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Figure 1: A skeleton-driven meshdeformation. (a) A dragon model (100K triangles), its skeletal mesh (6K triangles), and control
points usedto producea global deformation of the skeletalmesh.(b) A fr ee-brm deformation of the skeletalmesh.(c) Reconstruction
of an approximate dragon model (6K triangles), from the deformed skeleton. (d): The nal deformation is obtainedby applying DSS
[18] to the approximate dragon model; coloring by meancurvature is usedfor a quality evaluation of the deformed mesh.

ABSTRACT

In this paper we proposea newv schemefor free-form skeleton-
driven global meshdeformations. First a VVoronoi-basedskeletal
meshis extractedfrom a given original mesh. Next the skeletal
meshis modi ed by free-formdeformationsThenadesiredglobal
shapedeformationis obtainedby reconstructinghe shapecorre-
spondingto the deformedskeletalmesh. We develop a meshfair-

ing procedureallowing usto avoid possibleglobal andlocal self-

intersectionof the reconstructeanesh.Finally, usinga displaced
subdvision surfacerepresentatiofil8] improvesthe speedandro-

bustnes®f our approach.
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1. INTRODUCTION

Localandglobalfree-formshapedeformatiortechniquesireim-
portantfor mary computergraphicsand shapemodelingapplica-
tions.

Permissionto make digital or hard copiesof all or part of this work for

personalor classroomuseis grantedwithout fee provided that copiesare
not madeor distributedfor pro t or commercialadvantageandthatcopies
bearthis noticeandthefull citationonthe rst page.To copy otherwiseto

republishto poston senersor to redistrituteto lists, requiresprior speci ¢

permissiorand/orafee.

SM'03,Junel6-20,2003,Seattle WashingtonlJSA.

Copyright 2003ACM 1-58113-706-0/03/0006.$5.00.

Multiresolutionmeshrepresentation6, 17,14, 16, 18] areof-
ten usedfor modelingglobal natural-lookingshapedeformations.
Recentlyskeleton-drvenglobalfree-formshapeleformationgren
muchattention19, 21,7, 6] becaus¢hey arewell-suitedfor large-
scaleshapedeformationsand,therefore canbe usedin numerous
applicationdn the computergameindustry

In this paper we develop a newv scheméor free-formskeleton-
driven global shapedeformations.Given a triangle meshapprox-
imating 3D shape, rst we build a Voronoi-basedskeletal mesh.
The skeletal meshinherits the connectiity of the original mesh
andthereis one-to-oneorrespondenceetweerthe verticesof the
original and skeletalmeshes.We usemeshevolutionsin orderto
improve the skeletalmesh. The original meshis thenrepresented
asthe setof displacementappliedto the verticesof theimproved
(smoothed¥skeletalmesh. The meshdeformationprocesds com-
bined from deformationsof the smoothedskeletal meshand the
displacementeld. We alsousemeshevolutionsto remove local
andglobal self-intersection®f the deformedmesh. Finally, since
our shaperepresentatiomesembleghe displacedsubdvision sur
faces[18], we enrichour meshdeformationapproachby a multi-
scaletechnique. Fig.1 above gives someimpressionon how our
approactworks.

Thebasic(andvery simple)ideaof our skeleton-basedpproach
to globalshapedeformationss sketchedn Fig. 2.
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Figure 2: Skeleton-basedshapedeformation.



Notice that usually a local shapedeformationcorrespondso a
skeletonbifurcation(branching)while a global shapedeformation
correspond#o skeletonbending,asseenin Fig. 3.
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Figure 3: Local vs. global shapedeformations. Left: local
shapedeformations usually producenew branchesof the skele-
ton. Right: skeleton bendings correspondto natural-looking
global shapedeformations.

Therestof thepapetis organizedasfollows. In Section2 we ex-
plain how to constructhe skeletalmesh.In Section3 we describe
our global skeleton-basedhapedeformationapproach.Section4
is devotedto combingour approachwith the DSStechnique[18].
We concludein Section5.

2. VORONOI-BASED SKELETAL MESH

A skeleton(medialaxis)of a gure is the closureof thosepoints
insidethe gure thathave morethanoneclosestpointamongthe
pointsof the boundaryof the gures. The skeletonwasoriginally
introducedby Blum [8, 9] for 2D shapesn orderto provide with
a symmetry-basedhaperepresentatiotior shapeperceptionand
recognitionpurposesin 3D, the skeletonhasbeenrecentlystudied
in connectiorwith aresearcton shapeorganization[13] andshape
manipulation22, 7, 6].

Given an orientedsurface, the skeleton can be also described
asthe setof singularitiesof the signeddistancefunctionfrom the
surface[4]. Thuswe distinguishtwo skeletonsof an orientedsur
facetheinnerskeletonandthe outerskeleton(oneof themmaybe
empty for example,for asurfaceboundinga corvex gure).

Figure 4: Left: a closed2D curve and its skeleton. Middle:
the skeletonis formed by the centersof all inner bitangent cir-
cles.Right: the skeletonis approximated by the verticesof the
Voronoidiagram generatedby points scattereddenselyover the
curve.

The skeletonof a gure is very sensitve to small perturbations
of the boundaryof the gure: small perturbationsof the bound-
ary mayresultin large change®f the skeletonstructure.Practical
extraction of the skeletonof a 3D shapeis usually basedon 3D
Voronoi diagramtechniqueq23, 2], seealsoreferencegherein.
Fig.4 presentsa 2D exampledemonstratinghow the skeletonof
a gure canbe approximatedoy Voronoi verticescorresponding
to pointsscatteredienselyover the boundaryof the gure. Fig.4
demonstratealsohow sensitie the skeletonof a gure is with re-
spectto smallperturbation®f the boundaryof the gure.

Recentlyseveral improvementsover the basictechniquedevel-
opedin [2] wereproposed3, 12,15]. For our needswe adaptthe
approachdevelopedvery recentlyin [15] whereit wasproposedo
approximatethe skeletonof a meshby a skeletalmeshhaving the
sameconnectvity asthe original mesh. The verticesof the skele-
tal mesharein one-to-onecorrespondencwith the verticesof the
original triangle meshandthe skeletal meshinherits the connec-
tivity of the original mesh. It allows for editing the skeletonby
standardneshprocessindools.

Given a meshM , our rst goalis to extract an approximate
skeletalmeshS suchthat

M = S+dN; (1)

whereN is the eld of unit meshnormalsde ned at the vertices
of M andd is the setof distancedrom the verticesof M to the
correspondingerticesof S alongN .

Relation(1) is the coreof our approach It allows usto editthe
original meshM via modifying its skeletal meshS. Below we
explain how to achieve arobustextractionof the skeletalmeshand
build relation(1).

Meshsmoothing Sincethe skeletonof a shapeapproximated
by a meshis very sensitve to the meshquality, we rst applythe
bilaplaciantangent o w [24] to the meshin orderto improve the
meshquality. If the step-sizeof the bilaplaciantangento w is suf-
ciently small,the o w keepsalmostdoesnot affect the meshge-
ometrywhile improving theaspecratiosof the meshtriangles.

Figure 5: Left: a cow meshand its inner skeleton, notice that
the skeleton intersects the cov mesh. Right: the cow mesh
improved by several iterations of the bilaplacian tangent o w
and its skeleton improved original cow meshvia 100 bilapla-
cian tangent o w providesa goodskeletonmesh.

This preprocessingtepimprovesdramaticallythe quality of the
skeleton,asdemonstrate¢h Fig.5. Theleft imageshovs anorigi-
nal cov meshandits inner skeletalmesh.The skeletalmeshinter-
sectghecow meshwhile thetrueskeletonis locatedinsidethecow
model. The conv meshin theright imageis improvedby severalit-
erationsof the bilaplaciantangento w. Theinnerskeletalmeshof
theimprovedcow meshprovideswith amuchbetterapproximation
of thetrue skeleton.

Extractionof skeletalmesh. Givenameshwe usetheQuick-
hull algorithm[5] to extractthe Voronoidiagramof the meshver-
tices. We estimatethe tangentplaneat eachmeshvertex anduse
themeshorientationin orderto distinguishtheinnerandoutersub-
setsof the Voronoivertices.We remove the outerVoronoivertices
and, in the caseof an openmesh,thoseinner verticeswhich are
locatedoutsidesomeboundingbox of themesh.



In contrastto [2], for eachmeshvertex we neglectits Voronoi
pole, the farthestVoronoivertex of the Voronoiregion containing
the meshvertex. In theory[1] the polesprovide a good approxi-
mation of the true skeletonif the original meshis denseenough.
However, accordingto our experiments the poleshave poor sta-
bility propertieswith respecto smallperturbationgdefects)of the
mesh. Although we do not achieze an accuratereconstructiorof
theskeleton stabilityis muchmoreimportantfor our purposeshan
accurag.

A pointcorrespondingo ameshvertex is computedasthearith-
meticmeanof theremainingVoronoiverticesof theVVoronoiregion
containingthe meshvertex. Thedisplacementl 2 d is computed
asdistancebetweenthe meshvertex andits correspondingpoint.
Thentheskeletonvertex correspondingo themeshvertex is found
asa point situatedon the normalat the meshvertex anddisplaced
on the distanced from the meshvertex. The normal at a mesh
vertex is computedasthe normalizedarea-weightingneanof the
normalsof the meshtrianglesincidentto the vertex.

Finally the obtainedsetof the skeletonverticesis equippedvith
the connectiity of the original mesh,asseenin Fig.6. Roughly
speakingwe do "vacuum-packing’of the original meshonto the
skeletongeneratedby averagedvoronoipoles.

Figure 6: Voronoi-basedskeletal mesh. Left: the mannequin
head model and its inner Voronoi vertices. Middle: the man-
nequin head mesh connectiity is usedto create the skeletal
mesh. Right: the skeletal mesh (skeleton) of the mannequin
headmodel.

3. BASIC MESH DEFORMATION PROCESS

Considera free-formdeformationof the skeletalmeshS. In our
implementationwe usea setof techniquesdevelopedin [25] al-
thoughotherfree-formmeshdeformationgechniquesanbe used
aswell. A directreconstructiorof a deformedmeshfrom the de-
formed skeletal meshaccordingto (1) may producesevere self-
intersection®f thedeformedmesh.Sowe useahomotoy method
[20] to decompos¢he deformationinto a sequencef L deforma-
tions connectinghe original skeletalmeshSy, = S anddeformed
skeletalmeshS, :

.S
Sj = SO + j LTSO: (2)
Now thecorrespondingleformation®f theoriginalmesharecom-
putedas

Mj =S +dNj 1; j=L2:L 3)
whereN g isthe eld of unitmeshnormalsforM = M ¢ andNj; is
the eld of unitmeshnormalsfor M ;. Thescalareld of displace-
mentsd is not changedduring the deformationsteps. According

to our numericalexperimentsthe decompositiorinto L = 3 steps
deliversa satishctorycombinationof quality andspeed.

3.1 Removing Folds and Protrusions

If alarge skeletondeformationis applied,see for instanceFig.
7, the resultingdeformedmeshM | may have somedefects,as

demonstrateih theleft imagesof Fig. 8. In thissectionwe explain
how to remore suchdefectsof the deformedmeshas folds and
protrusionsasseenin Fig.9. Onepossiblevayto avoid suchmesh
defectconsistof reconstructionhedeformedmeshM | fromthe
deformedskeletonS, astheervelopeof medialballs[3] centered
attheverticesof S, . Howeverit workswell only for densemeshes.
Sowe have chosera differentapproactbasecon meshevolutions.

Figure8: Left: zoomedparts of the deformed hand modelfrom
the right imageof Fig. 7. Right: xing meshdefectsby (4).

We considetthe following meshevolution

== 42M F V; M@0 =M_; (4)
wherethe negative bilaplacian 2 andforce V areusedfor
meshrelaxationandregularizationpurposesindforce F pushes
the evolving meshtowardsthe envelopeof the medialballs.

We approximatehe bilaplacianoperatoivia the bi-umbrellaop-
erator[17]. Theparameter > 0is notconstantLet usconsidera
meshvertex M andits neighborscomputethe umbrellaoperators
(vectors)for them,andcountthe numberof thoseneighborsvhose
umbrellavectorsform anobtuseanglewith the umbrellavectorat
M. Weassign = 0:25to M if thefractionthatobtuseanglesis



lessthan0:3. Otherwiseweset = OatM.

We wantto de ne the force F suchthat F ts the evolving
meshto the ervelopeof the medialballs. For eachtriangle T of
the deformedskeletalmeshlet us considerthe corvex hull of the
medial balls centeredat triangle vertices. A generalapproachto
computethe corvex hull of a setof spheresanbe foundin [10].
However, in our simplecase the corvex hull is computedanalyti-
cally: we usethe factthatthe corvex hull canbe computedasthe
ervelopof theballscenterednsidethetriangleandobtainecby the
trilinear interpolationof the balls centerecht the vertices. We de-
scribethe envelopasanimplicit function. Let usde ne afunction
w = E1 (P) atpointP asthevalueof theimplicit functionatP.
Now considera meshvertex M , the setof meshtrianglesincident

de ned by

[

X
F = =
(M) n.
j=1
whereT; is adeformedskeletalmeshtrianglecorrespondingo the
meshtrianglewith centroidC; . NoticethattheforceEr E attracts
theverticesto thezerolevel setof E.
TheforceV is de ned asthe projectionof thebilaplacianvector
ontheplaneorthogonako F

ETj (CJ )r ET] (CJ )1

FyF.
JFiTjFI

Fig.9 explainswhy ow (4) eliminatesmeshfolds and protru-
sions.
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Figure 9: Effect of (4). Force F pushesthe meshvertices to-

wards the ernvelopeof the medial balls. Two other forcesin the

right hand-sideof (4), tangential forceV and smoothingforce
4 2M , are usedto eliminate meshfolds and protrusions.

Therightimagesof Fig.8 demonstratexing defectsof the de-
formedhandmeshby (4).

3.2 Eliminating Global and Local Self-Inter-
sections

self-intersectionsas sketchedin Fig.10. The deformedmesh
still may have global and local self-intersectionsas sketchedin
Fig.10.

Global Self-Intersection

Local Self-Intersection

Figure 10: Global and local self-intersections.

Again we usea meshevolution approachin orderto eliminate
globalandlocal self-intersectionsf thedeformedmesh.Consider
avertex M = (x;y; z) of thedeformedmneshandits corresponding
vertex S = (sx; Sy;S;) of thedeformedskeleton.Let usde ne the
function

g6 YiziS) = (x s)°+(y 5)°+(z s) o
whered is the radiusof the medialball centeredat S. Now we
introducea functionf (x; y; z) whosezerolevel setapproximates
the ervelopeof the medialballs. Let us divide the boundingbox
(unitbox) uniformly into20 20 20voxelsGimn . Weset

Nimn (X y;2) = minfg(x;y;2;S) : S2 Gimn 95

wherethe minimum is taken over all skeletonverticesS thatbe-
longto thecell Gim:n . Thenf (x; y; z) is de ned for (x;y;z) 2
GI;m;n by

himn (X Y;2) 0f himn (XY;2) < 0;

f(xy;z) = min fhymn ;A 1m 10 19 Otherwise.

The meshevolution we useto eliminateglobal and local self-
intersectiongvolveseachmeshby

= fM)f(M) W43M): (5)

@
Here f (M )r f (M), the antigradientof %f 2 pusheghe mesh
verticestowardsthezerolevel setof f (X; y; z). TheweightW (M)
in (5) forameshvertex M 2 M is givenby

ifM)  g(M;S)]

W= ma T (M) o 9

wheresS is the skeletonvertex correspondingo meshvertex M .
Similar to (4) the bilaplaciantermin (5) makesthe ow more
stablewhile anothertermin the left hand-sideof (5) pushesthe
meshverticestowardsthe envelopeof the medialballs centerecdat
theverticesof thedeformedskeleton.
Mesh fairing with (4) and (5) is demonstratedn Fig.11 for a
large-scaledeformationof anellipsoid model.

Figure 11: Fairing global and local self-intersections.Top-left:
an ellipsoid, its skeletalmesh,and control points usedto deform
the skeletalmesh.Top-right: the ellipsoid is bendedvia a skele-
ton-baseddeformation. Bottom-left: folds and protrusionsare
removed by (4), however local and global self-intersectionsre-
main. Bottom-right: removing the self-intersectionsby (5).



Figure 12: Basicmeshdeformation process.(a) The original hand mesh,its skeletal mesh,and control points to be usedto deform
the skeletal mesh. (b) A deformed skeletal mesh. (c) Folds and protrusions are obsewed in the deformed mesh. (d) The folds
and protrusions are removed by (4); however global and local self-intersectionsare still presented. (e) The global and local self-

intersectionsare eliminated by (5).

3.3 Gathering All Together

Our basicmeshdeformationprocesss demonstrateéh Fig.12
Given a mesh, rst its Voronoi-basedskeletal meshis extracted.
Next afree-formdeformationis appliedto the skeletalmesh.Then
adeformedmeshis reconstructerom the deformedskeletalmesh
accordingo (1). Weemploy (2), (3) with L = 3 to producethede-
formedmesh.Finally meshfairing is applied. Meshevolution (4)
eliminatesfolds and protrusionsand meshevolution (5) removes
the self-intersections.

Figure 13: Removing self-intersectionsof the deformed hand
mesh from Fig.12(d). Left: various views at a zoomed part
of Fig. 12(d). Right: correspondingviews at the sameparts of
Fig. 12(e). The self-intersectionsare gone.

4. COMBINING WITH DISPLACED SUBDI-
VISION SURFACE REPRESENTATION

The mosttime consumingstepsof our basicmethodpresented
in previoussectionsarethosedescribedn subsection8.1and3.2.
For example,for the handmodelconsistingof 16K trianglesonly,
its deformatiorprocesseshavn in Fig. 13takesapproximatelyone
anda half minutesfor eliminatingself-intersectionsaboutsix sec-
ondsfor remaving folds andprotrusionsandlessthanonesecond
for all theotheroperationga Java3Dimplementatiorona 1.7GHz
Pentiumd computemwasused).In orderto performthedeformation
processn a matterof few secondsve combineit with a displaced
subdvision surfacerepresentatiofil8].

The displacedsubdvision surfacerepresentationDSS-rep,is a
compactsurfacerepresentatiocapturingsmall-scaledetailsof an
original surfaceasascalardisplacementld overadecimatedand
thensubdvidedsurface.

Givenadensamesh, rst we obtaina DSSrepresentatioof the
mesh: a decimatedmeshand a scalardisplacementeld. Then
we build our skeleton-basedepresentatioof the decimatednesh.
The decimatedmeshhas much fewer verticesthan the original
densemeshanddo not containsmall-scaledetails. This leadsto
fast and robust extraction of the Voronoi-basedskeleton for the
decimatedmesh. Moreover DSS-repprotects ne geometryfea-
turesof theoriginal meshfrom beingdamagedy meshevolutions
(4) and(5). Themeshdeformatiorprocesss now organizedasfol-
lows: afree-fromdeformations appliedto theskeletonof thedeci-
matedmeshandimpliesa deformatiorof thedecimatednesh.The
deformedmeshis then subdvided and, nally, a deformationof
the original densemeshis obtainedfrom the subdvided deformed
meshby addingthe scalardisplacementeld.

To demonstratéow the above combinationof DSS-repandthe
skeleton-drven meshdeformationapproachdescribedn previous
sectionsvorkswe usedthedragonmannequirhead cow, andhand
models.Themodelsareremeshedtopologicalnoiseremoval, dec-
imation,subdvision)in orderto improve their quality. SeeFigures
1,14,15,and16 for theresults.Coloring by the meancurvatureis
usedfor a quality evaluationof the deformedmodels.



Figure 14: Skeleton-baseddeformations enriched by DSS:the
cow model consistsof 45K triangles while its skeletal meshhas
3K triangles only.

Figure 15: Another global deformation of the cow model.

In theseexamples,the whole meshdeformationprocesstakes
only afew secondsvithouttakinginto accountomputingthe DSS
representation.In our currentimplementation,we computethe
DSSrepresentatiowithoutits mostcomputationallyexpensve op-
timization step[18]. BesidesDSS-rephasto be computedonly
once.

Figure 16: Skeleton-baseddeformations enriched by DSS:the
hand model has 38K triangles while its skeletal mesh consists
of 2K triangles only.

5. CONCLUSION

In this paper we have developeda nen approachto free-from
skeleton-basedheshdeformations Usingthe skeletonasthe base
of our techniqueallows usto generatenatural-lookinglarge-scale
meshdeformations.The main featuresof our approachareusing
Voronoi-basedkeletalmesh,applyingmeshevolutionsfor skele-
tonfairing, andcombiningskeleton-basetheshdeformationswith
the DSSmeshrepresentatiompproach.All this makesit possible
to produceglobalmeshdeformationf satishctoryquality.

To evolve a meshaccordingto (4) and (5) we employ a sim-
ple explicit nite-dif ferenceapproximation. Betterresultscanbe
achievedif a semi-implicitapproximatiorsimilar to thatproposed
in [11] is used.

It turnsourthatastabilityin extractionof themedialaxis(skele-
ton) is moreimportantfor our methodthanan approximationac-
curag. Thisis why we do not build our skeletonfrom the VVoronoi
polesintroducedandeffectively usedfor meshreconstructiorpur
posesin [2, 1]. Instead following ideasof [12], we approximate
the skeletonby linearcombinationf Voronoivertices.



As demonstratedour skeleton-basedpproachworks well for
deformingobjectscomposef elongatedparts. Theapproachas
limitations in processingbjectsof spherical-lile shapedecause
their skeletonsareusuallyvery complex. Anotherlimitation of our
methodconsistdn deformingmodelswith sharpedgesandcorners
sincethe meshevolutions(4) and(5) may destry the meshsharp
featuresFinally
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