EUROGRAPHICS'99 / P. BrunetandR. Scopigno
(GuestEditors)

\olumel18 (1999, Number3

A Shrink Wrapping Approach
to Remeshing Polygonal Surfaces

Leif P. Kobbelt JensVorsatz

Ulf Labsik Hans-PeteBeidel

ComputerGraphicsGroup
Max-Planck-Institufir Informatik
Im Stadtvald, 66123Saarbriickn, Germary

Abstract

Dueto their simplicityandflexibility, polygonalmeshesre aboutto becomehe standad representatiorfor sur-
facegeometryin computemgraphicsapplications Somealgorithmsin thecontext of multiresolutiorrepresentation
andmodelingcanbe performedmud more efiicientlyandrobustlyif theunderlyingsurfacetesselationfiavethe
specialsubdivisionconnectivity In this paper we proposea new algorithm for corverting a givenunstructued
triangle meshinto onehavingsubdivisionconnectivity Thebasicideais to simulatethe shrinkwrappingprocess
by adaptingthe deformablesurfacetechniqueknownfromimage processing Theresultingalgorithm geneates
subdivisionconnectivitymeshesvhosebasemeshesnly havea very small numberof triangles. The iterative
optimizationprocesghat distributesthe meshverticesover the givensurfacegeometryguaranteedow local dis-
tortion of thetriangular faces e showseveral examplesaandapplicationsincludingtheprogressivetransmission

of subdivisionsurfaces.

1. Introduction

Unstructuredriangle meshesarethe mostversatilesurface
representatiorin computergraphicssincethey enablethe
descriptionof surfaceswith arbitrary shapeand topology
without having to obsere complicatedcompatibility con-
ditions known from surfacepatchingbasedon splines”- 12,
The genuinelynon-smooticharacteristicef piecavise pla-
narsurfacescanbereducedy refining the tesselatioruntil
a prescribedangletolerancebetweenadjacenttrianglesis
reachedThe prohibitive compleity of highly detailedtri-
anglemeshescanbe controlledby introducinga hierarchi-
cal level-of-detaildecompositiorbasedon the intermediate
resultsof ameshdecimationalgorithm? 26.24 11,8, 17,

However, especiallyin the context of multiresolutionrep-
resentationrand modeling, mary algorithmsrequirea spe-
cific structureof the meshespnamelysubdivisionconnectiv-
ity. This speciatypeof meshconnectvity is generatedby it-
eratively applyingauniformsubdvision operatotto acoarse
basemeshSy. Theuniformity of therefinemenbperatoim-
plies thatthe resultingmeshis piecavise regular, i.e., each
submeshwhich topologicallyemegesfrom onesingletri-
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angleof thebasemeshhasthe connectiity of aregulargrid
(cf. Fig. 1).

In this paper we presenta nev methodfor corverting a
given meshwith arbitrary connectiity into one with sub-
division connectiity. The benefitsfrom this conversionare
manifold. The primary advantageof subdvision connecti-
ity meshess thedirectavailability of multiresolutionseman-
tics sincethe differentrefinementevels provide the dyadic
levels of detail which enablethe generalizatiorof wavelet
techniquego parameterisurfaces?® 2527.35, Moreover, the
remeshingprocedureis equivalentto constructinga global
parameterizationf the given surfaceover a polyhedralpa-
rameterdomain. Hence, the result provides the basisfor
mary computergraphicsand engineeringalgorithmslike
texturing and milling pathgenerationln the resultsection
wewill presentanotheiinterestingapplicationin the context
of progressie transmissiorof surfacegeometry

The paperis organizedasfollows. After properly defin-
ing theremeshingroblemin Section2 anddiscussingsome
previouswork in Section3, we explain the basicprinciple of
thealgorithmin Sectiord. We thenidentify thecentralprob-
lemswith thestraightforwardapproachn Sections andpro-



Kobbeltet. al. / RemeshingolygonalSurfaces

//n ians h’f’éﬂv‘g@i\v‘b\
4 PO NS
A e S A
00 (A
ITLTETATAY Vi, viaYaVav, v A% vay, )
R e
!
\ v PV 8 YAV vy s s
o A A A
R0 e
N O S
A < VAVAVES »;.«»Y:‘wgyﬂl% 7
S avavava 4 R
oo
—

Figure 1: Mesheswith subdivisionconnectivityare geneatedby uniformly subdividinga coarsebasemeshSy. Ontherefined
meshesm wecaneasilyidentifyregular submesheubdvision patchepwhich topolagically correspondo onesingletriangle

of thebasemeshSy (right).

posesolutionswhich extendthe basicschemen two ways:
In Section6 atechniquéor findinganappropriatdoasemesh
with a rathersmall numberof trianglesis describedandin
Section7 we explain how to make the basicalgorithmnu-
merically morestable. Finally in Section8 we illustratethe
effectivenesof our algorithmby severalexamplemeshes.

2. Remeshing requirements

We startby fixing the notation.Let an arbitrary (manifold)
trianglemeshM be given which representshe genus-zero
surfaceof ageometricnodel. Thetaskof remeshinghein-
putdataM meando find a sequencef meshesSy,...,Sm
suchthateachS;,1 emepgesfrom S; by theapplicationof a
uniform subdvision operatorwhich performsa 1-to-4 split
oneverytriangularfaceof S; (cf. Fig. 1). SincetheS; should
be differently detailedapproximationsof M, the vertices
p € Si have to lie on the continuousgeometryof M but
they notnecessarilhave to coincidewith M’s vertices.We
allow but do not requirethatthe verticesof S; area subset
of Si11’s vertices(interpolatory/ non-interpolatorysubdi-
vision).

In general,it would be enoughto generatethe mesh
Sm sincethe coarserlevels of detail Sj can be extracted
by subsamplingNeverthelessbuilding the whole sequence
So,---,Sm from coarseto fine oftenleadsto moreefficient
multi-level algorithms.

Thespecialconnectiity of Sm givesriseto a partitioning
into regular submesheg¢subdivisionpattheg consistingof
4™ triangles.Eachsubdvision patch7j € Sm corresponds
to onetriangleT; of thebasemeshS, andcanbeparameter
izednaturallyby assigninglyadicbarycentriccoordinateso
theverticesof 7j. Combiningthelocal parameterizationsf
the subdvision patchegyields a global parameterizatioffor
Sm overthepolyhedralparametedomainSo.

The quality of a subdvision connectiity meshis mea-
suredin two differentaspectsFirst, we wantthe above pa-
rameterizatiorwhich mapspoints from the basemeshSy
to the correspondingpointson Sm to be closeto isometric,

i.e.,thelocal distortion of the trianglesshouldbe smalland
evenly distributedover eachpatch.To achieve this, it is nec-
essarnyto adaptheshapeof thetrianglesin thebasemeshSg
carefully to the shapeof the correspondingurface patches
in thegivenmeshM.
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Figure 2: Minimizing the distortion of the mapfrom Sy to
Sm. Ontheleft, thedistortionis minimizedwithin eac base
triangle while on theright the distortion contiol is extended
acrossthebaseedges.

As mentionedin 19, distortion control can be extended
acrosstheedgef the original basemesh(cf. Fig. 2). While
this leadsto an improved visual appearanc®f the mesh
structure|it is shavn in 16 that the mathematicafuality in
termsof parametridistortionis not necessarilymproved.

The secondquality requirementratesthe basemeshSg
itself accordingto the usual quality criteria for triangle
meshesij.e., uniform size and aspectratio of the basetri-
angles.

While generalpurposemeshgenerationand meshdeci-
mationalgorithmstypically adaptthe size of the triangular
facesto the local cunatureof the underlyingsurface,one
hasto follow a differentconceptin the context of multireso-
lution representationandmodeling.In orderto have aclear
relationbetweerthe sizeof a geometricfeatureandthe re-
spectve subdvisionlevel S; onwhichit isintroducedduring
refinemen{(space-fequencyocalization), it is morereason-
able(to try) to malke all trianglesfrom the samerefinement
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level to have the samesize.Adaptionto the local cunature
canthenbeachieved by selectvely refiningthe meshwith a
red-greertriangulationstrateyy 3% 32, i.e. we locally switch
to higherrefinementevelsinsteadof adaptinghesizeof the
trianglesonthe samelevel (cf. Fig. 3).

Figure 3: Two different stratggies for adaptingthe size of
thetrianglesto somdocal refinementriterion. Left: thetri-

angle sizeis continuouslyadaptedwithout classifyingthe
verticesaccoding to their respectivdevel of detail. Right:
Adaptionis achievedby locally switching the (discrete) re-
finementevel. Thesurfacegapsresultingfrom T-verticesat
edgeswheee trianglesfrom differentrefinementevelsmeet,
are fixedby red-geentriangulation.

Sincethe shapeof the trianglesin the basemeshdeter
minesthe global parameterizatiomwith respecto which the
multiresolutiondecompositioris defined,the notion of uni-
formity (inherentto all subdvision basedmultiresolution
representationdgy bestemulatedby equalizingthe sizesof
the basetriangles.This is quite differentfrom the general
settingof the surfacetesselatioproblemwherethedistribu-
tion of theverticesis usuallydrivenby thelocal approxima-
tion errorin orderto minimize thetotal numberof triangles
while meetinga prescribedolerance.

In orderto satisfy both quality criteria (low local distor
tion anduniformtrianglesize),aremeshinglgorithmhasto
startby finding a fairly regularbasemeshSg suchthateach
subdvision patch7j € Sm hasapproximatelythe samesur
faceareaThisguaranteesqualvertex densityontherefined
meshand hencea uniform samplingdensityof the original
geometryIn termsof surfaceparameterizatioit meanghat
thelocal stretchingandcontractings boundedsincethe pa-
rametettriangleshave similarareasaswell. Whenuniformly
subdviding the basemeshSy, the local distortion can be
further minimized by applying a relaxationoperatorwhich
tendsto locally equalizethe lengthof the edgesandthe an-
glesbetweerthem(e.g.Laplacesmoothing?®, Umbrellaal-
gorithm18),

3. Previouswork

In ¢ aremeshingalgorithmis proposedvhich startsby plac-
ing the verticesof the basemeshSg randomlyon the in-
putmeshM. Theirlocal densityandthe connectiity of the
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basemeshSy is controlledby growing geodesicvoronoi-
tiles aroundeachvertex. This guarenteethatthe basemesh
is optimalwith respecto the globaldistribution sinceall tri-
anglesof the basemeshcover approximatelythe samearea
elementof the given surface. The parameterizationvithin
eachtriangleof thebasemeshis foundby solvingadiscrete
optimizationproblemin orderto minimize the local distor
tion. Theresultingparameterizatiors optimalfor eachbase
trianglebut not smoothacrosgsheboundarybetweersurface
patcheswvhich belongto adjacentbasetriangles.The actual
remeshings doneby uniformly samplingthe obtainedpa-
rameterizatiorat the dyadicbarycentriccoordinate®n each
basetriangle.

In 19 the basemeshis found by applyinga meshdecima-
tion algorithmto the original mesh.This providesmorecon-
trol onthegeneratiorof thebasemeshsincefeaturdinescan
betakeninto consideratiormndlocal cunatureestimatesan
beusedto determineregionswheremoreor lessverticesare
removed.An initial parameterizatiors constructedby incre-
mentallyprojectingtheremovedverticesontotheremaining
coarsemesh.This parameterizations, again,not globally
smoothbut only locally within eachpatch corresponding
to one basetriangle. The actualremeshingis not done by
directly samplingthe initial parameterizatiomt the dyadic
barycentricparametevaluesbut an additional smoothing
stepbasedn avariantof Loop’s subdvision schemes used
to shift the samplingsiteswithin the parametedomain.

In both algorithmsthe surfacesamplingis doneby solv-
ing the point location problemfor the barycentriccoordi-
natesn thebasdrianglesandthenfindingthecorresponding
point on the original mesh.In somesenseboth algorithms
are more generalthanthe shrink wrappingapproachsince
they canprocessneshewith non-zerogenus.

4. Shrink wrapping

The physicalmodelbehindour algorithmfor remeshingar-
bitrary triangle meshess the processof shrink wrapping
wherea plasticmembranés wrappedaroundan objectand
shrunkeither by heatingthe materialor by evacuatingair
fromthespacednbetweerthemembranendtheobjectssur
face.At the endof this processthe plasticskin providesan
exactimprint of the givengeometry

To simluatetheshrinkwrappingprocessyve approximate
the plasticmembraneby a triangle meshSm with subdvi-
sion connectvity. During the processeachvertex is moved
accordingo aforceappliedto it. Theforceis acombination
of two componentsOne components pulling eachvertex
in the direction of the given surface (attracting force) and
theothercomponents pushingthe verticesin orderto min-
imize the local distortionenegy within the membrandgre-
laxing force). Therelaxingforce supportghedistribution of
the verticesover the surface.Without this internalforce lo-
cal clusteringof verticesand self-intersection®f the mesh
(folding) couldnotbe prevented.
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The proposedapproachs very similar to the conceptof
snales or deformablesurfacesknown in imageprocessing
and computervision 31423293022 Thesetechniquesare
usedto extract contoursfrom two- and three-dimensional
imagedataby optimizing the shapeof a polygonor atrian-
glemesh.Theoptimizationis controlledby aninternalstabi-
lizationforce (bendingenegy minimization)andanexternal
force pulling the verticestowardsthe contour The external
forceis usuallyderived from the gradientinformationin the
underlyingtwo- or three-dimensionaicalarfield.

We could easily adaptthe deformablesurface approach
to our specificsettingby voxelizing the given object13 33,
i.e. by samplingits characteristidunctionon athreedimen-
sionalcartesiargrid. However, this methodis not appropri-
ateheredueto theinsuficientspatialresolution As thequal-
ity requirements$or theremeshingrocedurereratherhigh
in termsof geometrictolerancewe cannotapproximatehe
givengeometnby aniso-suricecontourof a piecavisetri-
linearscalarfield.

We thereforesuggesto replacethe attractingforce by a
projectionoperatorP which mapseachvertex of the shrink-
ing meshSm onto the closestpoint of the given geometry
M. This operatothasa similar effectonthevertex positions
like imposingan attractingforce but the verticesareplaced
exactly onthetamgetsurfaceandnot only nearby

The projectionis computedby shootingraysin normal
directionfrom themeshSm andcomputingtheintersections
with M. We canuseaspaceartitiontechniqueknown from
ray-tracing® to considerablyacceleratehis step.

Fortheinternalrelaxingforcewe usethedensityweighted
umbrellaoperatorU 18 which iteratively minimizesthe sur
faceareaof the mesh(membraneenegy) by updatingeach
vertex p accordingto

a n—1
p « (l-o)p+ — d;qj 1)
( ) Yidj j;) J]

with n beingthevalenceof thevertex p andqp, . . .,qn_1 de-
notingits adjacenneighbordn Sm. Thedensitycoeficients
dj aresetto the averagelengthof the edgesemanatingrom
qj respectrely. Theeffectof thedensityweightsis thatclus-
teringis preventedmoreeffectively andthe vertex distribu-
tion is performedmoreaggressiely. The dampingfactoris
initially setto o = 3.

Thealgorithmthatsimulateghe shrinkwrappingis anit-
eratve processwvherewe alternatethe P operatorandthe U
operatori.e., we alternateprojectionontothe tarmgetsurface
M andrelaxingthemesh By slowly fadingouttherelaxing
force(a — 0) from oneiterationto thenext, we guaranteef-
fective vertex distribution during thefirst stepsandeventual
corvergenceof theverticesto locationson M afterwards.

The iterative shrinking algorithmcanbe greatlyacceler

atedby usinga multi-level approach? 18 for solvingtheun-
derlying optimizationproblem:Insteadof immediatelypro-
jecting and relaxing the meshSm, we first apply the al-
gorithmto anintermediatemeshsS; with lower resolution.
Oncetheschemeconverges(on theith refinementevel), we
subdvide the meshS; — Sj1 andcontinuethe P/U iter-
ationon Sj1. The advantageof the multi-level stratey is
thatwe canfind coarseapproximationsvith meshe®f mod-
eratecompleity (wherethe computationatostsof P andU
arelow). Whenwe eventually switch to higherrefinement
levels, the currentstartingmeshis alreadycloseto thefinal
solutionand only few additionaliteration stepsare neces-
sary

5. Problems

The simple meshfitting schemeexplainedin the last sec-
tion works very effectively on simple surfaces However, it
doesnot generatereasonableesultson more complicated
objects.Onereasonfor the occurringmeshartifactscanbe
foundby observinghebehaior of realshrinkwrappingma-
terial. In fact, mostpackagesnadeby this techniquesuffer
from severewrinkles. Mathematicallythis effect canbe ex-
plainedby the fact that the object’s surfaceandthe plastic
membranéhave ratherdifferentsurfacemetrics?, i.e., their
first fundamentaformsdiffer significantly Hence whenfit-
ting themembranethereareregionswheretheplastichasto
be stretchedxtremelyandregionswherethereis too much
materialand hencecreasesre generatedrom superfluous
material.

Ontheshrunksubdvision connectity meshSm we have
the samedifficulties with the differentsurfacemetrics.The
strong stretchingin someregions resultsin significantly
larger trianglesand in regions with relatively high vertex
density we canobsere creaseandripples(cf. Fig. 4). As
explainedin Sect.2 we haveto adapthebasemeshS tothe
shapeof M in orderto avoid theseartifactssinceextreme
stretchingand folding (contraction)canonly be avoided if
all surfacepatchesT7j correspondingo the trianglesT; of
thebasemeshSy have approximatelythe samearea.

Another severe problem with the projection/smoothing
approachs the phenomenorthat projectionalgorithmscan
fail or atleastproducecounterintuitive resultsif the shape
of the startingmeshandthe shapeof thetargetmesharetoo
differentfrom eachother This is causedy the factthatin
this casethe normalvectorsof the startingmeshmight not
intersectwith the targetmesh.In orderto derive arobustal-
gorithmfor the remeshingwe have to constructgoodstart-
ing configurationawhich are sufficiently closeto the origi-
nal geometryM suchthatthe projectionoperatobecomes
well-definedandstable.

In the next two sections,we presentsolutionsfor these
problemswhichextendthebasicshrinkwrappingalgorithm.
Thekey ideais to find a parameterizatioof thegivenmodel

(© TheEurographicsAssociationandBlackwell Publishers1999.
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Figure 4: Behindthe ears of the Stanfod bunnyis a concaveregion where excessmaterial causeswrinklesin the shrinking
membane Adaptingthe basemeshSy to the surfacemetric of the givenmeshM remavesthis artifact. (Fromleft to right:

original meshnon-adaptednembaneg adaptednembane)

over theunit spherelnsteadof usingthe originalmodel,the
necessaryperationsfor the shrink wrapping can then be
performedonthe spherewhichis easiersincethe projection
operator® becomedrivial.

6. Constructing the base mesh

The processof "customtayloring” the initial meshSq for

a givengeometryM requiresto find a coarsetriangulation
which partitionsthe mesh M into triangular patcheswith

equalsurfacearea.This guaranteesn approximatelycon-
stantstretchingfactorfor themapSgy — Sm.

While thetechniquegproposedn 619 operatedirectly on
the given triangle mesh.M, we solve this problemby first
computingaparameterizatiofor M overaboundingsphee
(cf. Fig. 5). Thiswill male it easielto controlthe numberof
trianglesin thebasemeshSy whichwewantto keepassmall
aspossibleA collectionof algorithmshow to computealow
distortion projectionmap from an arbitrary genus-zerab-
jectto aboundingspherecanbefoundin 15. The basicidea
of thesealgorithmsis to let the objectgrow towardsits con-
vex hull andthenprojectit directly ontothe sphereWithout
lossof generality we canassumehe boundingsphereo be
theunit sphere.

In our implementatiorwe usea variation of this princi-
ple. Wefirst computeavoxelizationof thegivenmodel.The
gradientof the correspondingrolumetric distancefunction
is thenusedto guidethe verticesof the given meshtowards
a corvex configuration.This processcan be consideredas
somekind of "inverse”deformablesurfacetechnique.

A parameterizatiorF of the mesh.M over a bounding
sphereis given by projectingevery vertex p € M onto a
point p’ on the sphere.Using the connectiity of M, the
pointsp’ definea sphericalmeshM’ wherethe edgesare
replacedby circular arcs. Evaluatingthe parameterization
F at somepoint g’ on the sphererequiresto first find that
sphericaltriangle A’ (A, B',C") of M’ which containsg’.
Theprojectiond’ of g ontothecorrespondinglanetriangle

(© TheEurographicsAssociationandBlackwell Publishers1999.

A(A',B',C") canbeexpressedn barycentriccoordinates
§ = aA'+BB +yC', a+P+y=1

Applyingthesameébarycentriccombinatiorto theassociated
verticesA, B, andC of theoriginalmeshM finally yieldsthe
functionvalueq = F(q') € M.

In orderto male the parameterizationvell-defined,it is
necessaryo guaranteehat the projectionoperatorm —
M’ doesnotflip ary triangles.Moreover, for numericalro-
bustnessof the evaluation routine, the projection method
shouldboundthe aspecratio of thetrianglesin M.

Once we have the parameterizatiorover the bounding
spherewe constructthe basemeshSg. Our primary goal
is to usea minimum numberof triangles.We startwith a
fairly regularcornvex polyhedronC whoseverticeslie onthe
spherge.g.anicosahedron)Thesggmentatiorof thesphere
inducedby the correspondingsphericalpolyhedronC’ par
titions the trianglesof M’ into disjoint subsetsFor eachof
thesesubsetsye sumup the surfaceareaof the associated
originaltrianglesin M = F(M'). By thiswe assigranesti-
matedsurfaceareato every sphericakriangle(to every cell)
inC'.

We canevaluatethe parameterizatiofr atthe verticesof
C to obtainthe basemeshSy = F(C). The surfaceareasas-
sociatedwith the cells of C thenprovide goodestimatedor
the surfaceareasof the subdvision patchesassociatedvith
the correspondindpasetriangleof So.

Sincethe basetrianglesof Sp arelarge comparedo the
trianglesof M, we can neglect thosetriangleswhich are
mappedntooneof theedgeggreatcircles)of thespherical
polyhedrorc’.

We perform a simple optimizationprocedurewhich ap-
plies relaxationand split operationsto C. The goal of the
relaxationis to move the verticesin orderto equalizethe
surfaceareasassociatedvith eachcell. The split operation
supportsthis egalizationby introducingnew verticesin re-
gionswith high surfaceareapercell.
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Figure 5: An arbitrary genus-zes triangle meshM can be parameterizedver the sphee by projectingits vertices.Since
bothmeshe$avethe sameconnectivityit is easyto establisha one-to-onecorrespondencbetweerthe continuoussurfacesy

barycentricparameterizatiorof thetriangles.

The relaxationoperatoris a variantof the weightedum-
brellaoperator(1). In this casethedensityd of avertex p in
themeshC is setto the sumof the surfaceareasassociated
with its adjacentcells. Performingseveral iterationsof (1)
quickly convergesto a stableconfigurationwith all surface
areaseingapproximatelyequal. Theparameten actslikea
dampingfactorto preventdegenerateonfigurationsNotice
thattheverticesof C haveto be projectedbackto thebound-
ing sphereafter every relaxationstepandsurfaceareasper
cell have to berecomputed.

If thesurfaceareavariesdrasticallyamongthecellsin the
initial meshC, theresultof therelaxationcanhave strongly
distortedtriangles.To avoid thesewe applyasplit operation
when the varianceof the associatedareasis too big. The
following heuristicleadsto satishictoryresults:We pick that
edgefor which the sumof the areasassociatedvith its two
adjacentcellsis a maximum.Insertingthe midpoint of that
edgetriggersa bisectionof thetwo adjacentellsandhence
generate$our cellswith smallersurfacearea.

After several stepsof this procedureve have a spherical
polyhedronC’ on the boundingspheresuch that the sub-
meshesof M which are associatedvith the facesof the
correspondingasemeshSg = F(C') accordingto the pa-
rameterizatiorF : M’ — M have approximatelythe same
size.The basemeshSy is thenusedasthe initial meshfor
themulti-level shrinkwrapping,i.e.,thealternatedensityre-
laxation,projection,anduniform subdvision.

7. Stable projection

The seconddifficulty that madeour primitive shrink wrap-
ping algorithmfail on complicatednodelsis the projection
of the verticesof Sm (or S; during the multi-level shrink
wrapping)onto.M. Thisprojectionfailsif theshape®f both
meshesre too differentfrom eachothersuchthat normal
raysof §; do notintersectwith M. To avoid suchproblems

we have to find good startingshapedor the meshesS; in
orderto make the projectionsave.

We do this by exploiting the sphereparameterization
F: M' — M of the input meshM that we alreadyused
for thegeneratiorof thebasemeshSy. Sincetheverticesof
all intermediataneshesS; lie onthesurface M, they inherit
M'’s sphergparameterization auniqueway: For eachver
tex p € S; wefind the correspondingpoint p’ onthebound-
ing sphereby first representing in barycentriccoordinates
with respecto a triangle A (A, B,C) of M andthenapply-
ing the samebarycentriccombinationto the corresponding
triangle A (A, B',C") of M'.

Letp beavertex of Sj andqpo, . . ., gn—1 its adjacenheigh-
bors.By samplingthe sphereparameterizationf M we ob-
tain the correspondingre-imagep’ andqg, - - ., qh_1.

The reasonfor the instability of the smooth/projecitit-
erationis that after applying the umbrellarule (1) the re-
projectionof the updatedvertex p may fail. We avoid this
problemby derving a modifiedumbrellarule which is ap-
plied to the pre-imagesnstead.The projectionof the up-
datedpre-imagep’ backonto the boundingsphereis trival
and always works correctly Finally, evaluatingthe sphere
parameterizatiorr at the resultinglocation yields the up-
datedpositionp which automaticallylies on the surfaceof
M. Hence py doingtherelaxationstepin the parametedo-
main M’, we solve the problemof relaxing the meshsS;
while keepingthe verticeson the geometryof M in amore
elggantfashion.

It is obviousthatthe quality of the relaxationstepin the
parametedomainstrongly dependsn the distortionof the
mapM’ — M. With thetechniqueproposedn 15 we min-
imize this distortion but we still have to solve the problem
that the metric of the given surface M and its bounding
spherediffer considerablyTo copewith this situation,we
modify the umbrellarule suchthat the weight coeficients

(© TheEurographicsAssociationandBlackwell Publishers1999.



Kobbeltet. al. / RemeshindolygonalSurfaces

reflectthe surfacemetricon M while it is appliedto points
onM'.

Therearetwo differentwaysto accomplistthis. Thefirst
techniquehasalreadybeenusedfor thegeneratiorof theop-
timized basemeshSy in the last section.We usea density
weightedumbrellarelaxationwherethe densitycoeficients
for eachvertex arefoundby summingup the associatedur
faceareador all adjacentriangles.

As the verticesare maving on the boundingsphere the
associateduriaceareashave to be recomputedafter every
iteration.In Sect.6 the areaestimationhasbeensimplified
by ignoringthosetrianglesof M’ whichareintersectedy a
cell boundaryof F~1(Sp). This simplificationis acceptable
aslong asthe cells are large comparedto the size of the
individual triangles.However for higherrefinementevels,
it may occurthat somecells of Ffl(si) areempty If this
happenswe switchto thesecondelaxationtechniquevhich
is still a variantof the densityweightedumbrellabut now
the densityvaluesd are simply obtainedby computingthe
averageedgelengths||F(p') —F(q')|| ontheoriginal surface
M (justlikein (1).

With this modified relaxing rule, we can distribute the
meshverticesp’ on the boundingspherewhile in fact us-
ing the surface metric of the original input mesh.M. The
overall procedurdor computingthemeshSn is describedn
Sect.4 asa multi-level processvherewe startwith theini-
tial basemeshSy. We subdvide to obtainS1 and perform
alternateprojectionand smoothinguntil we reacha stable
configurationThenwe subdvide againto go to the next re-
finementlevel. In general,we usetheresultfrom level i to
find agoodstartingmeshfor level i + 1. Thisacceleratethe
corvergencesince much fewer iterationsare necessaryon
eachlevel.

As the projection onto the meshworks savely only for
higher refinementlevels (where original geometryM and
remeshedyeometryS; are suficiently close),we usethe
modifiedrelaxingrule for the lower levels. Hence,we per
form theshrinkwrappingonthemeshessy, ..., S in thepa-
rameterdomainM’. Oncetheapproximatioris tight enough
to male the projectiononto M stable,we switchto S; and
proceedwith Si,...,S8monM.

In our experimentswe foundthe decisionrwhento switch
from the relaxingin the parametedomainto the relaxing
onthe original geometryratherdifficult andstronglydepen-
denton the actualmodel. The two relevant criteria are that
we shouldnot switchtoo earlyto avoid wrongprojectionbut
we alsoshouldnot switch too late sinceotherwisethefinal
meshquality is not optimal or hasto beimprovedby alarge
numberof relaxing steps.This diminishesthe performance
gain of the multi-level stratgy. The reasonfor this behar-
ior is thatthe metricin 3-spaceandthe simulatedmetricin
the parameteidomainare similar but not exactly identical
andhencethe relaxationon the boundingsphereis a good
approximatiorof the original operatorbut not optimal.

(© TheEurographicsAssociationandBlackwell Publishers1999.

8. Results

Weimplementedheremeshingchemeandappliedit to ses-

eralpolygonalmodels.Theresultsareshavn in the Figs.6—
8. Noticethe extremly smallnumberof trianglesin thebase
mesh.This is achieved by the optimizationtechniquede-
scribedin Sect.6.

8.1. Progressive transmission

With theincreasingmportanceof distributeddatabasesthe
needfor effective algorithmswhich enablethe transmission
of geometricinformation via low-bandwidthdata connec-
tions(like theinternet)is becomingparamountFor unstruc-
turedtrianglemeshesthe eminenttechniqueof progressive
meshe$! hasestablishe@ddefactostandardvhich provides
datareductionpotentialof several ordersof mangitudefor
theinitial shapewhich canbe displayedmmediatelyby the
recever. As moredetailinformationis arriving, thegeomet-
ric modelcanbe refineduntil the completemodelhasbeen
transmitted A slight disadwantageof this techniqueis the
blocky natureof the coarsemeshmodels(from anesthetical
point of view) andthelackingrobustnessagainstthe lossof
datapackages.

In 12125 wavelettechniqueshave beenexploredfor the
incrementakransmissiorand load adaptve display of tex-
tured geometricmodels with subdvision connectvity. In
thesepapersthe compressiomatios obtainedfor particular
choicesof thescalingfunctionsg andthewaveletbasisy
arediscussed.

Thecorversionof arbitrarygeometrianodelsinto meshes
with subdvision connectiity enableghe effective progres-
sive transmissionof surface geometrysincea smoothap-
proximation of the original surface can be reconstructed
from arathersmallamountof data.We implementeda sim-
ple methodfor the progressie transmissiorof subdvision
connectvity meshedasedon the Loop subdvision scheme
20 and the Butterfly algorithm 534, We transmitthe base
meshfirst suchthat the recever canreconstructa smooth
model by applying several subdvision steps.As more and
more detail informationis transmitted the meshis refined
adaptvely. The meshesertices for which the detail coefi-
cientshave not beenrecevedyet, areplacedat the position
predictedby the subdvisionrule.

It turnsout thatwe obtaina rathercorvincing reconstruc-
tion with only a minimal numberof detail coeficientsin-
cludedinto the model. Fig. 9-11 shav several examples.
Noticethatprogressie transmissiorof subdvision surfaces
is robustagainsthelossandpermutation®f datapackages
sincethe detail coeficients are indexed independenfrom
eachother

9. Conclusion

We presenteavery effective approachor convertingpolyg-
onalsurfacesnto meshesvith subdvision connectvity. Our
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algorithmis basedon a simulationof the shrink wrapping
processBy using a low-distortion parameterizatioof the
original model over a boundingspherewe areableto find
very coarsebasemeshesSy. The sphereparameterization
alsoenablesa stablemulti-level relaxationtechniquewhich
leadsto goodstartingmeshesgor the actualshrinkwrapping
algorithm.This is necessaryo male the projectionstepro-
bust.

Thealgorithmis quitedifferentfrom previousapproaches
sincewe do notconstrucanexplicit parameterizatiomwhich
is sampledat the dyadic barycentricparametewvalueson
eachbasetriangle. Insteadwe distribute the meshvertices
evenly over the given geometryby an iterative relaxation
process.
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Figure 6: Remeshinghe Stanfod bunny Theoriginal data sethas70K triangles.Our remeshinglgorithm geneatesa base
meshwith 38 triangles(left). Thecenterandright image showsthe 3rd andthe 5th refinementevel.

centermeshand5 timesto genertetheright image.

Figure 7: Theoriginal bustmodelhas61K triangles.Thebasemeshwith 72 trianglesis subdividedhreetimesto geneatethe

4threfinementevelis shownandthe 6th level ontheright side

Figure 8: A brain datasetextractedfrom CT volumedatais remeshedThebasemeshhasonly 20 triangles.In the centeythe

(© TheEurographicsAssociationandBlackwell Publishers1999.
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Figure 9: Progressivetransmissiorof the bunny Theleft image showsthe Loop subdivisionsurfacegeneated fromthe base
meshwhich is transmittedirst. Theother modelsare obtainedafter including 1%, 3%, and 10% of the detail coeficients.

Figure 10: ProgressiveTransmissiorof the bustmodel.Fromleft to right: 0%, 1%, 3%, and 10% of the detail coeficients.

Figure 11: ProgressiveTransmissiorof the brain model.Fromleft to right: 0%, 1%, 3%, and 10% of the detail coeficients.
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