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Abstract

Thispaperdescribesan algorithmfor morphingpolyhedal surfacedbasedontheir decompositiongto patces.
Thegivensurfacesmeedneitherbe genus-zes nor two-manifolds\We presenta new algorithmfor decomposing
surfacesnto patches We alsopresenta new projectionschemethathandlegopolagically cylinderlike polyhedal
surfacesWe showhowthesetwo new techniquescanbe usedwithin a geneial framevork andresultwith morph
sequencethat maintainthedistinctivefeatuesof theinput models.

Catagyoriesand SubjectDescriptorgaccordingto ACM CCS} 1.3.5 [ComputationalGeometryand ObjectModel-
ing]: Boundaryrepresentationis3.7 [Three-DimensionabraphicsandRealism]:Animation

Keywords: Metamorphosisshapetransformationsurfacedecomposition

1. Intr oduction

Metamorphosisf three-dimensionglolyhedralmodelshas
beenalively topic of researctior mary years.To generate
pleasingnorphsequencat is usuallyrequiredo nd agood
correspondencietweerthe modelsbeforeaninterpolation
is applied.

A commonapproachfor nding a correspondencéee-
tweentwo given polyhedrais to look for a commonem-
beddingof their topologieq(i.e., their one-skeletongraphs).
This is doneby projectingthe modelsonto a commonpa-
rameterizatiomlomain,memgingtheirone-sleletongraphsn
thisdomain,andprojectingthe megedtopologybackto the
original models.Variousprojectiondomainsandprojection
techniquesiave beenproposedFor instancein 8 5 thepoly-
hedraare projectedonto the plane.In 10 the polyhedraare
projectedonto the surfaceof a sphereln 14 the polyhedra
areprojectedontothe surfacesof corvex polyhedra.

This generalapproachhasa coupleof dravbacks.First,
ne correspondends hardto achieve sincetheprojectionis
global. This canresultwith visible artifactswhenfeaturesn
oneobjectaretransformednto completelydifferentfeatures
ontheother Secondit is necessaryo assumehattheinput
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modelsareeithergenus-zergolyhedreor disk-like polyhe-
dralsurfacesfor theabore algorithmsto beapplicableMost
modelsoundin VRML libraries,howvever, areneither Mod-
elsarerarely two manifolds,let alonegenus-zeroUsually,
modelsare “polygon soups”,consistingof setsof triangles
withoutary restrictionsapplied.

To overcomethe rst shortcomingit is proposedn 1 that
the userspeci escorrespondindeaturepointson the poly-
hedras surfaces This algorithmis shawvn to generateretty
morph sequencesdowever, specifyingmary points might
male the globalembeddingmpossiblejn additionto being
a burdenon the user And, it is still requiredthatthe input
modelsaregenus-zer@olyhedra.

One way to get over both shortcomingsis to decom-
posethe objectscompatiblyprior to their projection.Then,
a commonembeddings found for eachcompatiblepair of
patchesThisapproactwas rst proposedy 7 16, whereim-
pressie morphsequenceareproduced.

Both 7 and 16 require that the modelsare decomposed
manually which might not alwaysbe a simpletask. More-
over, it is requiredthat the resulting patchesare all topo-
logically disks.However, for mary models,meaningfulde-
compositionsiecessarilyncludetopologicallycylinderlike
patchegqi.e., polyhedralmodelshaving two closedpolygo-
nal boundaries)Think for instanceon legs of furniture or
legs of animals.In fact, rotationalsweepmodelsor general
sweepobjectsall consistof cylinderlike patchesln 16 it is
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proposedo cut cylinderlike patchesalong a cutting line,
thus corverting them into disk-like patches.This scheme
works, but mightresultwith visible artifactalongthe cut.

In this paperwe follow 7 16 and add two novel aspects.
First, we proposea novel decompositioralgorithmfor de-
composingpolyhedralmodels.Secondwe proposea new
algorithmfor projectingcylinderlike patches.

The main idea that underliesour schemeis that given
a model, its componentsand the way they relateto each
othercharacterizeéhis modelandportrayits distinctive fea-
tures.This is supportecby obsenrationsthatthe visual sys-
temtendsto segmentcomplex objectsatregionsof matched
concaities 2. Thus,it is importantto morphthe meaningful
component®f themodelsto eachother

This is in particularthe casewhenthe modelsbhelongto
the samefamily of objectsand are highly similar to each
other In this casethe viewer expectsthatthe metamorpho-
sismaintainghis similarity throughouthemorphsequence.
Figure 1 illustratesthis case,by shawing a few snapshots
from a movie that morphsa cheetahinto a tiger, as gen-
eratedby our system.As canbe seenthe gradualchanges
arehardlynoticeable(Theanimalsarecoloredaccordingo
theirdecompositions.)

Therestof the paperis organizedasfollows. In Section2
we give somede nitions anddescribehegeneraklgorithm.
The next four sectionsdescribethe variousstepsof our al-
gorithm. Section3 describeghe decompositioralgorithm.
Section4 describeghe algorithm for projectingcylinder
like patchesSection5 reviews somewell-known disk-like
projectionalgorithmsandpresents comparatie study Pre-
servingcontinuity acrosspatchboundariess describedn
Section6. Resultsare presentedn Section?7. Finally, con-
clusionsaredrawn in Section8.

2. General Algorithm

We bagin this sectiorwith afew de nitions andthenoutline
our algorithm.Let Sbea polyhedralsurfacewith n vertices.

De nition 2.1DecompositionS; S S is adecomposi-
tionof Siff(i)) i1 i kS S(i) i, S isconnected.
@iy iji j1 ij k§andS;areface-wisedisjoint
(i.e, the patchescanonly intersectin a vertex or alongan
edge)and(iv) K,5 S

De nition 2.2 Decompositiorgraph: Given a decomposi-
tionS S & of asurfaceS agraphG V E s its rep-

resentatie decompositiorgraphiff eachpatch§ is repre-
sentedby a vertex v; V andthereis an arc betweentwo

verticesin thegraphiff thetwo correspondingatcheshare
anedgein S,

De nition 2.3 CompatibledecompositionGiven two sur

faces S and T, their decompositionsS; S & and
T1 T, Tk are called compatibleif their decomposition
graphsareisomorphic.

De nition 2.4 Disk-like polyhedal surface:A polyhedral
surfaceis calleddisk-likeif thefollowing requirementéold:
(i) Thefacesareeitherdisjoint, or they have a singlevertex
in common,or they have two verticesandthe edgejoining
themin common (ii) Everyinternalpointis homeomorphic
to adisk,andevery boundarypointis homeomorphito half
adisk. (iii) Thesurfaceis connected(iv) The boundaryof
thesurfaceis a singlesimple(3D) polygon.

De nition 2.5 Cylinderlike polyhedal surface:A polyhe-
dral surfaceis calledcylinderlike if the following require-
mentshold: (i)-(iii) asin thedisk-like case(iv) Thebound-
ary of the surfaceconsistsof two disjoint simple(3D) poly-
gons.

Given two modelsandtheir compatibledecompositions,
our goal is to morph eachpair of correspondingpatches,
while preservingcontinuity acrosspatchboundariesRecall
thatthe underlyingassumptioris thatthe patchegepresent
the meaningfulpartsof the objects thusthe boundariede-
tweenthem representhe essentiafeatureswhich charac-
terizethe objects.A decomposition-basedorphmaintains
theseessentiafeaturesConsequentiallyhaving a goodde-
compositioralgorithmis of vital importancdo theapproach
pursuedn this paper

The algorithmconsistsof the following stagesFirst, the
modelsaredecomposedasdescribedn Section3. A novel
aspecbf ourdecompositiomlgorithmis thatthelevel of the
decompositiortanbe controlledby theenduser Thus,it is
possibleo decompos¢heobjectstop-davn. In otherwords,
the system rst decomposethe objectsinto a small num-
berof patchesandthenselectecatchesarefurtherdecom-
posed.For instance the animalsare rst decomposednto
theirmajororgans(e.g.,headpody tail, legs),andtheneach
partis furtherdecompose(e.g.theheads decomposethto
thenoseearsetc.). This minimizesthe needfor manualkor-
rectionsto thedecompositions.

Oncethepolyhedrearedecomposedompatiblytheprob-
lemof nding aglobalparameterizatiois brokendown into
nding a parameterizatiorior eachpair of corresponding
patchesAt this stageeachpatchis classi ed as disk-like
or ascylinderlike, andaccordingly the patchesareembed-
dedonto their correspondingarameterizationlomains,as
describedn Sections4-5. Disk-like patchesare projected
to the planewhile cylinder-like patchesare projectedto an
ideal cylinder. (In casewe getothertypesof patchesthey
are further decomposed.lt is essentiato maintainconti-
nuity acrossthe boundarief the patchesasdescribedn
Section6.

The projectedtopologiesaremeigedon their parameteri-
zationdomainsin a corventionalmanneri.e. 1014, andthe
meigedtopologyis projectedbackontotheoriginal objects.
This meigedtopologyis the correspondencee wereseek-

ing.
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Figure 1: Metamorphosisf a cheetahinto a tiger

Having establishe@ correspondencehe modelsarein-
terpolatedto producethe metamorphosisjsingary stan-
dard interpolationschemeln the examples,we uselinear
interpolationIn the next sectionswve elaborateon eachstep
of thealgorithm.

3. Surface Decomposition

Given S, a polyhedralsurfacewith n vertices the goalis to
decompose into k disjoint patchesS; S whoseunion
givesS.

In the past,convex decomposition§ and watershedde-
compositions2 were proposedIn this sectionwe describe
anew algorithmfor surfacedecompositionA majorbene t
of our algorithmis thatthe numberof outputpatchesanbe
controlled,thusavoiding over-segmentationThe algorithm
is particularlysuitablefor morphingsincea smallnumberof
meaningfulpatcheds neededandin our casethe usercan
determinghis number

The algorithm getsas input a three-dimensionamodel
(e.g.,in VRML) andaparametespecifyingtheupperbound
onthenumberof nal patchesThis parametecanbe in
casethe userprefersthatthe systemdetermineshe suitable
numberof patches.

The major decision the algorithm needsto male is
whethertwo given facesshouldbelongto the samepatch
or not. Possibleconsiderationsre convexity 2 and cuna-
tures!2, Anotherpossibleconsiderationis the proximity of
thefaces.

¢ TheEurographic#\ssociationandBlackwell Publisher2002.

Our underlyingassumptionis that distantfaces,both in
termsof physicaldistanceandin termsof angulardistance,
arelesslikely to bein the samepatchthanfaceswhich are
closetogetherWethereforede ne thedistancebetweertwo
facesr; andF; asfollows. If F; andF, areadjacentthen:

DistanceF; R 1 d 1 cofa dPhysDist F; F

The rst partof thedistanceale nition measuretheangu-
lar distancewherea is thedihedralanglebetweerthefaces.
Notethattheexpression 1 cos a reachests maximum
atP 2andits minimumatO (or P). Thus,coplanar(or close
to coplanarfacesareconsiderealoseto eachotherandare
morelikely to belongto the samepatch.The secondpart of
the formulameasureshe “physical” distancelt is the sum
of thedistancedetweerthe centerof masof thetwo faces
andthemidpointof theircommoredge Notethatwe choose
not to take the distancebetweerthe facecenterswhich de-
pendonthedihedralangle.Thelatterpeaksat0 andgetsits
minimumat P 2, which would be the oppositeof whatwe
aretrying to achieve. Thed is aweightparametethatallows
theuserto tradeoff thetwo distances.

Thedistancede nition is extendedto non-adjacentaces
in thefollowing mannerlf F; andF, arenon-adjacenthen:

DistanceF; R Fzm'ilan DistanceF; F3 DistanceFsz R

The mainideaof the algorithmis to iteratively improve
the decompositiorby transferringfacesfrom one patchto
anotherln otherwords,unlike previousalgorithmsin which
thedecompositions determinedindcannotechangedour
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algorithmiterateson switchingfaceslocally aslong asthe
valueof someglobalfunctionis beingimproved.Thisis sim-
ilar to the conceptthatunderliesthe K-meansclusteringal-
gorithm.

Thealgorithmconsistf four stepspreprocessinglect-
ing the initial representates of the patchesdetermining
thedecompositionandreelectingthe representates. Steps
3 and 4 are iterateduntil convergenceor until somepre-
de ned numberof iterationsis performed We elaborateon
eachof thesestepsbelow.

1. Prepmocessing:During preprocessinghe distancesbe-
tweenall the adjacentfacesare computedin addition,the
faces'normalsare x edwhenthemodelis wronglyoriented,
andthe disconnectedomponentof the modelare found.
Olviously, thenumberof patchesn the nal decomposition
shouldbeatleastthe numberof disconnectedomponents.

2. Electingthe initial representative®f the patces: Each
patchis representedy one of its faces.In principle, the
initial representates of the patchescould be chosenran-
domly. In practice,however, thereare a coupleof reasons
for carefullychoosingtheserepresentates.First, our algo-
rithm corvergesto local minima,which makestheinitial de-
compositioncritical for the the nal quality of the decom-
position.Secondgoodinitial representates meanthatthe
algorithmwill corverge aftera smallnumberof iterations.

The goal is to maximizethe distanceshetweenthe ini-
tial representates.Initially, onerepresentate is choserfor
eachdisconnectedomponentlt is thefacehaving the min-
imal distancebetweenits centerof massand the centerof
massof its componentlf the numberof requiredpatchess
lessor equalto thenumberof representates,we aredone.

Otherwise the modelshouldbe furtherdecomposedie
calculatefor eachrepresentate, the minimumdistancego
all thefaces(e.qg.,usingDijkstra's algorithm).A new repre-
sentatie is addedsoasto maximizethe averagedistanceo
all the existing representateson the sameconnecteccom-
ponentNew representatesareaddedoneby one,until the
requirednumberof representates(i.e., patches)s reached.
In casethe userspeci esthat the systemshouldautomati-
cally determinethe numberof patchesnew representaies
areaddedaslong astheir distancefrom ary existing repre-
sentatieis largerthana pre-de nede-distance.

3. Determiningthe decompositionfor eachface,the dis-
tancedo all therepresentateswithin its connectedcompo-
nentarecalculatedEachfaceis assignedo the patchwhose
representateis theclosestThisprocedurereatesadecom-
positionof thegivenmodel.

4. Re-electingherepresentativesThegoalof thealgorithm
is to minimizethefunction

F  SpSt patch p Distfp

where Disty,, is the shortestdistancefrom a patchrepre-

sentatve p to afacef belongingto the patchp represents.
Therefore, SpS¢ pach p Disttp is the sumon the shortest
distance®f all thefacego their patchrepresentates.

In orderto converge to a solution,nev patchrepresen-
tatives are being elected.This is done by minimizing the
sumof theshortesdistance$rom eachrepresentatke to the
faceswhich belongto the relevant patch.In otherwords,
for eachpatcha new representate pnev is electedasthe
face (belongingto the patch) that optimizesthe function
minp S¢Distp

In practice anotheroptionis to chooseasanew represen-
tative the facewhosecenterof massis closesto the center
of massof the patch,aswasdonein theinitialization step.
Olviously, thecompleity of thelatteris muchbetter More-
over, our experimentshave shavn that the decompositions
producedoy thistechniqueareoftenbetter

If ary patchhadits representate changedn Step4, the
algorithmgoeshackto Step3.

Lemma 3.1 All thefaceswhich belongto asinglepatchare
connectedthusthe algorithm producesa legal decomposi-
tion.

4. Embedding Cylinder-lik e Patches

Theresultof the surfacedecompositioralgorithmneednot
necessarilgonsisof disk-like patchesnorgenus-zerpoly-
hedra.ln fact, it is often the casethatthe resultingpatches
aretopologicallycylinderlike. Thisis thecasefor instance,
with most of the patchesof rotational sweepor general
sweepobjectsaswell aswith animals furnitureetc.Forin-
stancemostof the patchesof the cheetahin Figure 1 are
cylinderlike.

In 16 cylinderlike patchesare“cut” sothatthey aretrans-
formedinto disk-like patchesThis, however, might distort
the objectsalong the cutting line. Figure 2 illustratesthis
distortionby shaving a morph of a bishopanda cylinder,
bothwithout their topsandbottoms(i.e., they arecylinder-
like). Our algorithmavoidsthesedistortions,ascanbe seen
in Figure3.

In 11 theusercontrolstheglobalevolution of thedeforma-
tion of cylinderlike modelsby specifyingtwo skeletalstruc-
tures.Thisworksvery well, however, it mightnotalwaysbe
easyfor theuser

We proposea novel schemewherethe parameterization
domainis an ideal cylinder, i.e. a cylinder with radius 1
andheightl. Our algorithmis basedon a recursve divide-
and-conqueschemeandconsistf two steps:establishing
boundarycorrespondencandcylinderembedding.

1. EstablishingboundarycorrespondenceGiven a pair of
cylinder-like patchesC; andC,, a correspondencketween
theirboundariess rst established.ettheboundarie®f Cq
andC, becy; ¢12 andcy; Cp» respectrely (seeFigure4).

¢ TheEurographic#ssociationrandBlackwell Publisher2002.
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Figure 2: Morphinga Bishopanda Cylinder— Cuttingthe cylinderalonga cuttingline

Figure 3: Morphinga Bishopanda Cylinder— Our algorithm

Theusershould rst choosewo setsof correspondingairs
of boundaryverticeson the oppositeboundariesof both
patchescalled the anchor vertices Theseare the vertices

a C11,8; Cipandtheircorrespondingerticesay Cpi,
a, Cpandalsoverticesb; cy1,b; €12 andtheircorre-
spondingverticesby  cp1, b, 2 in Figure4.

The anchorverticesare rst mappedto the boundary
cunes of the parameterizatiorcylinder. Then, the other
boundaryerticesaremappedaccordingo theirrelative arc-
lengthdistancefrom theanchorpointson the patches.

The useris allowed to mark more correspondingver
tices on the boundariesof the patchesThesecorrespond-

¢ TheEurographic#ssociationrandBlackwell Publisher2002.

ing verticesare placedon the boundarieof theideal cylin-
deraccordingto the averageof their arc-lengthgelative to
the overall lengthsof the boundariesin this case,all the
other verticesare mappedaccordingto their relative dis-
tancedrom their nearesmarked correspondingertices.

Since the number of boundary vertices on the given
patchesmay differ, in orderto establisha full correspon-
dencebetweertheboundariesit is necessaryo addvertices
on the boundarieof the patchesTheseverticesare added
by memging the boundariessimilarly to way sortedlists are
meiged(seeFigureb).

2. Cylinder embeddingfull parameterization):Mappinga
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corresponding anchor
vertices

corresponding anchor
vertices

Figure 4: Theancor vertices

correspoding
borders
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®  corresponding vertices
©  regular border vertices

I new vertices created by merging

Figure5: Merging theboundaries

cylinderlike patchto to anidealcylinderis doneusinga di-
vide andconquerapproachWe begin with a coupleof de -
nitions.

De nition 4.1 A dividing path of a cylinder-like patchis a
non self-intersectingoolyline consistingof a subsetof the
surfaceedgessuchthat: (i) The pathconnectswo vertices,
oneon eachboundaryof thecylinder-like patchand(ii) The
pathdoesnot intersectthe boundaryof the patchexceptat
its end-\ertices.

De nition 4.2 A strip is a subsurficeof a cylinderlike sur
facecon ned by two non-intersectinglividing paths.

The major idea of the algorithm is to decomposehe
cylinder-like patchinto asetof adjacennarraw strips These
stripscanthenbemappedntotheparameterizationylinder
or ontoaplanarrectanglelt is doneasfollows.

Givenastrip, thetwo middleverticegoneoneachbound-
ary) arefound. Theseareverticesc andc in Figure6. The
shortespathbetweentheseverticess constructedthus"vir -

“ideal" cylinder

Figure6: Arecursivestep

tually” cutting the strip into two sub-strips.In the shortest
pathalgorithm,the weightof eachedgeis setto its length.
Initially, the stripsarede ned by theanchormoints.

If this shortestpathis a legal dividing pathandit does
notintersecthestrip'sboundariegxceptatits end-\ertices,
the verticeswhich lie alongit are mappedto straightlines
connectinghecorrespondingoundaryerticespntheideal
cylinderor onarectangle(Recallthattheboundaryertices
werealreadymappedn Stepl.) Thelocationsof thevertices
alongthe straightline arefound proportionallyto their edge
lengths asillustratedin Figure?.

parameterization cylinder

0]
(2p)0

O middle points

Figure 7: Mappingtheinner verticesof a dividing path

Oncetheverticesalongthedividing patharemappedthe
algorithm recursesn the two sub-strips.The recursionis
performedsimultaneouslyon both strips, which belongto
thetwo input patchesThatis to say simultaneouslywo di-
viding pathsarefound,oneon eachstrip. Then,the vertices
of the dividing pathsare mappedto the samecurwe on the
idealcylinder. Finally, thesub-stripsaretheinputto thenext
recursve calls.

At somestageof the recursionit becomesmpossibleto
nd adividing path,i.e., eachpathbetweerthe two bound-
ariesof the strip intersectgreviously-founddividing paths.
In this casetherecursiorstops Notethattherecursiorstops
onbothpatchesandnotonly onthe patchthe stoppingcon-
dition is satis ed.

Oncethe recursionends,the given cylinderlike patches
arecompatiblydividedinto stripsby a setof dividing paths.
Thenext stepof thealgorithmis to maptheinnerverticesof
eachstrip onto an appropriatestrip on the parameterization
domain.The mappingof eachstrip is doneindependently
on the otherstrips. Eachstrip hasa disk topologyandcan
be mappedusingary of thethreeparameterizatiomethods
for disk-like patchegliscussedh Sectiorb (i.e., barycentric,
harmonicor shape-preservinggincethe stripsaretypically
narrav andalmostplanarit is advantageouso usetheshape
preservingparameterization.

Finally, on that commondomain, the vertex/edge/fice
connectiity graphsof thetwo patchesaremergedin acon-
ventionalway (e.g.®). This memge establisheshe full cor
respondencédetweenthe given patches.The only differ-
encebetweerour megestepandpreviously proposedneige

¢ TheEurographic#ssociationrandBlackwell Publisher2002.
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stepsis thatbeforemeiging the inner verticesof the strips,
it is necessaryo meige the verticesof the dividing paths.
Thisis done asbefore similarly to meiging sortedists (Fig-
ureb).

Figure 8 demonstrateshe mapping of a cylinderlike
bishop(i.e., a bishopwhosebottomandtop wereremoved)
ontotheidealcylinder parameterizatiodomain.

(@) Thebishop (b) Mappingontoanidealcylinder

Figure 8: Mappinga cylinderlike bishopontothe parame-
terizationcylinder

5. Embedding Disk-lik e Patches

Variousmethodshave beenproposedor embeddingdisk-

like patchesonto the plane.Harmonic mapping which at-

temptsto presere the aspectratios of the edgeswas pro-

posedin 4 8. A differentapproachis to usecorvex com-
binationsfor parameterizationThis canbe doneeitherby

barycentricmapping® or by shape-peservingmappingas
proposedn 5 6, In Barycentricmapping,every internalver-

tex is de ned asthe barycentreof its neighbors.In shape-
preservingnmapping the convex combinatioris chosersuch
thatif thetriangulationis planarto startwith, thelocationof

theverticeswill notchange.

We experimentedwith the above three methods,used
themto parameterizevarious disk-like patches,and com-
paredtheir resulting embeddingsTo measurethe quality
of the parameterizatiorechniqueswe de ne threecriteria:
preserationof areaspreserationof anglesandstretching.
Thesedistortionparametergaim at measurinchowv well the
original geometryis maintainedaftertheembedding.

Let F andF; betwo facesof the original surface.Let f;
and fj betheir correspondindaceson the parameterization
domain.lt is desirablehattheratio of theareasn theorigi-
nalsurfaceis preseredin the parameterizatiodomain.The
following parametemeasure#

AreaF AreaF;

area_parameer lo
P 9 Frea fi area fj

The averagevalueandthe maximumvalueof the abore pa-
rameterarecalculatecver all possiblepairs.

The next parametemeasureshe preseration of the an-
gles.For a given faceF; andits mappedface f;, the angle

¢ TheEurographic#ssociationrandBlackwell Publisher2002.

preserationparameteis calculateds:

angle_parameer S? 1 ajj i Zw,j

whereajj j 1 2 3aretheanglef fj, wj; areweightsand
bk 22 if v is aninterior vertex
fij k ' &; b K

b!‘j if v is anboundaryvertex
Wherebh- istheanglein theoriginalmesht5. Again,boththe
averagevalue andthe maximumvalue are usedto evaluate

theparameterization.

The last parametemeasureghe stretch.i.e. hov much
the samplingdirection in the parameterizatiodomainis
stretchedn the meshsurface,andis describedn 13.

Resultsof usingthe threeparameterizatiomethodsare
shavn in Figure9, wherea headof anandroidanda headof
acheetalareparameterized.

Tablel summarizeshedistortionmeasurefor theabove
two models.lt canbe seenthatthe harmonicmappingpro-
ducesthe bestresultsin all threecateyories.Nevertheless,
the shape-preservingethodis very competitve. A major
adwantageof theshape-preservingethodis thatit is proven
to always work. In addition, it should be the method of
choicewhenthe given patchis closeto planar Barycentric
mapping.ontheotherhand,introducedargedistortions.

6. Handling the Boundaries

Sincethe parameterizatioof eachpatchis doneseparately
it is importantto assurecontinuity alongthe boundarief

the patchesContinuity is essentiafor avoiding distortions
andcracksalongthe boundariesluringthe metamorphosis.

Recallthattheparameterizatiomethodsve use(bothfor
disk-like patchesandfor cylinder-like patchesparebasedn
placingthe boundaryverticesprior to placingtheinnerver
ticesonthe parameterizatiodomain.Thus,placingthever-
ticeslying on the boundarie®f the patcheshouldbe done
suchthateachvertex is mappedcompatiblyin the parame-
terizationdomain,for eachpatchfor whichit belongs.That
is to say therelative arc-lengthbetweerthe verticesshould
bemaintainecbn the parameterizatiodomain.

A boundaryvertex is called a branching point if it is
sharedby at leastthree patches!é. Given two 3D models
decomposedompatibly thenumberof branchingpointsare
the samefor eachpair of correspondingatchesThecorre-
spondindoranchingpointsare rst foundandmappedo the
parameterizatiodomain.In the caseof disk-like patchesit
caneitherbedoneby placingthemuniformly onthebound-
ary of a regular polygon® or by placing them proportion-
ally to the averagelengthsof the boundarysegmentsin the
original 3D models!8, whichis preferableTheotherbound-
ary vertices residingbetweerthe branchingpoints,arethen
mappedproportionallyto their averagearc lengthson the
originalmodels.
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Figure 9: Mappingsusingvariousparameterizatiortechniques
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) Areapresewing parameter
Barycentric Shape-preserving Harmonic
average maximum average maximum aerage 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 presewing 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

Table 1: Comparison®f the parameterizatiormethodsaccoding to variousdistortionmeasues

This methodcanbe extendedto handlethe boundarieof
cylinder-like patchesAn additionalrequirements thatthe
anchorpoints,which areusedfor mappingthe cylinder-like
patchesshouldalsobe placedcompatiblyonthe parameter
izationdomain.We thereforehandlethe anchormointssimi-
larly to theway branchingpointsarehandled.

Thereis onespecialcasethat mustbe addressedThis is
the casewherea patch(eithera disk-like or a cylinderlike)
is entirely surroundedy a cylinderlike patch.In this case
thereare no branchingpoints on the boundariesinceonly
two patchesharehewholeboundarySeeFigure10. There
aretwo possiblewaysto handlethis case.Either the user

choosesiserde nedbranching pointson thesourceandon
thetargetmodelsor theanchompoints(usedfor mappingthe
cylinder-like patchespreusedasbranchingpoints.

7. Results

Figure 1 shavs a few snapshotérom a movie that morphs
acheetahnto atiger. Theimagesalsoshav the decomposi-
tions.This exampleis selectedbecausea cheetalandatiger
belongto thesameamily of animalsandthusresemblesach
other As such,theviewer is morelikely to noticedeforma-
tionsin thesequenceThis is exactly the caseour algorithm
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control vertex

PQ

Figure 10: Disk-like patdes P; and P; surrounded by
cylinderlike patchesP, andP,, respectively

intendsto handlewell, sinceit cantake adwantageof the
similarity of thedecompositions.

Anotherexampleis shawn in Figure 11 wherea duckis
beingtransformednto a dove. Again, the gradualchanges
arehardly noticeable Figure 12 demonstratethe metamor
phosisof an align into a dino-pet.To illustratethe nal re-
sults,this exampleis shavn without coloringthe patchesn
differentcolors.Seealsothe color section.

8. Conclusion

We have describedn this paperan algorithmfor establish-
ing acorrespondender metamorphosisf polyhedramod-

els. Thealgorithmis basedon decomposinghe input mod-

elsinto theirinherentcomponentsA full correspondencis

foundfor eachpair of compatiblegpatcheswhile takingcare
to presere continuityacrossheboundaries.

Our algorithm hastwo novel aspectsFirst, a new de-
compositionalgorithmis presentedThis algorithmlets the
usercontrolthenumberof outcomepatchesandavoidsover
segmentationSecondanewn parameterizatioachemes de-
scribed,which embedscylinderlike patchesonto an ideal
cylinder. The latter algorithm avoids distortionsand well
maintainghe symmetryof the patcheglueto its divide-and-
conquemature We alsoreviewedandcomparedsomewell-
knovn embeddinglgorithmsfor disk-like patches.

We have shavn afew resultsthatdemonstratéhe quality
of themetamorphosiproducedy ouralgorithm.Of course,
asis alwaysthe casewith metamorphosighe expectations
andtheevaluationof themetamorphosiarein theeye of the
beholder
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Figure 11: Metamorphosief a dudk into a dove

Figure 12: Metamorphosief an alieninto a dino-pet
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