigure4).
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Figure2: Morphinga Bishopanda Cylinder– Cuttingthecylinderalonga cuttingline

Figure3: Morphinga Bishopanda Cylinder– Our algorithm

Theusershould�rst choosetwo setsof correspondingpairs
of boundaryverticeson the oppositeboundariesof both
patches,called the anchor vertices. Theseare the vertices
a1 �

c11, a�1 �

c12 andtheircorrespondingverticesa2 �

c21,
a

�2 �

c22 andalsoverticesb1 �

c11, b
�1 �

c12 andtheircorre-
spondingverticesb2 �

c21, b
�2 �

c22 in Figure4.

The anchor verticesare �rst mappedto the boundary
curves of the parameterizationcylinder. Then, the other
boundaryverticesaremappedaccordingto theirrelativearc-
lengthdistancefrom theanchorpointson thepatches.

The user is allowed to mark more correspondingver-
tices on the boundariesof the patches.Thesecorrespond-

ing verticesareplacedon theboundariesof the idealcylin-
der accordingto the averageof their arc-lengthsrelative to
the overall lengthsof the boundaries.In this case,all the
other verticesare mappedaccordingto their relative dis-
tancesfrom theirnearestmarkedcorrespondingvertices.

Since the number of boundaryvertices on the given
patchesmay differ, in order to establisha full correspon-
dencebetweentheboundaries,it is necessaryto addvertices
on the boundariesof the patches.Theseverticesareadded
by merging theboundaries,similarly to way sortedlists are
merged(seeFigure5).

2. Cylinder embedding(full parameterization):Mappinga
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Figure4: Theanchor vertices
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Figure5: Merging theboundaries

cylinder-likepatchto to anidealcylinder is doneusingadi-
videandconquerapproach.We begin with a coupleof de�-
nitions.

De�nition 4.1 A dividing path of a cylinder-like patchis a
non self-intersectingpolyline consistingof a subsetof the
surfaceedges,suchthat:(i) Thepathconnectstwo vertices,
oneoneachboundaryof thecylinder-likepatch,and(ii) The
pathdoesnot intersectthe boundaryof the patchexceptat
its end-vertices.

De�nition 4.2A strip is a subsurfaceof a cylinder-like sur-
facecon�ned by two non-intersectingdividing paths.

The major idea of the algorithm is to decomposethe
cylinder-likepatchintoasetof adjacentnarrow strips. These
stripscanthenbemappedontotheparameterizationcylinder
or ontoaplanarrectangle.It is doneasfollows.

Givenastrip,thetwo middlevertices(oneoneachbound-
ary) arefound.Theseareverticesc andc� in Figure6. The
shortestpathbetweentheseverticesis constructed,thus“vir -
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Figure6: A recursivestep

tually” cutting the strip into two sub-strips.In the shortest
pathalgorithm,theweightof eachedgeis setto its length.
Initially, thestripsarede�ned by theanchorpoints.

If this shortestpath is a legal dividing pathand it does
not intersectthestrip'sboundariesexceptat its end-vertices,
the verticeswhich lie alongit aremappedto straightlines
connectingthecorrespondingboundaryvertices,ontheideal
cylinderor onarectangle.(Recallthattheboundaryvertices
werealreadymappedin Step1.)Thelocationsof thevertices
alongthestraightline arefoundproportionallyto theiredge
lengths,asillustratedin Figure7.
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Figure7: Mappingtheinnerverticesof a dividingpath

Oncetheverticesalongthedividing patharemapped,the
algorithmrecurseson the two sub-strips.The recursionis
performedsimultaneouslyon both strips,which belongto
thetwo inputpatches.Thatis to say, simultaneouslytwo di-
viding pathsarefound,oneon eachstrip.Then,thevertices
of the dividing pathsaremappedto the samecurve on the
idealcylinder. Finally, thesub-stripsaretheinput to thenext
recursivecalls.

At somestageof the recursionit becomesimpossibleto
�nd a dividing path,i.e., eachpathbetweenthetwo bound-
ariesof thestrip intersectspreviously-founddividing paths.
In thiscasetherecursionstops.Notethattherecursionstops
onbothpatches,andnotonly onthepatchthestoppingcon-
dition is satis�ed.

Oncethe recursionends,the given cylinder-like patches
arecompatiblydividedinto stripsby asetof dividing paths.
Thenext stepof thealgorithmis to maptheinnerverticesof
eachstrip ontoanappropriatestrip on theparameterization
domain.The mappingof eachstrip is doneindependently
on the otherstrips.Eachstrip hasa disk topologyandcan
bemappedusingany of thethreeparameterizationmethods
for disk-likepatchesdiscussedin Section5 (i.e.,barycentric,
harmonicor shape-preserving).Sincethestripsaretypically
narrow andalmostplanar, it is advantageousto usetheshape
preservingparameterization.

Finally, on that commondomain, the vertex/edge/face
connectivity graphsof thetwo patchesaremergedin a con-
ventionalway (e.g. 9). This merge establishesthe full cor-
respondencebetweenthe given patches.The only differ-
encebetweenourmergestepandpreviouslyproposedmerge
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stepsis thatbeforemerging the innerverticesof the strips,
it is necessaryto merge the verticesof the dividing paths.
Thisis done,asbefore,similarly tomergingsortedlists(Fig-
ure5).

Figure 8 demonstratesthe mapping of a cylinder-like
bishop(i.e., a bishopwhosebottomandtop wereremoved)
ontotheidealcylinderparameterizationdomain.

(a)Thebishop (b) Mappingontoanidealcylinder

Figure 8: Mappinga cylinder-like bishopontotheparame-
terizationcylinder

5. EmbeddingDisk-lik ePatches

Variousmethodshave beenproposedfor embeddingdisk-
like patchesonto the plane.Harmonicmapping, which at-
temptsto preserve the aspectratiosof the edges,waspro-
posedin 4� 8. A different approachis to useconvex com-
binationsfor parameterization.This canbe doneeitherby
barycentricmapping16 or by shape-preservingmappingas
proposedin 5� 6. In Barycentricmapping,every internalver-
tex is de�ned as the barycentreof its neighbors.In shape-
preservingmapping,theconvex combinationis chosensuch
thatif thetriangulationis planarto startwith, thelocationof
theverticeswill notchange.

We experimentedwith the above three methods,used
them to parameterizevariousdisk-like patches,and com-
paredtheir resultingembeddings.To measurethe quality
of theparameterizationtechniques,we de�ne threecriteria:
preservationof areas,preservationof angles,andstretching.
Thesedistortionparametersaim at measuringhow well the
originalgeometryis maintainedaftertheembedding.

Let Fi andFj be two facesof theoriginal surface.Let fi
and f j betheir correspondingfaceson theparameterization
domain.It is desirablethattheratioof theareasin theorigi-
nalsurfaceis preservedin theparameterizationdomain.The
following parametermeasuresit

area parameter �"!

!

!

!

log #

Area� Fi ��� Area� Fj �

area� fi ��� area� f j $

!

!

!

!

�

Theaveragevalueandthemaximumvalueof theabove pa-
rameterarecalculatedover all possiblepairs.

The next parametermeasuresthe preservation of the an-
gles.For a given faceFi and its mappedface fi , the angle

preservationparameteris calculatedas:

angle parameter � S3
j 
 1 � a i j � f i j �

2wi j

wherea i j �

j � 1
�

2
�

3aretheanglesof fi , wi j areweightsand

f i j � k�

�&%

bk
i j

2p
å i bk

i j
if vk is aninteriorvertex

bk
i j if vk is anboundaryvertex

wherebk
i j is theanglein theoriginalmesh15. Again,boththe

averagevalueandthe maximumvalueareusedto evaluate
theparameterization.

The last parametermeasuresthe stretch.i.e. how much
the samplingdirection in the parameterizationdomain is
stretchedon themeshsurface,andis describedin 13.

Resultsof using the threeparameterizationmethodsare
shown in Figure9,whereaheadof anandroidandaheadof
acheetahareparameterized.

Table1 summarizesthedistortionmeasuresfor theabove
two models.It canbeseenthat theharmonicmappingpro-
ducesthe bestresultsin all threecategories.Nevertheless,
the shape-preservingmethodis very competitive. A major
advantageof theshape-preservingmethodis thatit is proven
to always work. In addition, it should be the methodof
choicewhenthegiven patchis closeto planar. Barycentric
mapping,on theotherhand,introduceslargedistortions.

6. Handling the Boundaries

Sincetheparameterizationof eachpatchis doneseparately,
it is importantto assurecontinuityalongthe boundariesof
the patches.Continuity is essentialfor avoiding distortions
andcracksalongtheboundariesduringthemetamorphosis.

Recallthattheparameterizationmethodsweuse(bothfor
disk-likepatchesandfor cylinder-like patches)arebasedon
placingtheboundaryverticesprior to placingtheinnerver-
ticeson theparameterizationdomain.Thus,placingthever-
ticeslying on theboundariesof thepatchesshouldbedone
suchthateachvertex is mappedcompatiblyin theparame-
terizationdomain,for eachpatchfor which it belongs.That
is to say, therelative arc-lengthbetweentheverticesshould
bemaintainedon theparameterizationdomain.

A boundaryvertex is called a branching point if it is
sharedby at leastthreepatches16. Given two 3D models
decomposedcompatibly, thenumberof branchingpointsare
thesamefor eachpair of correspondingpatches.Thecorre-
spondingbranchingpointsare�rst foundandmappedto the
parameterizationdomain.In thecaseof disk-like patches,it
caneitherbedoneby placingthemuniformly on thebound-
ary of a regular polygon 9 or by placing themproportion-
ally to theaveragelengthsof theboundarysegmentsin the
original3D models16, whichis preferable.Theotherbound-
aryvertices,residingbetweenthebranchingpoints,arethen
mappedproportionallyto their averagearc lengthson the
originalmodels.
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Figure9: Mappingsusingvariousparameterizationtechniques

Barycentric Shape-preserving Harmonic
average maximum average maximum average maximum

Android 1.098 8.340 0.388 3.164 0.361 3.155
Cheetah 1.509 8.212 1.304 6.325 1.272 5.423

(a) Ar eapreserving parameter

Barycentric Shape-preserving Harmonic
average maximum average maximum average maximum

Android 6.732 2149.693 0.036 6.686 0.012 1.302
Cheetah 0.861 194.189 0.145 13.632 0.008 0.494

(b) Angle preserving parameter

Barycentric Shape-preserving Harmonic
average maximum average maximum average maximum

Android 2.105 20.950 1.555 20.950 1.544 20.950
Cheetah 4.173 24.316 3.704 13.899 2.779 9.579

(c) Stretchparameter

Table1: Comparisonsof theparameterizationmethodsaccording to variousdistortionmeasures

Thismethodcanbeextendedto handletheboundariesof
cylinder-like patches.An additionalrequirementis that the
anchorpoints,whichareusedfor mappingthecylinder-like
patches,shouldalsobeplacedcompatiblyontheparameter-
izationdomain.Wethereforehandletheanchorpointssimi-
larly to theway branchingpointsarehandled.

Thereis onespecialcasethatmustbeaddressed.This is
thecasewherea patch(eithera disk-like or a cylinder-like)
is entirelysurroundedby a cylinder-like patch.In this case
thereareno branchingpointson the boundariessinceonly
two patchessharethewholeboundary. SeeFigure10.There
are two possibleways to handlethis case.Either the user

choosesuser-de�nedbranching pointson thesourceandon
thetargetmodels,or theanchorpoints(usedfor mappingthe
cylinder-likepatches)areusedasbranchingpoints.

7. Results

Figure1 shows a few snapshotsfrom a movie that morphs
acheetahinto a tiger. Theimagesalsoshow thedecomposi-
tions.Thisexampleis selectedbecauseacheetahandatiger
belongto thesamefamily of animalsandthusresembleeach
other. As such,theviewer is morelikely to noticedeforma-
tionsin thesequence.This is exactly thecaseour algorithm
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Figure 10: Disk-like patches P1 and P
�1 surrounded by

cylinder-likepatchesP2 andP�2, respectively

intendsto handlewell, sinceit can take advantageof the
similarity of thedecompositions.

Anotherexampleis shown in Figure11 wherea duck is
beingtransformedinto a dove. Again, the gradualchanges
arehardlynoticeable.Figure12 demonstratesthemetamor-
phosisof an align into a dino-pet.To illustratethe �nal re-
sults,this exampleis shown without coloringthepatchesin
differentcolors.Seealsothecolorsection.

8. Conclusion

We have describedin this paperanalgorithmfor establish-
ing acorrespondencefor metamorphosisof polyhedralmod-
els.Thealgorithmis basedon decomposingtheinput mod-
elsinto their inherentcomponents.A full correspondenceis
foundfor eachpairof compatiblepatches,while takingcare
to preservecontinuityacrosstheboundaries.

Our algorithm has two novel aspects.First, a new de-
compositionalgorithmis presented.This algorithmlets the
usercontrolthenumberof outcomepatchesandavoidsover-
segmentation.Second,anew parameterizationschemeis de-
scribed,which embedscylinder-like patchesonto an ideal
cylinder. The latter algorithm avoids distortionsand well
maintainsthesymmetryof thepatchesdueto its divide-and-
conquernature.Wealsoreviewedandcomparedsomewell-
known embeddingalgorithmsfor disk-like patches.

Wehaveshown a few resultsthatdemonstratethequality
of themetamorphosisproducedby ouralgorithm.Of course,
asis alwaysthecasewith metamorphosis,theexpectations
andtheevaluationof themetamorphosisarein theeyeof the
beholder.
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Figure11: Metamorphosisof a duck into a dove

Figure12: Metamorphosisof an alien into a dino-pet
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