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Abstract

We describea novel methodfor continuouslytransformingtwo triangu-
latedmodelsof arbitrarytopologyinto eachother Equalglobaltopologyfor
both objectsis assumedextensiondor genuschangesiuringmetamorpho-
sisareprovided. The proposednethodaddressethe majorchallengen 3D
metamorphosispamely specifying the morphing processintuitively with
minimal userinteractionand sufficient detail. Correspondingegionsand
point featuresare interactiely identified. Theseregions are parametrized
automaticallyand consistently providing a basisfor smoothinterpolation.
Utilizing suitable3D interactiontechniquesa simple andintuitive control
over thewhole morphingprocesss offered.

Keywords: morphing,metamorphosissurfaceparametrization

1 Intr oduction

Morphingor warpingalgorithmshave recevedconsiderablattentionn computer
graphicsandimage processing.Morphing hasbecomea standardechniquein
movie and entertainmenindustry Although computergeneratedmageswhich
arerenderedrom true 3D modelsare commontoday the majority of methods
developedsofar focuseson the problemof interpolatingbetweer2D images.

For computeranimationthe interpolationof threedimensionalmodelsis an
attractvealternatveto 2D morphing.Usingtrue3D methodsmorphingsequences
canbecomputedndependentlyf e.g.light andcamergositions.Also, in general
morerealisticresultswill be obtained sinceshapeanformationnotvisible in the
startor endimagecanbetakeninto account.



Properties of a good morph. A morphdefinesthe transitionof an object A
into anotherobject B. This transformatiorshouldmeetseveral criteria. First, it
shouldbe continuousandsmooth,up to a discretesetof transitionpointswhere
intendedtopologychangesiappen.Secondthe intermediateobjectsshouldlook
“realistic” in somesense Third, prominentfeaturesof objectA shouldtransform
into featureof B thatcorrespondn somesemantic senseEspeciallyto meetthe
latter criterium, manual interaction is requiredasa matterof principle.

Specific contributions. In this paperwe presenta methodfor transforming
three-dimensionajeometricmodelsinto eachother The modelsare supposed
to begivenin a polygonalboundaryrepresentationSpecifically we assumehat
the surfacesaretriangulatedput the vertex/edge/acestructuresio not needto be
identical.

Ouralgorithmallowstheuserto identify corresponding regions aswell ascor-
responding points in both modelsinteractvely. During this processoth models
aredecomposedhto a setof topologicallyequialentpatcheswhich afterwards
are parametrizechutomatically In this way a completeone-to-onecorrespon-
dencebetweerbothmodelsis achiared. In contrasto otherapproachemdividual
patchesanbe of disk-like aswell ascylinder-like topology Thewhole method
is characterizedy thefollowing items:

e featurecorrespondencesmnbedefinedin anintuitiveandveryflexible way

e no restrictionsof arny type apply to the definition of correspondingoint
features

¢ timerequirementsor userinteractionarelow comparedo otherapproaches

¢ the methodis very fast; morphsequenceare computedwithin a few sec-
onds.

Althoughwe primarily assuméhatthemodelsto bemorphechavethesametopol-
ogy, we alsodiscussnethoddor takinginto accountopologychange®f various
kinds.

Themajordesigngoalwasto developandcombinealgorithmiccomponentn
suchaway thatall stepsjncludingthe parametrizationarecompletelycontrolled
by the animators aims. Using suitable3D interactiontechniquesnanualinput
is greatlyfacilitated. The implementatiorprovesthatour methodoffersa simple
andintuitive control over the whole morphingprocessand enableghe animator
to createmorphingsequencem amazinglyshorttime.

1.1 Previouswork

The type of objectrepresentatiomasa strongimpacton algorithmsfor object
transformation. The major categgoriesemployed in computergraphicsare vol-

2



umeandsurfacebasedepresentationsCorrespondinglyexisting morphingtech-
niquesfor 3D objectscanbedividedinto two major classesvolume based meth-
ods thatinterpolatetwo volumetricrepresentationsf the objects,often by using
somekind of transformatiorfunctionwhichis definedcontinouslyin R*, andsur-
face based methods thatfirst establistandthenevaluateacorrespondendenction
definedonthe models’boundaryrepresentations.

Volume basedmethods[22, 12, 11, 3, 5] offer the advantagethat topology
doesnot matter Furthermoreno surfacemodelsare neededvhosegeneration,
e.g. from sggmentedimagevolumes,might be costly Drawbacksare that the
morphingsequenceareoftenexpensve to compute andthattopologicalaspects
like connectvity of intermediatenodelsarehardto control.

Surface basedmethodsusually consistof two steps[15]: first, establishing
correspondences by assigningto eachpoint of the sourcesurfacea point on the
targetsurface theninterpolating betweereachpair of correspondingoints.

Differentapproachefiave beentaken for establishingcorrespondencesee
[19]. If thetopologyof bothobjectsis the same the correspondenceroblemcan
besolvedusingparametrizations,e. continuousijective functionsthatmapboth
objectsto astandaradiomain.Pointswhoseimagescoincideunderthesemappings
aresaidto correspond.

A lot of work hasbeenpublishedin the field of surfaceparametrizationes-
pecially for polygonalor simplicial surfaces.In the computergraphicscommu-
nity parametrizationareusedfor instancefor texture mapping[24, 23]. Kentet
al. [16] introducedparametrizationgor solving the correspondencproblemin
3D morphing. They createdparametrizationdy projectingstarshapedobjects
to spheresand extendedthe methodfor someother classesof genus0 objects
[15]. An extensionfor objectsthat are starshapedaroundan axis wasinvented
by Lazarusand Verroust[17, 18]. ShapiroandTal [25] describehow to mapa
generalgenusD objectontoacorvex polyhdron.

Kanai et al. [14] presenta methodfor parametrizingobjectshomeomorphic
to a disk or a sphereby cuttingtheminto two sheets.BaoandPeng[2] propose
a checlerboard-lile decompositioninto rectangularsub-regions to parametrize
objectswith arbitrarytopology Gregory etal. [10] apply a userspecifiedcontrol
meshto decomposéhesurfaceinto alargenumberof disk-like patchesHowever,
this methodrequiresheavy userinteraction-times.Recently a similar approach
was presentedby Kanai et al. [13]. Their approachoffers more flexibility for
parametrizingheindividual disk-like patches.

Floater[7] discusseshe useof graphtheoreticalmethodsto parametrizeri-
angulations Parametrizatiorhasalsobeenusedin the contect of multiresolution
representationsf polygonalsurfaces[6, 4, 21]. Thesemethodshandleobjects
with arbitrarytopologyandprocedurallyconstructa mappingbetweerthe model
andsomepolyhedralbasedomain.Unfortunately a basiclimitation impedegheir
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usein shapemorphing:the polyhedraldomainsarecomputedautomaticallyand
arenot guaranteedo be the samefor two differentobjects,evenif theseobjects
have thesametopology Thereforethecorrespondengeroblembetweertheorig-
inal modelsis only replacedby a correspondencproblemof the — possiblysim-
pler—basedomains.Leeetal. [20] try to achiere suchacorrespondendeetween
coarsebasedomainsby projectingpointsfrom onebasedomainonto the second
one and applying a relaxationscheme. However, this relaxationschemes not
guaranteedo produceconsistentj.e. fold-over free, mappings.Userinteraction
is requiredto manuallyfix theseproblems.

Theinterpolationissuehasbeenadressethy only few authorsupto now. Most
algorithmsuselinear interpolationbetweencorrespondingpoints. Gregory et al.
[10] transformpoints accordingto userdefinedBezier splines. Kentet al. [15]
suggesto useHermitesplines,definedby the correspondingpointsandthe sur
facenormalsnormals.

More detailsaboutalgorithmicvariantsdevelopedup to now canbefoundin
a surwy article by Lazarusand Verroustthat presentghe currentstatein three-
dimensionamorphing[19].

1.2 Overview

Thenew surfacebasedshapanorphingmethodbasicallyconsistof thefollowing
stepg(c.f. Figurel):

1. Definition of Correspondences.The userdefinescorrespondingegions
(patches) ontheboundarie®f thetwo models.Thisis doneinteractvely by
drawing ontothe surfacesusingthe mouse(2 to 14 patchesn theexamples
shavn in this paper).Within the patchesanarbitrarysetof optionalfeature
pointsmay be specified.

2. Parametrization. Thenaglobalparametrizatioor eachof thetwo models
is computedby parametrizingcorrespondingegions individually. Extra
careis takento presenre continuityacrosshe patchborders.

3. Matching FeaturesPoints. Additional featurepointsare matchedin pa-
rameterspaceby modifying the parametrizationsising a foldoverfree
warpingtechnique.

4. Inter polation. Theoriginal meshesremeigedin the parametedomainto
constructa supegrid suitablefor morphing. Correspondingpointsin both
inputmodelsarecomputedor eachvertex of this grid. Thesetwo positions
areinterpolatedo producethefinal morph.

Thestepsl, 2, 3, 4 aredescribedn sections2, 3, 4, 5, respectiely. Section
6 presentamorphingsequenceand discussestrengthsand weaknessesf the
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Figure 1. Thedifferentstagesof our morphingmethod: First, the designerdefinesthe
correspondencbetweerthe modelsby drawing featureregionsandfeaturepoints. The
algorithmthencomputesa patch-wiseparametrizatiortakinginto accountfeaturepoints
ontheborderaswell aswithin theregions. Fromthe parametrizeadneshes supegrid is
constructedvhich thenis usedduringinterpolation.

presentedanethod,aswell aspossibleextensions.

Independentlysimilar approacheso morphinghave beenrecentlydeveloped
by Gregoryetal.[10] andKanaietal.[14]. They alsodecompos&othmodelsnto
topologicallyequialentsetsof patchesandparametrizehe patchesndividually.
In contrastto their procedurespur algorithm can not only dealwith disk-like
patchesbut alsowith patchesof cylindrical topology We also usea different
kind of parametrizatiorand can handletopology changes.The mostimportant
differences thepossibilityto specifyanarbitrarynumberof featurepointswithin
theindividual patchesThisway anaccuratanatchcanbeachiaredwith only few
patches.

1.3 Notation and Preliminaries

To facilitateunderstandingget us shortly fix the notationandclarify somemath-
ematicalbasics. The original triangulatedgeometricalbbjectsare denotedby A
andB. Patcheof objectA andB aredenotedby P/ and PP, wherei is thepatch
index. 7 (A) marksthetriangulationof objectA, i.e. a setcontainingsetsof ver-
tices,edgesandfaces.Pointscontainedn thetriangulationarecalledverticesV,
in contrasto arbitrarysurfacepoints X . Usually, pointscarryanobjectandpoint
index, like V or X7

A parametrizatiomof a surface A is a continousbijective mappingP,: A —



D onto somebasedomainD. We denotethe pointsin the parametedomainby
lowercasdetters:vt = Py (V).

If two surfaceobjectsA and B are mappedonto the samedomain,a one-to-
onecorrespondencbetweentheseis definedimplicitely: Let P, : A — D and
Ps : B— D beparametrizationsf surfacesA and B with the sameparameter
domainD. Thenapoint X € A correspondso X' =P (P4(X)), X' €B.

ThemappingP;' o P, calledcorrespondence function, is aone-to-onemap-
ping betweerthe objectsA andB.

2 Feature Correspondence

Probablythemostimportantstepin amorphingframework is thedefinitionof cor-
respondencdsetweerthetwo models.Many existing morphingalgorithmstry to
solve the correspondencproblemautomatically However, whensemantianfor-
mationshouldbetakeninto accounduringthemorph,fully automaticaapproaches
inevitably mustfail. Therefore the usershouldhave the ability to identify corre-
spondingfeaturednteractvely. This procedureshouldbe asintuitive aspossible,
withoutrestrictingthe designetby algorithmicneeds.

In addition,the systemshouldbetolerantabouthow muchdetailis specified
manually This meansthat constraintssetby the usershouldbe obeyed, but re-
gionswhereno further correspondenckasbeenspecifiedshouldbe transformed
automatically

2.1 Patchesand Feature Points

In our systemthe designedefinescorrespondenceateractvely by draving cor-
respondingegionsandpointsin both models. The numberandarrangemenof
patchesanbe completelycontrolledby theuser aslong asthetopologicalstruc-
ture of the patchsetsis choserno bethe same.In particulay the numberof neigh-
borsof apatchis notlimited. Thetopologicalequivalenceas achiezedin anatural
way if likein our methodthe patchesarry semantianformation.

Currently oursystensupportgatchesvith thetopologyof adisk (1 boundary
curve) andwith thetopologyof a cylinder (2 boundarycurves).Insidethepatches
an arbitrary numberof additionalfeaturepoints can be set. During the morph
thesepointswill be exactly mappedntoeachothet

Correspondencaformationfor eachpatchis computedautomaticallytaking
into accountthe featurepoints. In this way, the systemoffers the opportunityto
controlfeaturecorrespondencasith a high degreeof detail,if necessaryOnthe
otherhand,if suchdetaileddefinitionof correspondencis notrequiredonly few
patcheseedto bedefined.



2.2 UserInteraction

In orderto easehedefinitionof correspondingegionsbothmodelsaredisplayed
simultaneouslyon the screenusing two different3D viewers. Optionally, the
viewerscanbe coupledsuchthat alwaysthe samecameraorientationis usedin
bothwindows. Region boundariecanbe editedby clicking on surfacepointsus-
ing the mouse. The pointsare connectedn real-timeby computingthe shortest
pathalongtheedgeof thetriangulation. Thesepathsrepresentheboundariebe-
tweenpatchesThepatchegshemselesarefoundby a simplefloodfill algorithm.
Patcheshave to be nameddenticallyin both objectsto definea correspondence.
Featurepointsinside a patchcanalso be editedusingthe mouse. Boundary
verticeswheremultipleregionsjoin areinterpretedasfeaturepointsautomatically
Wheneernofeaturepointsontheboundaryoccut e.qg.if apatchhasnoneighbors
atall, theuserisrequestedo selectapairof correspondingointsonbothcontours
in orderto definethe relative orientation. In a similar way the orientationof the
boundarie®f a cylindrical patchrelative to eachothermustbefixed.

3 Parametrizing Patches

Once the models are decomposednto two topologically equivalent sets of
patchesthe problemof finding a global parametrizatiorcan be broken down to
parametrizinghepatchesndividually. In this sectionwe describehow individual
patchescan be parametrized.We use so-calledbarycentricmapping,originally
proposedn [26, 27], becausét is asimple,fast,androbusttechnique.

More complex parametrizatioomethodsg.g.harmonicmaps[6] or shapepre-
servingmapping[7] could alsobe used.However, the type of parametrizations
consideredhot to be very importantin morphingapplicationg19]. Note,thatin
our casetheparametrizationvill bepostprocesseanywayin orderto matchinner
point featurescompareSection4.

In thefollowing, we describehow borderpointsaremappednto theparameter
domain.Afterwardswe discusgheparametrizatioof innerpointsusingbarycen-
tric mapping. We thenshowv how this techniquecanbe extendedto cylindrical
patches.

3.1 Mapping the Borders

Barycentricmapping,aswell as other methodslike e.g. harmonicmaps,allow
to placeborderpointswith arbitraryspacingson the boundaryof a corvex poly-
gonin the parametedomain. To achieze continuity anduniquenesscrossatch
boundarieshe bordermappinghasto fulfill certainrequirements.



In generala borderpoint is containedin at leasttwo adjacentpatches.If a
patchis surroundedy morethanoneotherpatch,someof its borderpointsare
partof threeor more patches We call thesepointsbranching points. Additional
pairsof correspondingborderpointsdefinedby the useraretreatedin the same
way asbranchingpoints. In Figure2 the branchingpointsof oneparticularpatch
areshown.

Sincethe patchconfigurations thesamen bothmodelsthey bothcontainthe
samenumberof branchingpoints. We wantthesepointsto be mappedontoeach
other Thereforethesameparametevectorshaveto beassignedo two branching
pointsT' andT?,i.e.t{! = t?. It doesnotmatterwhich valueis actuallychosen.
For instance pnecould placethe branchingpointsequidistantlyon the borderof
the unit circle. To minimize distortions,we distribute them proportionalto the
averagedengthsof the borderseggmentsin the original 3D models.Thereis still
arotationaldegreeof freedomwhich canbe choserarbitrarily.

Oneimportantproblemonehasto overcomewhenparametrizingpatchesn-
dividually is to assurecontinuity acrosspatch boundaries. Since the parame-
ter domainsof different patchesare completelyindependentcontinuity of the
parametrizatioracrosghe boundarycannot be defined.However, the correspon-
dencefunction betweerthe two modelswhich is derived from their parametriza-
tionscanandmustbe continuous Otherwisecracksor strongdistortionsat patch
boundariesvould occurduringthe shaperansition.

A continuouscorrespondencéunction is obtainedif a point X“ on the
boundarybetweentwo patchesP and P;' is mappedto the samepoint in
B, irrespectvely which patch parametrizationis used,i.e. 731;,11 (Par(XH) =
Pg,g(PA,Q(XA)). Herefor instanceP 4 ; denotegshemapof objectA’s patchl to
D. While branchingpointsareforcedto be mappeduniquely auniquecorrespon-
dencefor borderpointsbetweeradjacenbranchingpointsis achiezedby mapping
themproportionalto thearclengthin the particularbordersegmentof theoriginal
model. This assuresonsisteng becauseeachbordersegmentis sharedby the
two adjacenpatcheghe pointsarecontainedn.

3.2 Barycentric Mapping

Let P be a patchof a triangulatedmodel. We denoteits verticesby V;, with
i = 1,..., Ny, andits setof edgesby £. A parametrizatiorcan be definedby
assigningparameterw; € D to eachvertex andinterpolatingthemlinearly within
thetriangles. This definesa mappingof the triangulationto thedomainD C R2.
To constructa homeomorphisnthe v have to be chosenin sucha way thatthe
mappededgesE; € £ do notintersecteachotherin D, otherwisethe mapping
would not be bijective. Onetechniqueto computethe »; in suchaway is called
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Figure 2: Thefigure shavs the patchdecompositiorof two modelsandthe branching
points of oneof the patchegthenose).Correspondingpranchingpointsin thetwo models
have the samecolor. The parametrizatiorof two of the six patchess shavn for eachof
themodels,namelythe nosein yellow andtheleft eye in blue. Note, thatcorresponding
borderpointsof correspondingatchesreforcedto getthe sameparametricoordinates.
It is not requiredthata branchingpoint hasthe samecoordinatesn the parametrizations
of all patchest belongsto. In the examplethe borderlengthbetweenthe redandgreen
pointaswell astheir positionsis differentin P, and . Theblueandtheyellow disk are
two independenpartsof the parametedomain.

barycentricnapping.

Without loss of generalitylet V7, ..., Vy, be the points on the boundaryof
patchP andVy, .1, ..., Vi, theinnerpointsof the patch.We startby placingthe
parametriccoordinatesy, ..., vy, of theborderpointsVy, ..., Vy, asdescribedn
the previous section.

Now we demandthat eachinner vertex in the parametedomainlies in the
barycentenf its directneighborsj.e.

Ny

'Ui:Z)\i,j'Uja 1=Ny+1,..., Ny (1)

Jj=1

). .. | (numberof neighborsof vertex D (,)) €€
w 0 : else

It is easyto shaw thatthe linear system(1) is not singular so thatit hasa
uniquesolution(see[7]). Moreover, Tutte [27] hasshowvn thatthe mappingac-
cordingto Equation(1) resultsin a consistentriangulation,i.e. no self intersec-
tionsoccur providedtheborderpointsaremappedntoa corvex polygon.

To actuallycomputethev; ary standardolver canbeused.Sincethenumber
of neighborsof eachpointis smallcomparedo the total numberof inner points,
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thecoeficientmatrix { \;;} is sparse Thereforejterationmethodsarewell suited.
We have useda simple SOR-schemevith w = 0.9 (seee.g.[9]):

letv = (0, 0) for all innerpoints
definew; for all borderpoints
while not corvergeddo

for eachinnerpoint: do

letv; := (1-w)v; +w Zjvzv1 AijV;

Floater[7] hasshavn that more sophisticategettingsof the ; ; canbe usedas
well.

3.3 Cylindrical Patches

Althoughary objectcanbe decomposethto patchesf disktopologyit is some-
timesmorecorvenientto usepatcheswith othertopologiesaswell. Thereforewe
have extendedhe barycentricnappingmethodto patcheswith cylindrical topol-
ogy, usingperiodicboundaryconditions.

A cylinder canbethoughtof asarectanglewith periodicboundaryconditions
in X-direction. Dueto the periodicboundaryconditions equation(1) doesnotary
longerrepresena simplesystemof linearequationsHowever, it is still linearup
to certainmultiplesof 27. Thereforetheiterationmethodproposedn Section3.2
worksif suitableinitial conditionsarechosen.

We startby artificially cuttingthe cylinder alongan arbitraryline connecting
its two borders.Theresultingpatchis thenmappedntoarectanglen theparam-
eterdomaindefinedby the points (0, 0), (27, 0), (0, 1), and (27, 1). Within this
rectanglewe againapply barycentricmapping.If the cylinderis meigedagain,a
consistenparametrizatiots obtained Dueto themappingof thecuttingline arti-
ficial distortionsareintroducedwhich areundesiredThereforethe sameiteration
is used thistime takinginto accountperiodicboundaryconditions:

letv; = (ui,v;) = (0,0) for all innerpoints
definev; = (u;,v;) for all borderpoints
while notcorvergeddo
for eachinnerpoint: do
for eachneighborj of ¢ do
if Uj — Ui > 7 then
letu; :==u; — 2w
if u; —u; < —mthen
let Uj = uj + 27
letv; = (1-w)v; +w Ejvz"l i jUj
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Obviously, this straight-forvardimplementatiorrequiresju; — u;| < « for all
edges.Theorecticallythis conditioncould be violatedif the patchcontainsvery
few triangles.However, in practicewe never obseredsuchacase.

4 Matching Feature Points

After all surface patcheshave beenparametrizedusing the methodsdescribed
in the previous sectiona completeone-to-onecorrespondencketweerthe input
modelsA and B is achiezed, namelyby overlayingthe two parametrization® 4
andPg for eachpair of patches.Detailsof how the correspondenciinctionis
evaluatedarediscussedn Section5.

The approachdescribedn Section3.1 ensureghat correspondingpointson
theboundaryof a patchautomaticallyreceve the sameparametewaluesv. How-
ever, apartfrom the boundarieautomaticparametrizatioomethoddik e barycen-
tric mappingallow no further controlaboutwhich pointsinsidea patchareiden-
tified with eachother For example,in caseof two facemodelsit is not clearthat
thetip of the noseis matchedj.e., thatit recevesthe samev coordinatesn the
parametrizatiof bothobjects.Oneapproacho this problemwould beto subdi-
vide the modelinto smallerpatchesthusintroducingmoreconstraintsHowever,
this canresultin very complex patchconfigurationsboostinginteractiontimes.
Insteadjt is muchmorecornvenientfor thedesigneto definefeaturepointswhich
shallbetransformedntoeachotherwithin a singlepatch.

We meetthis requiremenby matchingan arbitrarynumberof featurepoints
inside a patchin a postprocessingtep. In the following we describehow this
canbedonevery easilyfor a singlepair of featurepointsinsidea patch. A more
generalapproach,which handlesan arbitrary numberof featurepoint pairs is
describedn section4.2.

4.1 Matching One Feature Point

Let P, and Pg betwo correspondingatchesvith disktopologyandwith vertices
V# andV'? andparametricoordinatew;* andv?. Let F4, andF 5 betwo inner
pointsin thesepatchesthatshall be transformednto eachother Thereforethe
parametrizationbave to be modifiedin sucha way thatthe parameteraluesf ,
and f ; becomeequal. To achieve this we assignthe nev parameterf’, = f =
(f 4+f 5)/2 tobothfeaturepoints. Theparametevaluesof theother(non-feature)
pointsof patchP, aretransformedaccordingto

_ v — fal

— 2
P @)

v,:fiél—i_a(q_f;l)a a
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Figure 3: In orderto move a single featurepoint f 4, to a new position f/4 a simple
geometriowarpingof theunit circleis applied.

whereq denotegheintersectionof aline throughf , andv with the unit circle,
c.f. Figure3. The parametrizatiof Py is transformedn a similar way.

Note, thatalthoughEquation(2) definesa bijective mappingof the unit circle
ontoitself, our parametrizatiomaybecomanvalid afterperformingthe 2D warp.
This is becauseave only move the verticesof the parametespacetriangulation,
but still assumehe edgesof thetrianglesto be straightline segmentsafterwards.
Therefore theoreticallyfoldoversmay arise,especiallyif very largetrianglesare
involved. Suchtrianglesthenmustbe subdvideduntil no moreself-intersections
occur However, in practicewe never detectedoldoversin caseof asinglefeature
point.

4.2 Foldover-FreeWarping in Parameter Space

If multiple featurepointsareto be matchedno simple geometrictransformation
asin Equation(2) canbe appliedanymore. Instead,standard2D imagewarping
techniguescould be applied. As mentionedabove, a necessaryequirementof
suchawarpingis, thatpointsontheborderof theunit circleremainunchangeand
thatthe mappingitself is bijective. Oneof thefew 2D warpingalgorithmswhich
guaranteebijectivity is foldover-free image war ping introducedby Fujimuraand
Makaror [8]. We adapted variantof this methodto our purposes.
Themainideaof thealgorithmis to deformacoarsdriangularwarpmeshcon-
sistingof only featurepointsandsomefixed pointson the unit circle. While the
featurepointsaremovedtowardsthe desiredpositions the warp meshis updated
in orderto preventtrianglesfrom folding over. Every changein meshconnec-
tivity definesa so-calledevent. In orderto transforman arbitrarypoint v in the
parametedomain,the triangle of the warp meshcontainingv is determinedand
the barycentriccoordinate®f v with respecto this trianglearecomputed.Then
the warp meshis transformeduntil the first eventoccurs. An intermediateposi-
tion of v is computedby applyingthe barycentriccoordinatesn the deformed
warp mesh. After the event, v might belongto a differenttriangle. In this case

12
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Figure4: In orderto matchmultiple featurepointsin a singlepatchtwo coarseriangular
warp meshesare constructed.Togethemwith the warp meshesoth parametrizationare
deformeduntil correspondindeaturepointshave equalparameteralues.

the barycentriccoordinateswith respecto the new triangleare computed. This
processs repeatedintil the warp meshhasbeenfully transformedi.e., until all
featurepointshavereachedheirfinal positions.Boundarypointsaswell aspoints
falling in thetiny gapbetweerthe warp meshandthe circularborderwill remain
fixed.

In orderto minimize distortionsagainwe move correspondindeaturepoints
linearly to the point halfway betweerthemi,i.e., f , and f 5 aremappedo (f 4, +
fg)/2. Thealgorithmis illustratedin Figure4. In this exampleseven feature
pointswere set. No connectvity changeqevents)hadto be performedin order
to matchthe features.Eventsaremorelikely to occurif moredistantpointsare
identifiedwith eachother Like in [8] we useedgeflips in orderto preventthe
warp meshfrom folding over. An edgeflip is performedwheneer the maximum
aspectratio of the two adjacenttriangleswould be decreasedby the flip. The
aspectratio of a triangleis definedby the radiusof its circumcircledivided by
theradiusof its innercircle. To detecteventspointsaretranslatecaccordingto a
bisectionstratgy. Theinitial warpmeshis generatedisinga Delaunayalgorithm.

As in the caseof a singlefeaturepoint, parametespacetriangulationsmay
becomeinvalid althoughthe warp itself definesa bijective mapping. This prob-
lem canoccurespeciallyif very distinctfeaturepointsare matchedandthusthe
warp function becomesighly non-linear Again, the solutionis to subdvide the
trianglesuntil no moreself-intersectiongccut
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5 ShapeTransition

Onceall patchesof the two models A and B have beenparametrizedand all
featurepointshave beenmatchedhe actualmorphcanbe performed.In the fol-
lowing we describehow to computeatriangularmodelfrom A and B suitablefor
morphingandhow to lookup theinitial andfinal vertex positionsfor this model.
We thendiscusssomeinterpolationissuesj.e., on which pathsthe verticesof the
morphmodelaremoved.

5.1 Grid Merging

After the parametrization®, andPz have beencomputedeachvertex V{‘ of
A canbe movedto its correspondingoosition P5' (P4(V7')) on B. However,
in generalit is not a goodideato useone of the original meshedor morphing.
Especiallyif A containglocally) lesstrianglesthanB, detailsof model B would
belost. As suggestedn [15, 14] we thereforeconstructa nev meshi/ suitable
for morphingby meanf agrid intersectiorstrategy. Thetriangulationsof A and
B aresuperposeth the parametedomain.Coincidentverticesareidentifiedand
all inneredgeghatintersectaresplit by insertinga new vertex at theintersection
point. Likewise, anedgeis split if a vertex is lying onit. Boundaryedgesare
treatedin a specialmanner:In orderto avoid that nev boundaryverticesoccur
dueto intersectingooundaryedgesthe original boundaryedgesarereplacedoy
new edgesconnectinghe boundaryverticesof A andB in consecutie order To
robustly detectcoincidentpointsandedgeintersectionstolerance: proportional
to thesmallesheightin all trianglesis used.Thealgorithmhasbeenmplemented
efficiently usinga quadtreedatastructure.

Finally, the whole domainis retriangulatedby inserting additional edges
wherepolygonswith morethanthreeverticeshave beencreated.This produces
atriangulationM suitablefor performingthe morph. The triangulationconsists
of asetof verticesv} C D in theparametedomain,aswell asa setof triangles
TM connectinghesevertices.

Theoretically every edgeof the first modelcould intersectevery edgeof the
secondone, resultingin a very large numberof new verticesandtriangles. In
practice though,therearemuchlessintersectionsaspointedoutin [15]. Our ex-
perienceshonsthatfor two input meshesvith approximatelythe sameresolution
the memgedgrid hasabout3 to 5 five timesasmary trianglesandverticesasthe
two modelstogether
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5.2 Correspondencand Inter polation

For eachvertex v we computea correspondingosition X 4 = P * (v™) in A
aswell as X p = P3'(v™) in B. Theinverseof the parametrizatiorP;' and
P3' is not given directly but hasto be computedfrom the parametenvaluesat

the vertices. In orderto computeX 4, we have to find the triangle {v?, v, v

19 Y50
in the parametedomainwhich containsv. The correspondingoint P (v)
lies in the original triangle {V;!, V/, V1. Let (b7, b7, b4') bethe barycentric
coordinate®f v in {v;', v}, v;! }. Thentheexactpositionis

Pil (™) =b{ VI + 0 VI + b0V (3)

The correspondingpointin B is computedanalogously Note, that not only ver-
tex positionscanbeinterpolatedaccordingto Equation(3), but alsoothervertex
attributeslik e colorsor normals.

Themorphingsequenceanbe generateanosteasilyby linearly moving each
vertex of themeigedtriangulationfrom its positionin model A to thecorrespond-
ing positionin model B asa functionof time ¢:

V() =1 =) Py (vi) +tPg (vi). (4)

In mary caseghis kind of linearinterpolationproducessatisfyingresults.In
fact,all examplesn this papemnweregeneratedisingEquation(4). In somesitua-
tionsmoresophisticatedhterpolationschemesredesirableg.g.,whentheinter-
mediateobjectsexhibit self-intersectionsr whencomplex physicaldeformations
areto be imitated. As a simple alternatve to linear interpolationother authors
proposeo move theverticesalongcubicsplinecurves[10, 15]. Otherinteresting
effectscanbe achiezed by non-linearilyvaryingthe parametet individually for
eachvertex [20].

5.3 TopologyChanges

Up to now only the transitionof topologically equivalentobjectshasbeendis-
cussed.Neverthelesspur methodcanbe extendedto handletopology changes.
To obtain corvincing resultsuserinteractionis requiredto specify the way in
which atopologychangehappens.

A first classof topologychangesanbe handledquite easily namelythe ap-
pearanceof holeswithin the surface. For theseproblems,the usersimply has
to definea pathwherethe modelshouldrip. Artificial patchboundariesarethen
introducedcorrespondingo thebordersof theholein thesecondsurface.For ex-
ample,Figure6 (b), shaving a morphbetweenra cylinder-like modelof Nefertiti
andadisk-like modelof a Triceratopshasbeencreatedn thisway.
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Figure 5: Thefigure shavs the transitionof a cube(A) into atorus(B). Two disk-like

patchesn the cube(shavn in blue)transforminto onecylindrical patchof thetorus. The
warpcanbe performedusinganintermediatanodel(D). Thisis constructedy automat-
ically editinga warpedobjectconstructedvithout the blue patcheqC). In the lower row

(E), the completemorphingsequencés shavn.

An examplefor the moredifficult classof topologicaltransitionsis the trans-
formationof agenus) surface(spherejnto agenusl surface(torus).In this case
two oppositedisk-shapedatcheshave to join at one point, forming a double-
cone. Oncethis happensthe two disk-shapegatchesanalsobe interpretedas
onecylindrical patchstrangulatedt the “equator”. Therefore the morphingcan
be performedasa two-stepprocess.First, the initial surfaceis transformednto
anintermediatenodel,the topologyof which is ambiguous.Thenthis modelis
transformednto thesecondsurface.

Oneway to obtaina suitableintermediatemodelis shavn in Figure5. The
userselectghepatchesnvolvedin thetopologychangej.e. cylinder-like patchin
oneandtwo disk-like patchesn the othermodel. Theobjectsarewarpedneglect-
ing thesepatches.Thenanintermediatevarpedobjectis picked. In this model
the boundarie®f the missingpatchesareautomaticallyretriangulatedforming a
double-conavith userdefinedcenter

6 Results

The presentea@lgorithmhasbeenimplementedvithin thevisualizationandmod-
eling systemAmira [1]. A large numberof morphingsequencebave beengen-
eratedusingthe proposednethod.The methodhasprovento be easyto use.The
supportof both, regional and point features,offers greatflexibility for the de-
signer Someexamplesaredepictedn Figure6. Digital videoclips of all morphs
presentedn the papercanbe foundontheinternetat
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Figure 6: Differentpolygonalmodelsmorphednto eachother

htt p://ww. zi b. de/ Vi sual / pr oj ect s/ nor phi ng. Notethatquality
andrealismof amorphcanbestbejudgedin ananimation.

Figure6(a)shownsthetransitionof atriceratopanto acow. 14 featureregions
have beendefined. For the faceand the hornsone additionalfeaturepoint per
patchhasbeenused. Six regions have beendefinedfor the morphbetweenNe-
fertiti andthetriceratopsheadshawn in Figure6(b). The patchdecompositions
thesameasin Figure2. Finally, anexamplewith only two correspondingegions
is depictedin Figure6(c). In this caseprominentfeaturesof theface,lik e details
of the eyesandthe mouth,have beenmatchedusing 15 featurepoint pairs. If no
naturaldecompositionnto regionsexists, featurepoints provide a powerful tool
for fastandaccuratedefinition of correspondence.

Userinteractiontimesrangedfrom 5 minutesfor 6(c) up to 15 minutesfor
6(a). The patchparametrizationancluding featurepoint matching,canbe com-
putedvery quickly (in lessthan5 seconddor the mostcomplex examplewith
11464trianglesin the original models). Grid memging aswell aspoint location
took lessthan3 secondsach. The completemorphingprocesshereforecanbe
performedin lessthan 10 secondson an SGI O2 workstationwith R10000pro-
cessorNotethatthe intermediatanodelscanbe computedn real-time,oncethe
otherstepsaredone.
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7 Conclusionand Futur e Work

We have presenteda novel methodfor computing shapetransitionsbetween
polygonal 3D objects. The methodhasproven to be a fast and feasibletech-
niquefor 3D morphing. Comparedo previousapproachesserinteractiontimes
are significantly reducedby an intuitive schemeto definecorrespondence#-
cluding point featuresin additionto regional featuresor patches.The ability to
definean arbitrarynumberof point featuresnsidea single patchmakesit possi-
ble to achieve high-qualitymorphsequencesvenwith coarselypatchifiedinput
models. Interactve definition of setsof patcheswith equaltopology becomes
easysinceindividual patcheshave a semanticmeaning. For example,they may
correspondo theeyes,nose,or legsof acharacter

Thereare a numberof directionsfor future research.Like mary otherau-
thorsin this paperwe concentrate@n the correspondencproblemof morphing.
Definitely, morework is requiredin orderto conceve bettersolutionsfor the in-
terpolationproblem,too. Also, the triangulationobtainedby grid meging may
containtoo mary trianglesfor certainreal-time applications. Ideally, triangles
shouldbeaddedor removeddynamicallysothattherequireddegreeof detailcan
berepresenteth eachstepof themorphsequence.
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