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Abstract

We presenta powerful morphingtecnique basedon level set methodsthat can be combinedwith a variety
of scanconversion/modeprocessingecniques Bringing thesetechniquestogethercreatesa geneal morphing
approad thatallowsa userto morpha numbernf geometrionodeltypesin a singleanimation We havedeveloped
techniquedor corvertingseveral typesof geometricmodelgpolygonalmeshesCSGmodelsandMRI scans)nto

distancevolumesthevolumetricrepresentatiorrequired by our level setmorphingappmoad. Thecombinationof

thesetwo capabilitiesallowsa userto createa morphingsequenceegardlessof the modeltypeof the souceand

target objects freeinghim/herto usewhatever modeltypeis appiopriate for a particular animation.

1. Intr oduction

3D metamorphosiss aprocessvhereonethree-dimensional
model(the source)continuouslychangesnto anothetthree-
dimensionamodel(thetarget). Within the computergraph-
ics communitymorphing(the vernacularfor metamorpho-
sis) hasbeenusedfrequentlyfor specialeffectsin movies,
ad\ertising,andentertainmentimage morphingtakesa 2D
imageof anobjectandtransformsheappearancef thatob-
jectinto the appearancef anotherobject,with the goal of
producingnatural-appearingyr atleastsensiblejntermedi-
ateimages.3D morphingalgorithmshave beendeveloped
for both surface modelsand volumetric models. The sur
facemodel algorithmstransformthe surface patchegusu-
ally polygons)of the sourcemodelinto the surfacepatches
of thetargetmodel.Thevolume-basedhorphingalgorithms
represenBBD objectsasvolumesand manipulatethe voxel
valuesof volumesin orderto make onesolid objectbecome
another

Numerousmorphingalgorithmshave beendevelopedin
the pastseveral years.The capabilitiesof all of thesemeth-
ods have beendemonstratedavith morphingsequence-
volving geometricmodelsof the sametype. The morphing
solutionsofferedto datecouldbe moregenerakndflexible.
In orderto employ thesetechniques useris constrainedo
usingonly onetypeof modelfor thesourceandtargetof the
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morphingsequenceThis limits the selectionof modelsthat
maybeusedfor a particularmorphinganimation.

In orderto addresghis limitation, we presenta power
ful morphingtechniquebasedn level setmethodsthatcan
be combinedwith a variety of scancorversion/modebro-
cessingtiechniquesThe combinationof level setmorphing
with a numberof volume generationalgorithmscreatesa
generamorphingapproachhatallows auserto morphava-
riety of geometricmodeltypesin a single animation.Our
level setmorphingapproachconsistsof aspectdrom both
surfaceandvolumetricmetamorphosisThe mathematic®f
ourmorphingalgorithmis basedndeformablesuraceshut
its representatioand numericalcomputationsarevolumet-
ric in nature Jeadingto aflexible approachor changingone
3D objectinto another We have developedtechniquesfor
corverting several typesof geometricmodelsinto distance
volumesthevolumetricrepresentatiorequiredby ourlevel
setmorphingapproachDistancevolumesstoreateachvoxel
theshortestistanceo the surfaceof the objectbeingrepre-
sentedy thevolume.Thecombinatiorof thesewo capabil-
ities allows a userto createa morphingsequenceegardless
of the modeltype of the sourceandtamet objects,freeing
him/herto usewhatezer modeltypeis appropriatdor a par
ticularanimation.

We demonstrateur morphingcapabilitieswith ananima-
tion of aheadthattransformsetweerthreedifferentshapes.
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Figure 1: Threeheadmodels:polygonalmeshCSGmodel,and MRI scan(a 2D sliceanda cut-outiso-surface).

SeeFigurel. Theinitial headmodelis definedwith a polyg-

onal mesh.The first shapemorphsinto a headthat is de-
finedwith a Constructie Solid Geometry(CSG)model.The

CSG-definecheadchangesnto the shapeof an actualhu-

man headextractedfrom an MRI scan.In the final phase
of thesequencehe MRI-definedheadtransformsackinto

theoriginal head which wasdefinedby a polygonalmodel.
We have developed3D scancorversiontechniquegor gen-
eratingdistancevolumesfrom polygonaland CSGmodels.
A distancevolumeis generatedrom the MRI scanby first

fitting a level setmodelto aniso-surfcein the scan A fast
marchingmethodis thenemplgredto calculatetherequired
shortestistancesthusproducinga distancevolume.These
threedistancevolumesarebroughtinto our level setframe-
work to producethemorphingsequence.

2. Previous Work

3D scancorversiontakesa 3D geometricmodel,a surface
in 3D or a solid model,and corvertsit into a 3D volume
dataset 2, where voxels that containthe original surface
or solid have a value of one.The remainingvoxels have a
valueof zero.Usingthevolume-samplingnethodof Wang,
Sramekand Kaufmart 4 aliasing artifacts may be signifi-
cantly reduced Thesemethodsproducevoxels with values
betweenzero and one, where non-intger valuesrepresent
voxels partially occupiedby the original object. Scancon-
vertedprimitivesmay thenbe renderedpr combinedusing
CSGoperations.PayneandTogé presenamethodfor cal-
culatingdistancevolumesfrom a polygonalmodel. Exten-
sionsto discretedistancetransforms 8, e.g. Chamfermeth-
ods,wereconsideredor ourwork. They weredeemednsuf-
ficient for our needspecausehey do not provide subvoxel
accurag.

In recentyearsnumerous3D morphingalgorithmshave
beenreportedin the literature. These algorithms genef
ally fall into two categories,surface-base@pproacheand
volume-basedpproachesA third classof algorithmsin-
volvesmorphingimplicit models githerby transforminghe

underlying structureof “blobby” model8, or by creating
higherdimensionalinterpolatingimplicit functions1®

Kentetalll describedhe fundamental®f morphing3D
polygonalsurfaces.Thefirst stepis to createa singletopo-
logical descriptiorof vertices edgesandfaceshatcontains
the combinedtopologicalstructureof both the sourceand
targetsurfacesTheverticesof thestructurearetheninterpo-
latedbetweertheir positionontheinitial surfaceto their po-
sition onthetametsurface.Leeetal 12 applymary of these
surface-basedethodg¢o morphingmultiresolutionmeshes.
Rossigna@andKaul'? introducethe notion of aninterpolat-
ing polyhedron,and describea user control methodology
basedon a Bezier curve paradigm.DeCarloand Gallier4
demonstratahat it is possible(with significant effort) to
morphpolygonalmodelsof differing genus.

Hughe$® demonstratethat volumescan be usedto cre-
atea morphbetweerobjectsof differentgenusby utilizing
Fourier transforms He et al.16 proposea similar approach
usingwaveletsto controlthe morph.Leriosetal l” describe
a morphingmethodwhich is a 3D extensionof Beier and
Neely’s!® 2D (image)morphingtechniquePayneandTogé
describea methodfor changingone volumetricmodelinto
anotherby interpolatingthe distancefields generatedrom
the two volumes.Cohen-Oret al.8 improve upon this ap-
proachby includingatwo-partwarpingstepthatcalculates
rigid transformatiorandanelasticwarpingbasediponuser
suppliedanchomoints.

Our volume-basednorphingtechniquesharesmary of
the advantagesof previous volume-basednethods.It can
easily morphobjectsof differentgenus.t is not burdened
with the difficult vertex/edge/acebook-keepingof surface
methods,and level set surfacescannotpassthrougheach
other Additionally, our methodprovides a novel blending
mechanisnthat will not producethe ghostingor sponta-
neousgeneratiorof new objectswhich is possiblewhenin-
terpolatingvoxel intensity or distancevalues.Our method
doesnot requireuserinput to producea reasonablenorph,
but can easily incorporatepreviously publishedwarping
techniquego provide a wide rangeof animatorcontrol. Fi-
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nally, becausewe calculatethe distancetransformto sub-
voxel accurag and effectively track a deformingsurface
within voxels, our resultsdo not producethe aliasingarti-
factscommonlyfound in other distance-basedolumetric
approaches.

3. Level SetMethods

Level setmethod®® 20 areusedin mary component®f our

morphingapproachThe fundamental®f level setmethods
aredescribechereto provide the necessarpackgroundor

latersections.

A level setmodel specifiesa surfaceas a level setof a

scalavolumetricfunction,@: U IR, whereU IR® isthe
rangeof the surlacemodel.Thus,a surfaceSis
S s@ps Kk Q)

andthechoiceof theisovalue k, is arbitrary In otherwords,
Sisthesetof pointssin IR thatcomposeshekth isosurfice
of @. The embeddingp can be specifiedas a regular sam-
pling on arectilineargrid. The surfacesmay propagatevith
(time-varying) cunature-dependerspeedslevel setmeth-
odsprovidethemathematicahndnumericaimechanismsor
computingsurfacedeformationssisovaluesof @ by solving
apartialdifferentialequatioronthe 3D grid (U). Thatis, the
level setformulation provides a setof numericalmethods
that describeshow to manipulatethe greyscalevaluesin a
volume, so that the isosurficesof @ move in a prescribed
mannerSeeFigure?2.
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Figure 2: Level set modelsrepresentcurvesand surfaces
implicitly usinggreyscaleimages. For examplean ellipseis

representedsthelevel setof animage (left). To change the

shapeof the ellipse we modify the greyscalevaluesof the

image by solvinga PDE (right).

There are two different approachego defining a de-
formablesurfacefrom a level setof a volumetricfunction
asdescribedn Equationl. Eitheronecanthink of @ s asa
staticfunctionandchangetheisovaluek t or alternatvely
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fix k andlet the volumetricfunction dynamicallychangen
time, i.e. @ st . Thus,we can mathematicallyexpressthe
staticanddynamicmodelrespectiely as

¢s kt (2a)
ost k (2b)
To transformthesedefinitionsinto partial differentialequa-
tions that can easily be solved by standarchumericaltech-

nigueswe differentiatebothsidesof Equation2 with respect
totimet, andapplythechainrule:

ds okt

S @ i (3a)
opst ds
o @st @ 0 (3b)

The staticEquation3ais oftenreferredto asthe “Eikonal”

equatioranddefinesaboundaryalueproblemfor thetime-
independentolumetricfunction@. Equation3acanbetrans-
formedinto

dk t

& ®
by assumindhatds dt is in thedirectionof the surfacenor
mal N, andusingthe factthat oNandNN 1.
This static level set equationcan be solved using a “Fast
Marching Method”?1 22 However Equation2a hasits lim-
itations.Sincegis a single-\aluedfunction,isosurbicescan-
not self intersectover time, i.e. shapeglefinedin the static
modelarestrictly expandingor contractingover time. How-
ever, thedynamiclevel setapproactof Equation3bis much
more flexible. Equation3b is sometimesreferredto as a
“Hamilton-Jacobi-type&quatioranddefinesaninitial value
problemfor thetime-dependenp.

The dynamiclevel setapproachmay be summarizedas
the following. Let ds dt be the movementof a point on a
surfaceasit deforms,suchthatit canbe expressedn terms
of the positionof s U andthe geometryof the surfaceat
thatpoint, which s, in turn, a differentialexpressionof the
implicit function, . This givesa partialdifferentialequation
(PDE)on@:s st

0 ds
a P
whereF is auserdefined‘speed”termwhich depend®n a

setof ordern derivativesof ¢, D", evaluatedats, aswell as
otherfunctionsof s.

¢ F sDo D2(p (5)

Level setmodelshave anumberof practicalandtheoreti-
cal adwantage®ver corventionalsurfacemodels especially
in the context of deformationand segmentation.Level set
modelsaretopologicallyflexible; they easilyrepresentom-
plicatedsurface shapeghat can, form holes,split to form
multiple objects,or mege with otherobjectsto form a sin-
gle structureThesemodelscanincorporatenary (millions)
of dggreesof freedom andthereforethey canaccommodate
comple shapeslndeedthe shapesormedby thelevel sets
of @ arerestrictedonly by the resolutionof the sampling.
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Thus,thereis no needto reparameterizéhe modelasit un-
demgoessignificantchangesn shape.

4. Generating DistanceVolumes

Within our level set morphingframework, sourceand tar
get objectsare definedas distancevolumes.Our ability to
corvert anumberof geometricmodeltypesinto this repre-
sentatioris centralto our morphingapproachThis sections
describeghe algorithmsusedto convert polygonalmodels,
CSGmodelsandMRI/CT scandnto distancevolumes.

4.1. ScanConverting Polygonal Models

We have developeda methodfor calculatinga distancevol-
umefor a 3D closed,orientablepolygonalmeshcomposed
of triangular faces,edges,vertices,and normals pointing
outwards.The algorithmcomputeshe closestpoint on and
shortessigneddistanceto the meshby solvingthe Eikonal
equationby the methodof characteristicsThe methodof
characteristicds implementedefficiently with the aid of
computationalgeometryand polyhedronscan conversion
producinganalgorithmwith computationatompleity that
is linearin thenumberof facesedgesandvertices.

Shortest distance can be shavn to be the entropy-
satisfying solution or vanishing viscosity solution of an
Eikonal equation(Equation4). Considera surface S that
movesin a directionnormalto itself with speedf. Let ¢ x
be the arrival time of the surfaceat the pointx. ¢ has
magnitudel f.OnthesurfaceS @is zero.Thusthearrival
timeis the solutionof

1

If the speedis unity, then the arrival time is the distance

from the surface.Thedistancerom the surfacesatisfieghe
Eikonalequation,

» 1 ¢4 O )
Thesolutionis CP.

Let& betheclosespointonamanifoldto thepointx. The
distanceo themanifoldis x & . x andg aretheendpoints
of theline sggmentthatis a characteristiof the solutionof
Equation?. If themanifoldis smooththentheline connect-
ing x to & is orthogonalto the manifold. If the manifold is
not smoothat & thentheline lies “between”the normalsof
thesmoothpartsof the manifoldsurroundingg.

Ourmethodof characteristicfor solvingthe abore equa-
tion for a polygonalsuriacecanbe summarizedasthe fol-
lowing. A Voronoidiagramis built for the faces.edgesand
verticesof the mesh,with eachVoronoi cell definedby a
polyhedron.Scanconversionis then utilized to determine
whichvoxelsof thedistancesolumelie in eachVoronoicell.
By definition the face,edgeor vertex associatedvith the
Voronoicell is the closeselemenion themeshto thevoxels

in thecell. Theclosestpoint/shortestlistancdo theelement
is thencalculatedor eachvoxel.

Supposehatthe closestpoint§ to agrid pointx liesona
triangularface.The vectorfrom § to x is orthogonalo the
face.Thusthe closestpointsto a givenfacemustlie within
atriangularprismdefinedby theedgesandnormalvectorof
theface.Facegproduceprismsof bothpositive andnegative
distancadependingntheirrelationshipto thefaces normal
vector Thesign of the distancevaluein the prismin the di-
rectionof the normal (outsidethe mesh)is negative andis
positive oppositethe normal(insidethe mesh).A 2D exam-
pleis presentedn Figure3. In two dimensionghe Voronoi
cellsaredefinedasstripswith negative andpositive distance.

Considera grid point x whoseclosestpoint  is on an
edge Eachedgein themeshis sharedy two facesTheclos-
estpointsto anedgemustlie in awedgedefinedby theedge
andthe normalsof the two adjacentfaces.We defineonly
oneVoronoicell for eachedgein thedirectionwherethean-
gle betweenthe facesis greaterthantt Finally, considera
grid point x whoseclosestpoint £ is on a vertex. Eachver
tex in themeshis sharedoy threeor morefacesTheclosest
pointsto a vertex mustlie in a facetedconedefinedby the
normalsto the adjacentffaces.Similar to the edgeVoronoi
cells, we only defineone polyhedronfor eachvertex. The
conewill pointoutwardsandcontainnegative distancdf the
surfaceis corvex atthevertex. The conewill pointinwards
andcontainpositive distancef the surfaceis concae atthe
vertex. Figure4 maybethoughtof a 2D cross-sectionf an
edgeor a vertex Voronoi cell and demonstratethe condi-
tionsfor definingone positive or negative polyhedron Fig-
ure 5a shavs a Voronoicell (polyhedron)or a singleedge.
Figure5b shaws all of the vertex polyhedraof anicosahe-
dron.

Oncethe Voronoi diagramis constructedthe polyhedra
associatedvith eachcell is scancorvertedin orderto asso-
ciatetheclosestface,edgeor vertex with eachvoxel for the
shortestlistancecalculation Eachpolyhedroris intersected
with theplaneghatcoincidewith thegrid rowsto form poly-
gons.Thisreduceghe problemto polygonscanconversion.
SeeFigure 6. For eachgrid row that intersectsthe result-
ing polygonwe find theleft andright intersectiorpointsand
markeachgrid pointin betweerasbeinginsidethepolygon.
Thepolyhedrahatdefinethe Voronoicellsmustbeenlaged
slightly to make surethatgrid pointsare not misseddueto
finite precisionarithmetic.Therefore somegrid pointsmay
be scanconvertedmorethanonce.In this case the smaller
distanceandthusthecloserpointis chosen.

4.2. ScanConverting CSG Models

We emplgy a 3D scanconversiontechniquethatproducesa
distancevolume from a CSG model consistingof superel-
lipsoidsandcalculateslistanceto subvoxel accurag.23 The
distancevolumeis generatedh atwo stepprocessThefirst
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Figure 3: Stripscontainingpointswith negative (left) and
positive(right) distanceto edges.
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Figure 4: Wedgescontainingpointswith negative (left) and
positive(right) distanceto vertices.

(@

Figure5: (a) Thepolyhedonfor a singleedge. (b) Thepoly-
heda for thevertices.

Figure 6: Scancorversion of a polygonin 2D. Slicing a
polyhedon to form polygons.

stepcalculateshe shortestdistanceto the CSGmodelat a
setof pointswithin a narrav bandaroundthe evaluatedsur

(© TheEurographic#\ssociationandBlackwell Publisher2001.

face.Additionally, a secondsetof points, labeledthe zero
set,whichliesonthe CSGmodels surfacearecomputedA

pointin thezerosetis associateavith eachpointin thenar

row band.Oncethenarrav bandandzerosetarecalculatech
fastmarchingmethodis emplo/edto propagatéhe shortest
distanceandclosestpoint informationout to the remaining
voxelsin thevolume.

Theinitial narrav bandcalculationsarealsoperformedn
atwo stepprocessgalledthe calculate-and-combingtage.
The first stepinvolves calculatingthe closestpoint to each
superellipsoidncludedin the model.This is accomplished
by finding the valuesof n andw which minimizethe equa-
tion for the squareddistancebetweenan arbitrary point P
anda parameterizegboint on the surfaceof the superellip-
soid,

d2n w ajcoft n cof? w B2
acod! nsif® w R 2
agsinf'n P, 2 (8)

wheren andw arethe longitudinalandlatitudinal parame-
tersof the surface,a;, ap, ag arethe scalingfactorsin the

X, ¥, andz directions g1 ande2 definethe shapen thelon-

gitudinal and latitudinal directions.The secondstep of the

narrav band calculationcombinesthe closestpoint calcu-
lationsfor all of the superellipsoidso producethe closest
point to the evaluatedCSG model. The combinationrules
utilized at eachnon-leafnodeof the CSGmodelgraphare
summarizedn Tablesl, 2 and 3. Thesecombinationrules
do not always producevalid results.The computedclosest
pointis thentestedwith the Constructre Cubesalgorithn?4

to determindf it actuallylies ontheevaluatedsurfaceof the

CSGmodel.If thetestreturnsavalueof 1 € (¢ accountgor

round-of error)the computedbointis valid andis retained.
If it doesnot, it is discardedandis notincludedin the zero
set.

Becausehe calculate-and-combingtageproducesaccu-
rateresultsonly nearthe surfaceof the evaluatedmnodeland
is very expensve to calculate anothemethodis neededo
calculatethe closestpoint and shortestdistanceat voxels
away from the surface. We thereforeemplg/ a novel fast
marchingmethodto solve the Eikonal equation,Equation
7. This methodcalculateghe closestpoint information,and
thustheshortestlistanceattheremaininggrid pointsof the
distancevolume.The methodpropagateshe locationof the
closestpoint in the zerosetto thosegrid points. This pro-
videsanalgorithmwhoseaccuray depend®n a discretiza-
tion of theoriginal surfaceandis independenof thevolume
grid spacingthusproviding userspecified sub-voxel accu-
ragy. In onestepof our fastmarchingmethod:

1. Thepointgp with the smallestistanceas removed from
thenarrav bandandits valueis frozen.

2. Points are addedto the narrav bandto maintain unit
thickness.

3. Theclosespointsof gp's neighborswith largerdistances
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B
A B IN OuUT ON
IN MIN A A
A OUT B MIN B
ON B A A

Table 1: Union combinatiorrules.

B
A B IN OUT ON
IN MAX B B
A OUT A MAX A
ON A B A

Table 2: Intersectioncombinatiorrules.

B
A-B IN ouT ON
N B MAX(A,B) B
A OUT MAX(A,-B) A A
ON -B A A

Table 3: Differencecombinatiorrules.

thangp arerecomputedisingthe closestpoint informa-
tion from gp.

Thefinal stepmay be furtherdetailed.For eachneighborof
gp with ashortestlistancegreatetthangp’s

1. Calculatethe distancebetweenthe neighborand each
pointin the zerosetwithin a userdefinedregion around
gp'sclosesfpoint.

2. If the calculatedshortestdistanceis smaller than the
neighbors original distancevalue,updatethe neighbors
closestpointto the currentpointin the zeroset,andcal-
culateanew shortestistance.

A moredetaileddescriptionof our 3D CSGscancorversion
techniquemaybefoundin Breenetal 23

4.3. SegmentingMRI Scans

The previoustwo scancorversionmethodsproducea volu-

metricrepresentatioadistancevolume)of asingle,simple,
closedobject.We utilize level setmethodsonceagainto ex-

tracta single,simple,closedobjectfrom a noisy MRI scan
of ahumanhead®. Our methodeffectively sggmentsthede-
siredsurfacefrom the MRI volume,while applyingsmooth-
ing in orderto producea satishctoryresult. Level setseg-

mentationrelieson a surface-fittingstratgy, thatis ableto

dealwith bothsmall-scalenoiseandsmootheintensityfluc-

tuationsin volumedata.Thelevel setsggmentatiormethod,
which is well documentedn the literaturé® 27 28 createsa
new volumefrom the input databy solving aninitial value
partial differential equation(Equation5) with userdefined
feature-gtractingterms.

Our level set sggmentationapproachconsistsof defin-
ing a setof suitablepre-processingechniquedor initializa-
tion and selecting/tuninglifferent feature-&tracting terms
in the level setequationto producea surfacedeformation.
Within our segmentatiorframevork a variety of operations
areavailablein eachstage.A usermust“mix-and-match”
theseoperationdn orderto producethe desiredresult. We
only describehoseoperationsieededo producethe model
of thehumanhead.Oncethefinal surfaceis extractedfrom
the MRI scan,Sethians FastMarchingMethod? is utilized
to solve the Eikonal equation(Equation?) to producethe
requireddistancevolume.

4.3.1. Initialization

Becausdevel setmodelsmove usinggradientdescentthey

seeklocal solutions andthereforethe resultsare strongly
dependenbn the initialization, i.e., the startingposition of

the surface. Thus, one controlsthe natureof the solution

by specifyingan initial modelfrom which the surfacede-

formationprocesgproceedsWe areableto computationally
constructreasonablnitial estimateslirectly from theinput

databy combininga variety of techniques.

Linear filtering: We canfilter theinput datawith a low-
passGaussiarfilter to blur the dataand therebyreduce
noise.This tendsto distort shapeshut the initialization
needonly beapproximate.

Topological/logical operations: This is the setof basic
voxel operationghattakesinto accountpositionandcon-
nectiity. It includesunionsor intersectionof voxel sets
to createbetterinitializations. Theselogical operations
canalsoincorporateuserdefinedprimitives. Topological
operationgonsistof connected-componeahalysege.g.
floodfill) to remove smallpiecesor holesfrom objects.

Mor phological filtering:  This includes binary and
greyscale morphologicaloperatorson the initial voxel
set. For the resultsin the paperwe implementopen-
ings and closingsusing morphol@ical propagators.29 30
This involves defining offset surfacesof ¢ by expand-
ing/contractinga surfaceaccordingo thefollowing PDE,

09

ot ¢ 9)
up to a certaintime t. The value of t controlsthe offset
distancefrom the original surfaceof @t 0 . A dilation
of sizea, Dq, correspondso the solutionof Equation9
att o usingthepositive sign,andlikewise erosion Eq,
useghenayative sign.A morphologicabpeningoperator
Qq is producedy first applyinganerosionfollowedby a
dilationof @, i.e.Oq@ Da Eq®, whichremaessmall
piecesor thin appendage®\ closingis definedasCq @
Ea Da@, andclosessmallgapsor holeswithin objects.

4.3.2. Surface Deformation

Theinitialization shouldpositionthe modelnearthedesired
solutionwhile retainingcertainpropertiessuchas smooth-
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ness,connectiity, etc. Given a roughinitial estimate the
surface deformationprocessmoves the surface model to-
ward specificfeaturesin the data. One must choosethose
propertiesof the input datato which the modelwill be at-
tractedand what role the shapeof the modelwill have in
thedeformationprocessTypically, the deformatiornprocess
combinesadatatermwith asmoothingerm,whichprevents
the solutionfrom fitting too closelyto noise-corruptediata.
Thereareavariety of surface-motiortermsthatcanbe used
in successioror simultaneouslyin a linear combinationto
formF x in Equation5.

Curvature: Thisis thesmoothingerm.For thework pre-
sentedherewe usethe meancunatureof the isosurice
H to form a vectorin the directionof the surfacenormal
n givenby

Fx Hn _e @ (10)
¢ @

The meancunatureis also the normal variation of the
surfacearea(i.e., minimal surfacearea).Therearea va-
riety of optionsfor second-ordesmoothingterms,and
the questionof efficient, effective higherorder smooth-
ing termsis the subjectof on-goingresearch? For the
work in this paper we combinemeancunaturewith the

following term,weightingit by a factorf.
Isosurface: Surfacemodelscanalsoexpandor contracto
conformto isosurfcesin the input data.To a first order
approximationthe distancefrom a pointx U to thek-

level surfaceof | is givenby | x k I . If we let

g a beafuzzythresholde.g,ga o 1 o2 then
[0} I x Kk

F x —(pg — (11)

causeshesurfacesof @to expandor contractto matchthe
kth isosurficeof I.

The first imagein Figure 10 shavs the result of fitting
a level setmodelto the MRI headdatashawvn in Figure1.
The initial modelis producedby smoothingthe data,using
afloodfill ontheexterior to remove interior structuresand
treatingthe modelwith a closing, Cs ¢. The final resultis
producedby fitting a level setmodelto anisosurficeof the
MRI datawith the cunaturetermto ensuresmoothnessis
statedearlier Sethian$ FastMarchingMethodis then uti-
lizedto produceadistancevolume.

5. Level Set3D Metamorphosis

Morphingstratgiesmaybebuilt uponany numberof under
lying principles.For instance suriacemetamorphosisould
consistof asequencef time slicesfrom afour-dimensional
manifold which optimizessomespace-timecriterial® Our
strat@y for objectmetamorphosiss basedon yet another
principle:shapemetamorphosis the processy which one
objectseekgo resemblenother! 32 This philosophyraises
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two questionsFirst, what is the metric by which we can
quantify the similarity of two objects?Secondwhatis the
procesdy which oneobjectseekdo optimizethatmetric?

5.1. Similarity Metric

In orderto createa very generaklgorithmfor metamorpho-
sis, we work with a very generalnotion of a surface.Con-
sideranopensetQa IR3,whichisthesourca)bject,anda
targetobjectQp IR®. ThesourceQa, is enclosedy asur
face o 0Qa, andlikewise g 0Qg. Werequirethatthe
objectshbe compactandlie in somefinite domainU IR3.
Notice that we do not requireary specificconnectiity or
topology which meansthat eachobjectcould consistof a
setof disconnectegieces(eachwith ary numberof holes)
all sittingin U.

We proposea very simple metric for comparingtwo
shapeghat maximizesthe volume sharedby the interiors
of thetwo objects Firstdefineaninside-outsidéunctionfor
thetaget,yg : IR® IR for Qg, suchthat

VB X 0 X B
Y8 X 0 x Qg (12)
VB X 0 otherwise

The inside-outsidgfunction yg canbe usedto quantify the
extentto which anintermediateobjectQt overlapswith the
target,Qg, with thevolumeintegral

Qe Ys X dx (13)
Q

Notice,thisintegral achie/esits maximum,

Qm amg rrg)ax Vs X dx (14)
t t

whenQm  Qg, becausén thatcasetheintegralincludesall

of the positive partsof yg andnoneof the negative parts.

We cancomputethefirst variationof this metric with re-
spectto Qt by notingthatincrementathangesn the object
shapecanbe expressedn termsof the surfacethatencloses
it:

Vs X dx

Va8 X dx (15)
Qt th Qt

y8 X € X N xdx

t
whereN : ¢ §istheunitsurfacenormal.Differentiating
with respectto € givesthe first variatior?3® with respectto
surfaceposition:

d vy X N X (16)

Usingthefirst variationfrom Equation16 anda hill climb-
ing stratgy, we obtainthe surfacemotion, definedfor each
surfacepoint, thatminimizesour similarity metric:

ds

& ys st Nst st t a7)
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This equatiorstateghateachpointonthesurface + moves
at eachtime stepdt in the direction of the surfacenormal
N st with astepsizeproportionato thevalueof thevalue
of theinside-outsiddunctionyg st atthepointlocation.

5.2. MetamorphosisStrategy

Thisformulationsuggests strategyy for shapenetamorpho-
sis: constructa family of objectsQ; (with a correspond-
ing t), with Qt; o Qa thatevolve accordingto a hill-
climbing stratgyy, andmaximize . If properlyinitialized
(i.e., all of the componentof Qp have someoverlapwith
Q) thenthe deformationwill seekthe global maximum,
whichis thetargetQg.

The intermediateshapescontainedin Q; depend, of
coursepnthechoiceof yg. yg shouldrewardshapeghatare
similar to thetamgetbut offsetby somesmall distance That
is yg shouldcarryinformationaboutthe shapeof thesurface
into 3D sothatshapegendto “look like” thetametasthey
get nearer This suggestghat a naturalchoiceof yg is the
signeddistancetransformof the tamgetsurface g or some
monotonicfunction thereof. Thus, if we let Dg : U IR
bethe signeddistanceransformyg x  f Dg x , where
f 0 Oandf a 0.Bytuningf onecancontroltheway
the metamorphosibehaeswhenintermediatesurfacesare
farfromthetaget.If f a  a, then t contractor expands
with amagnitudehatdepend®n the signeddistanceo the
tamget.

In orderto produceour morphingdeformationequation
we “plug” dst dt from Equation17 into Equation3b,
yielding

W gy st a8)

where we have usedthe fact that surface normal is unit
length,i.,e. N N 1. Notice,we have not chosera particu-
lar k, andthereforethis analysisappliesto everylevel setof
@. Thuswe aredescribingthe deformationof anembedded
family of surfacemodelseachof which evolvesaccordingo
thesameequation:

0 X
ot
Theparticularlevel setof interestis the onethatwe choose,

by constructiorof theinitial conditions,suchthatg x 0
k x A-

®X Yg X (19)

The completedeformationstratey is as follows. First,
initialize a volumesothatthe kth level setis approximately
alignedwith . For all of our work we will usethe zero-
setasthe level-setmodeland usethe distancevolumesde-
scribedin the previous sectionsfor initialization. We use
thisinitial modelto solve theinitial valueproblemgivenby
Equationl9, usingthe distancevolumeof the targetasthe
ys. We solwe this equatiorusingfinite forwarddifferenceg?

Contraction Expansion O\
I N\
e P
S~ / \
VUL T \
N ~ \
N o \~ %
// L Il\ 1
\\ Qto/\ N ,l
f N <
J/ S~
pd >
e 0 ¢
tn g Y:=0

Figure 7: Level setmetamorphosisone part of the source
modelcontractsto annihilationwhile theotherexpandauntil
it is equalto thetarget.

Whenthe modelis sufiiciently closeto thetamet(athresh-
old ontheRMS distancdo thetarget),theprocesstopsand
themetamorphosis complete.

5.3. Controlling the Mor ph

In orderfor our active level-setmodelto deformfrom one
surfaceinto anotherthe sourceandtargetobjectsmustover
lap. The objectsmay be interactvely positionedin orderto
produceaparticulamodelalignmentThesourceobjectwill

shrink in thoseareaswhereit is outsidethe target object,
andwill expandin thoseareasinside the target model, as
shawvn in Figure 7. Thus, the usercontrolsthe morph by
definingthe regionsof overlap betweerthe sourceandthe
target. Thisis accomplishedby applyinga coordinaterans-
formationwhich mapsthe voxel locationsof the sourceob-
jectinto new locationsin thetargetobjectsdistancevolume.
Thetransformations givenby

Xx Txa (20)

where0 a 1 parameterizesg continuousfamily of
transformationghat begins with identity, i.e.x T x 0,
and smoothly becomesghe userdefinedtransformationat
T x 1 . The parameterizatiors utilized duringthe polygo-
nizationstage Additional detailsaboutcontrolling the evo-
lution of themorphmaybefoundin BreenandWhitakers2,

5.4. Level-SetDeformation

Oncethe overlap of the sourceandtarget objectshasbeen
defined,the level-setdeformationprocessas describedn
Section5.2, is initiated. The processproducesa sequence
of volumedatasetshatrepresentshe morphingobject.The
userdefineshow oftenthelevel-setvolumeis writtento disk
duringthe deformatiorprocess.

(© TheEurographic#\ssociationandBlackwell Publisher2001.



Breen,Maud, Whitaler andMao/ 3D MetamorphosiBetweerDifferent Typesof GeometridViodels

5.5. Polygonizationand Rendering

In orderto view the morph, we extract a polygonaliso-

surface (with the Marching Cubesalgorithn#4) from each
volumeproducedy the level-setdeformationprocessThe

polygonsarerenderedo producea seriesof imageswhich

arethencombinedo produceananimation.Oncethelevel-

setmodelshave beenconvertedinto polygons,ary number
of conventionalrenderingandanimationtechniquesnay be

usedto shadeand view the morphingobject. If a shape-
changingtransformationT x a (e.g.,a scaling,or a gen-
eralizedwarp)hasbeenutilized duringthedeformatiorpro-

cessthetransformatiormustbeinterpolatecandincremen-
tally appliedto theresultingpolygonalmodelsgeneratedt

eachtime step.Applying sucha transformatiorimpliesthat
the morphis a combinationof the userdefinedtransforma-
tion andthelevel-setdeformation.

6. Results

Figures8, 9, 10 and 11 presentseveral framesof an an-
imation createdwith our morphingtechnique.They shav

a head originally defined with a polygonal model first

transforminginto a headdefinedby a CSG model, fol-

lowed by a transformationinto a head model extracted
from an MRI scan.The final sequencemorphsthe MRI

headback into the headdefinedby the polygonalmodel.
Quicktime movies of the animation can be found at
http://wwwgg.caltech.edu/david/eg_morph.htmlCompu-
tation times for the various componentsof our approach
rangefrom a few minutes(polygonalmodel scancorver

sionandlevel setsggmentation}o tensof minutes(level set
morphing)to several hours(CSG scanconversion,polygo-
nizationandrenderingon an SGI R100000nyx2.

7. Conclusion

We have presenteda powerful morphingtechniquebased
on level setmethodsthat canbe combinedwith a variety
of scanconversion/modelprocessingechniquesBringing
thesetechniquestogethercreatesa generalmorphing ap-
proachthat allows a userto morpha numberof geomet-
ric modeltypesin a single animation.We have developed
techniquedor converting several typesof geometricmod-
els (polygonalmeshesCSG modelsand MRI scans)into
distancevolumes the volumetricrepresentationequiredby
our level setmorphingapproachThe combinationof these
two capabilitiesallows a userto createa morphingsequence
regardlesof themodeltypeof thesourceandtargetobjects,
freeing him/herto usewhatever modeltype is appropriate
for aparticularanimation.
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Figure 9: Morphinga headdefinedwith a CSGmodelinto a headmodelextractedfroman MRI scan.

Figure 10: Morphinga headmodelextractedfroman MRI scaninto a headdefinedwith a polygonalmodel.
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Figure 11: Morphingbetweerdifferentheadsjnitially definedwith a polygonalmeshanda CSGmodel,andextractedfroman
MRI scan.
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