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Summary. Remeshingis a key componentof many geometricalgorithms,including mod-
eling, editing, animationandsimulation.As such,the rapidly developing�eld of geometry
processinghasproduceda profusionof new remeshingtechniquesover the pastfew years.
In this paperwe survey recentdevelopmentsin remeshingof surfaces,focusingmainly on
graphicsapplications.We classifythetechniquesinto � ve categoriesbasedon their endgoal:
structured,compatible,highquality, featureanderror-drivenremeshing.Welimit ourdescrip-
tion to the main ideasandintuition behindeachtechnique,anda brief comparisonbetween
someof thetechniques.Wealsolist someopenquestionsanddirectionsfor futureresearch.

1 Intr oduction

Surfacemeshesarecommonlyusedasa representationof shapein many computer
graphicsapplications.Many of thesemeshesaregeneratedby scanningdevicesor
by isosurfacing implicit representations.Unfortunatelysuchprocesses- especially
if automated- areerror-prone,andthe resulting“raw” meshesarerarely satisfac-
tory. Often they areoversampledandcontainmany redundantvertices.Besidesthe
reductionof this complexity, which hasstimulateda considerableamountof work
in automatedmeshsimpli®cation[LRC+ 02], thereis frequentlya needto improve
thequality of themesh,in termsof vertex sampling,regularity andtrianglequality.
This improvementprocessis calledremeshing(seeexampleFig.1). It is useful to
easenotonly thedisplayprocess,but alsotheediting,animation,processing,storing
andtransmission.For thesereasons,remeshingof surfaceshasreceivedconsiderable
attentionover thepastfew years.

We invite the readerinterestedin relatedtopics to read several comprehen-
sive coursesand tutorialson subdivision surfaces[Sch98, ZS00], geometricmod-
eling[KBB+ 00],digital geometryprocessing[Tau00, SS01] morphing[Ale02], sim-
pli®cationandcompression[LRC+ 02, GGK02, AG03] andparameterization[FH04].
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Fig. 1. Uniform remeshingof the Digital MichelangeloDavid model. Figure reproduced
from [SAG03].

1.1 Remeshing

Thereis no precisede®nition of remeshing,sinceit often variesaccordingto the
targetedgoal or application.Nonetheless,onepossiblede®nitioncould be: “Given
a 3D mesh,computeanothermesh,whoseelementssatisfysomequality require-
ments,while approximatingwell the input”. “Quality” hasseveralmeanings.It can
be relatedto the sampling,grading,regularity, sizeandshapeof elements.Oftena
combinationof thesecriteria is desiredin real applications.Someremeshingtech-
niquesproceedby alteringtheinput,andsomegenerateanew meshfrom scratch.

1.2 Applications

Remeshingof surfacesis bene®cialto a wealthof applicationswhich take asinput
ameshedsurface.Theserangefrom modelingto visualizationthroughreverseengi-
neeringandsimulation:creationandediting,animation,metamorphosis,approxima-
tion, simulation,denoising,smoothingandfairing,ef®cientrendering,compression,
featurerecoveryandlevelsof detail.

1.3 Main Issues

We begin by listing brie�y somegeneralissuesthatariseduringtheremeshingpro-
cess:

� Validity. Themeshhasto beavalid mesh.Thisusuallymeansthatit shouldbea
simplemanifold.Typically it will alsobeclosed,namelynotcontainboundaries.

� Quality. The quality of meshelementsis crucial for robustnessandnumerical
stability, requiredfor numericalsimulationaswell asfor geometryprocessing.
Numericalcomputations,suchas®nite elementanalysis,requirefairly regular
meshes,both in termsof geometryandconnectivity. Thesemeshesareusedto
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computemechanicalstressor solveheatandotherdifferentialequations.A high-
qualitymeshis requiredto minimizenumericalerrorsandsingularitiesthatmight
otherwisearise(see[She02]).

� Fidelity. Thenewly generatedmeshhasto bestapproximatetheoriginal shape
geometry, while keepingthe meshcomplexity below a given budget.Ideally,
“just enough”resolutionfor the problembeingsolved is sought.This involves
choosinganerrormetric,aswell asto decidebetweeninterpolationandapprox-
imation.

� Discrete input. The input is givenasa discretemesh,which is usuallyonly an
approximationof some(unknown) continuousshape.Having just this discrete
approximationhampersmost shapeinterrogation operations(e.g. normal, tan-
gentplane,curvatureestimations)whenthediscretizationis not ideal.Moreover,
meshesgeneratedfrom sampledpoint cloudsby reconstructionalgorithmsmay
be contaminatedby aliasingartifactsandlack importantfeaturespresentin the
original.

� Lar ge data sets.Modern 3D scannersgeneratevery large datasetswhen the
samplingrateis increasedto ensurethat no detailsaremissed.As a result,the
samplingandtessellationis insensitive to the shape,andthereis muchredun-
dancy in thedata.

� Uncertainty. Dataobtainedby anacquisitionprocesssuchaslaserscanningis
oftencontaminatedby electronic,mechanicalor evenopticalnoisepresentin the
scanningpipeline.

� Corr espondence.A centralissuecommonto all remeshingtechniquesis to ®nd
the correspondinglocationof a new vertex on the input meshsurface.Sucha
correspondenceis typically foundby computinga parameterizationof theinput
mesh.This is acomplex problemwhichis eithercomputationallyexpensive,suf-
fers from accuracy issues,or imposesrestrictionson themesh.It is particularly
problematicwhenperformingtheremeshingoperationson a 2D parametricdo-
main:themappingof anontrivial 3D structure(possiblya3D meshwith arbitrary
genusandholes)to a 2D parametricdomaininevitably introducessomemetric
distortion,andmayleadto thelossof importantinformation.Furthermore,if the
parameterizationis combinedwith meshsegmentation,it is likely to encounter
dif®cultiesnearthepatchboundaries.Otherparameter-freeapproacheswork di-
rectly on thesurface,andperformlocal modi®cationson themesh(like adding,
removing,or relocatingvertices).Duringtheseadaptations,themeshverticesare
forcedto remainontheinputmesh.Thistypeof approachcanbefoundin several
different techniques[Fre00, FB98, HRD+ 93, Hop96, RVSS00, Tur92, SG03].
Theoptimizationsareeitherperformedin 3D (which is computationallyexpen-
sive),or in a tangentplane(which is faster, but lessaccurate).By usinglocalop-
erations,this approachmayavoid thepitfalls of the techniquesbasedon global
operations;andby performingthe remeshingoperationson a 2D plane,it can
beconsiderablyfasterthan3D optimizations.Thedistortioncausedby mapping
a 3D meshto a 2D parametricdomaincan be considerablyreducedby using
optimizationssuchasoverlappingpatches[SG03]; anderror accumulation(as
often causedby local operations)can be minimized by constantlycomparing
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to a referencesmoothapproximationof the original geometry(e.g. by using
triangularcubic BézierpatchessuchasPN triangles[VPBM01] or continuous
patches[WM96]).

We now list somegeneraldesirablealgorithmicfunctionalitiesof a remeshingalgo-
rithm:

� Levelsof detail. Supportfor continuousLevels-of-Detail(i.e., continuous-resolution
representations)is often desirablefor renderingand transmissionapplications.
Thisposesamajorchallengeto remeshingalgorithms.

� Complexity. Thecomputergraphicscommunityis mainly interestedin interac-
tive algorithms,thusthe speedof the remeshingalgorithmis important.So the
mainfocusis onthetradeoff betweenthequalityof theresultandthespeedof the
remeshingoperation.Typically close-to-linearruntimecomplexity is required.

� Theoretical guarantees.Algorithms that provide guaranteeson the topology,
matchingof constraints,boundson the distortion error suchas geometryand
normals,or boundsontheshapeof elementsarehighly desirablefor applications
wherecerti®edresultsarerequired.

2 Stateof the Art

To keepthestructureof this survey asclearaspossible,we classifythe remeshing
techniquesby theirendgoalratherthanby thetechniquethey employ. Weclassifythe
techniquesinto ®vemaincategories:structuredremeshing(Section2.1),compatible
remeshing(Section2.2), high quality remeshing(Section2.3), feature remeshing
(Section2.4) anderror-drivenremeshing(Section2.5).Sometechniquesappearin
severalof thesecategorieswhenthey achieve severalgoalssimultaneously.

2.1 Structur edRemeshing

De�nition

Structuredremeshingreplacesanunstructuredinput meshwith a structuredone.In
a structuredmesh,sometimescalled a regular mesh,all internal verticesare sur-
roundedby a constantnumberof elements.A semi-regularmeshis obtainedby reg-
ularsubdivisionof anirregularmesh(see[SS01]). All theverticesareregularexcept
for a small numberof extraordinary vertices(seeFig.2). A highly regular meshis
onein which thevastmajorityof verticesareregular, yet themeshhasnotnecessar-
ily beengeneratedby subdivision.

Motivation

Structuredmeshesoffer certainadvantagesoverunstructuredones.Their connectiv-
ity graphis signi®cantlysimpler, henceallows for ef®cienttraversalandlocalization
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Fig. 2. Meshes:Irregular, semi-regularandregular.

in thealgorithms.Semi-regularmeshes,which areessentiallypiecewise-regular, of-
fer a tradeoff betweenthesimplicity of structuredmeshesandthe �e xibility of un-
structuredmeshes.

Semi-Regular

Semi-regular meshesareobtainedby recursive subdivision of an initial basemesh
(Fig.3). Their hierarchicalstructuremakes them ideal for multiresolutionanaly-
sis (coarsi®cationby down samplingand smoothing)and synthesis(subdivision
andaddingof details).They have proven usefulfor modelingsmoothor piecewise
smoothsurfaces,reverseengineering,multiresolutionanalysisandmodeling,mor-
phing,editingandvisualizationwith levelsof detailapplications.

Fig. 3. Semi-regularmeshobtainedby recursivesubdivisionof aninitial basemesh.

The emerging ®eld of geometryprocessing[SS01] hasmadesigni®cantuseof
semi-regularmeshes.A fundamentalquestionof geometryprocessingis thefollow-
ing: is it possibleto extendthemethodsof classicaldigital signalprocessing(e.g.the
discreteFourier transformandwavelets),usuallyappliedon regularuniform struc-
tures,to theirregularnon-uniformsetting?Thisquestionstill remainsonly partially
solved, and the solutionof choiceconsistsof semi-regular remeshingof the orig-
inal shapeso that the geometric“signal” is resampledonto regular anduniformly
sampledpatches.Oneexampleof geometryprocessingis givenby a setof discrete
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operatorsusedfor smoothingandfairing,applicableonly in theregularanduniform
setting.

Themaintechniquesfor semi-regularremeshingcanbeclassi®edinto two main
categoriesaccordingto thewaythey ®ndcorrespondencesbetweentheinputandout-
put meshes.The®rst classof techniquesusesa parameterizationto ®nd a bijective
correspondence.Thetechniquesin this classdiffer mainlyby thetypeof parameter-
ization:

� Techniquesthatparameterizetheinputmeshonaglobalplanardomain[HG00].
Theparameterdomainis thenresampled,andthenew meshconnectivity is pro-
jectedbackinto 3D space,resultingin animprovedversionof theinput (Fig.4).
Themaindrawbacksof theglobalparameterizationmethodsarethesensitivity to
thespeci®cparameterizationused,andthemetricdistortionthatmayarise(due
to the fact that the3D structureis forcedinto a parameterplane).Furthermore,
many of thesetechniquesinvolvethesolutionof alargesetof equations,resulting
in substantialcomputation.Sanderet al. [SGSH02] usea hierarchicalapproach
basedon multigrid methods,which canacceleratethe processto almostlinear
time evenfor largemeshes;but numericalprecisionissuesmayarisefor meshes
with severeisoperimetricdistortion.

� Techniquesthatparameterizetheoriginalmodelontoasetof basetriangulardo-
mains,thelatterobtainedeitherby simpli®cation,or by partitioningtheoriginal
meshinto regionsusinga discreteanalogueof thenotionof a Voronoi tile. This
technique,usedby [ERD+ 95, LSS+ 98,GVSS00], yieldsexcellentresultswhile
beingsensitive to thepatchstructure(seeexampleFig.5).Thevertex samplingis
alsodelicateto control.

Thesecondclassof techniquesdoesnot rely onany parameterizationbut instead
usesray shooting[KVLS99] to ®nd correspondencesfor shrink wrappingthe new
meshontotheinputmesh(Fig.6).

Shapecompressiontechniquesemploying semi-regular remeshingareamongthe
best reportedto date.The main idea behind thesetechniques[KSS00, GVSS00,
KG03, PA02] is the observation that a meshrepresentationhasthreecomponents:
geometry, connectivity andparameterization,of which thelattertwo (i.e. connectiv-
ity andparameterization)arenot importantfor the representationof the geometry.
The goal is thereforeto reducethe “volume” of thesetwo componentsasmuchas
possibleby semi-regular remeshing(see[AG03] for a moredetaileddescriptionof
thisshapecompressiontechnique).

Discussion

In all mapping-basedmethods,the parameterizationplays a critical role, and any
de®cienciesin it will be ampli®edin the output. In particular, building a globally
smoothparameterizationis notoriously dif®cult [KLS03]). Having a subdivision
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Fig. 4. Quadrilateralremeshing:The main ideaof the algorithmis to circumvent the three-
dimensionalremeshingproblemby ¯atteningthe3D meshT 3 to a2D versionT2 , andsolving
the two-dimensionalprobleminstead.The de¯ationfunction f is then de�ned by linearly
mappingeachtriangleof T3 to the correspondingtriangle in T2 while the inversein¯ation
functionF enablesto getbackfrom 2D to 3D. Figurereproducedfrom [HG00].

Fig. 5. Multiresolutionadaptiveparameterizationof surfaces.Overview of thealgorithm.Top
left: ascannedinputmesh(courtesyCyberware).Next theparameteror basedomain,obtained
throughmeshsimpli�cation. Topright: regionsof theoriginalmeshcoloredaccordingto their
assignedbasedomaintriangle.Bottomleft: adaptiveremeshingwith subdivisionconnectivity.
Bottommiddle:multiresolutionedit.Figurereproducedfrom [LSS+ 98].
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Fig. 6. Remeshingby shrinkwrapping.Theoriginal bustmodelhas61K triangles.Thebase
meshwith 72 trianglesis subdivided threetimesto generatethe centermeshand5 timesto
generatetheright image.Figurereproducedfrom [KVLS99].

connectivity is still necessaryfor multiresolutionanalysis,which hasprovena pow-
erful tool for many geometricmodelingandprocessingapplications.Thechallenge
remainsto handleirregularmeshesdirectly. This will remaindif®cult while current
geometryprocessingapproachesaredesignedin analogyto their continuouscoun-
terpart.

CompletelyRegular

In a regular mesh(a grid, triangle or hexagonaltessellation)the connectivity is
implicit, the compactnessand regularity of the data structureimproves the ef®-
ciency and facilitatesthe implementationof many algorithms.Regular remeshing
hasprovensuccessfulfor ef®cientrendering(nocacheindirection),textureandother
modulationmapping(e.g. normal,transparency maps).

Gu et al. [GGH02] remeshirregular trianglemeshesusinga regular rectangu-
lar grid. The input meshof arbitrarygenusis initially cut to reduceit to a single
topologicaldisc.It is thenparameterizedon theunit 2D squarewhile minimizing a
geometric-stretchmeasure.This is thenrepresentedasa so-calledgeometryimage
that storesthe geometryaswell asany modulationmaprequiredfor visualization
purposes(Fig.7). Sucha compactgrid structuredrasticallysimpli®es the render-
ing pipelinesinceall cacheindirectionsfoundin usualirregularmeshrenderingare
eliminated.Despiteits obviousimportancefor ef®cientrendering,this techniquehas
a few drawbacksdueto the inevitablesurfacecutting:eachgeometryimagehasto
be homeomorphicto a disk, thereforeclosedor genus> 0 modelshave to be cut
along a cut graph.In particular, it introducesunacceptablyhigh parameterization
distortionfor high genusmodelsor shapeswith high isoperimetricratios(e.g. long
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extremities).To alleviatethesedrawbacks,Sanderetal. [SWG+ 03] useanatlascon-
structionto maptheinputmeshontochartsof arbitraryshape.Thosechartsarethen
packed in a geometryimagein parameterspace,anda zipperingalgorithmis used
to removethediscontinuitiesacrosschartboundariesandcreateawatertightsurface.
Anotherway to minimizeseamsdueto cuttingis to ®rst parameterizethemeshto a
sphere[GGS03], which is thenmappedin ahighly structuredway to thesquare.

Fig. 7. Constructionof a GeometryImage: Original mesh (70k faces,genus0), origi-
nal meshwith cut, parameterizationandGeometryImage(257 � 257). Figure reproduced
from [GGH02].

Discussion

Theconceptof geometryimagesfollows therecenttrendsin graphicsthatrepresent
all surfacemodulationsignalsas“textureimages”(normalmaps,bumpmaps,trans-
parency maps,color maps,light maps,re�ection maps)insteadof usinga ®nemesh
with attributesat eachvertex. Thekey ideais to representtheshapegeometryitself
usingregulargrids,assumingthecostof 3D transformationsto benegligible with re-
spectto thecostof “decorating”themeshusinga complex multi-texturing process.
Researchon geometryimages,mainly drivenby Hoppeandco-workers,anticipates
theuni®cationof vertex andimagebuffers.

Highly Regular

In [SRK03] a remeshingmethodfor thecreationof piecewiseregularmeshesis de-
scribed.Basedon their orientation,this algorithm partitionsthe trianglesinto six
sets.Thesetof triangleswhosenormalis closestto thepositive x-directionis sam-
pledusinga regulargrid in they-z plane.Theother®ve setsaresampledsimilarly
usingtheappropriategrids.Finally, thesere-sampledpiecesareconnectedinto one
valid mesh.Theresulttypically containsa largefractionof regularvertices;specif-
ically, all theinternalverticesof eachpieceareregularby construction,while some
irregularverticesmayappearalongtheseams.

Surazhsky andGotsman[SG03] performlocalmodi®cationsdirectlyonthemesh
surfacein orderto obtaina highly regularmesh.Onekey featureof their methodis
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theuseof overlappingpatchesto locally parameterizethesurface(whichovercomes
boththeproblemsof globalparameterizationandtheremeshingproblemsthatusu-
ally arisenearthepatchboundarieswhenparameterizingbasedon meshsegmenta-
tion). Anotherkey featureis a seriesof edge-collapseandedge-�ip operationscom-
binedwith area-basedmeshoptimizationto improve regularityandto producewell-
shapedtriangles(without theproblemof long andskinny trianglestypically created
if meshgenerationis basedon triangleareas).As theoverlappingparameterization
allow to apply2D meshoptimizationmethodsto 3D meshes(while minimizing the
distortionproblem,typical of mappinga 3D meshto a 2D parametricdomain),this
algorithmis fastaswell asrobust(seeanexamplein Fig.8).

Fig. 8. Highly regularremeshing.Figurereproducedfrom [SG03].

Discussion

Highly regular meshesare frequentlyobtainedby tessellatingon a regular grid.
Surazhsky andGotsman[SG03] demonstratethat highly regular meshescannotbe
generatedsimplyby localmeshadaptation,unlesssomesemi-globaloperations,such
asdrifting edges,areperformed.Onechallengeis to obtainsemi-regularmesheswith
a prescribednumberof irregularvertices(up to that requiredby theEuler formula)
by semi-globaladaptationinsteadof subdivision.

2.2 Compatible Remeshing

De�nitions

Givena setof 3D mesheswith a partial correspondencebetweenthem,compatible
remeshingamountsto generatinga new setof mesheswhich areremeshesof thein-
putset,suchthatthey haveacommonconnectivity structure,well-shapedpolygons,
approximatewell theinput,andrespectthecorrespondence.
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Motivation

Motivating applicationsare morphingbetweenshapesand attributes,multi-model
shapeblending,synchronizedmodelediting,®tting templatemodelsto multipledata
setsandprincipalcomponentanalysis.In theseapplicationsthecommonconnectiv-
ity is usuallymoreimportantthanthemeshelementquality.

Joint Parameterization

Much of the work doneon compatiblemeshingfocuseson morphingasthe target
application.This requires®rst the computationof a joint parameterization(some-
timescalledcrossparameterization), namely, a bijective mappingbetweenthe two
meshes,possiblysubjectto someconstraints.Alexa [Ale02] givesa goodreview of
joint parameterizationandcompatibleremeshingtechniquesdevelopedfor morph-
ing. Jointparameterizationis typically computedby parameterizingthemodelsona
commonbasedomain.Onepopularchoiceis thesphere.Therearea numberof al-
gorithmsfor sphericalparameterization,e.g.[Ale99, GGS03, PH03]. Of those,only
Alexa's methodaddressesfeaturecorrespondence(seeFig.9).However, it doesnot
guaranteea bijective mappingandis not alwayscapableof matchingthe features.
An inherentlimitation of a sphericalparameterizationis that it canonly beapplied
to closed,genuszerosurfaces.

Fig. 9. Joint sphericalparameterization:First, an initial sphereembeddingis computedfor
eachmesh.Second,theinitial subdivisionis deformedsuchthatthecommonfeaturescoincide
on thespheres.Thetwo connectivitiesarethenmerged.Figurereproducedfrom [Ale99].

A more generalapproachis to parameterizethe modelsover a commonbase
mesh[LDSS99, LCLC03, MKFC01, PSS01]. This approachsplits themeshesinto
matchingpatcheswith anidenticalinter-patchconnectivity. After thesplit, eachset
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of matchingpatchesis parameterizedon a commonconvex planardomain.An ad-
vantageof thisapproachis thatit naturallysupportsfeaturecorrespondenceby using
featureverticesascornersof thematchingpatches.Themainchallengein mapping
themodelsto a singlebasemeshis to constructidenticalinter-patchconnectivities.
Thevastmajority of themethodsuseheuristictechniquesthatwork only whenthe
modelshavenearlyidenticalshape.Praunetal. [PSS01] providearobustmethodfor
partitioningboth meshesinto patchesgiven user-suppliedbasemeshconnectivity.
A commondisadvantageof existing techniquesto constructbasemeshesis that the
patchstructureseverelyrestrictsthefreedomof theparameterization.As aresult,the
shapeof thepatcheshasahugein�uence on theamountof mappingdistortion.

Giventhejoint parameterization,many techniques[Ale99, KSK00] generatethe
commonconnectivity for the modelsby overlaying the meshesin this parameter
domainand computinga commonintersectionmesh.The new meshcapturesthe
geometryof the models.However, the new meshis typically muchlarger thanthe
input meshesandhasvery badlyshapedtriangles.Theoverlayingalgorithmis also
extremely tricky to implement,as it requiresmultiple intersectionand projection
operations.An alternative is to remeshthemodelsusinga regularsubdivision con-
nectivity derivedfrom thebasemesh[LDSS99, MKFC01, PSS01]. Dueto therigid
connectivity structure,theshapeof themeshtrianglesre�ects theshapeof thebase
mesh.Thus,if theshapeof thetrianglesis poor(because,for example,theuserpicked
unevenly spacedfeaturevertices)the shapeof the meshtriangleswill re�ect this.
More importantly, a modelthatcontainsfeaturesinterior to thebasemeshtriangles
will requireaverydensesubdivisionmeshover theentiremodel.

Inter-SurfaceMapping

Kraevoy andSheffer [KS04] developeda techniquefor joint parameterizationand
compatibleremeshingof two genus-0mesheswith apartialcorrespondence(Fig.10).
Theinputof thealgorithmis apairof trianglemeshesandasetof correspondingfea-
turevertices.The®rst stageof thealgorithmconstructsa commonbasedomainby
incrementallyaddingpairsof matchingshortestedgepaths.Careis taken to avoid
intersectionsand blocking, as well as to preserve cyclic ordersin order to obtain
matchingpatchlayouts.Facepathsarethenaddeduntil all patchesaretriangulated,
andanadditionalpath�ip procedureimprovestheconnectivity of thepatchlayout.
Thesecondstagecomputesashapepreservingparameterizationwith smoothtransi-
tions betweenpatchesusingthe mean-valueparameterizationfollowed by an adja-
cency preservingsmoothingprocedure.Thelaststageconstructscompatiblemeshes
by alternatingvertex relocationto attractverticestowardsareasof highererror, and
error-drivenmeshre®nement.Theapproximationof normalsis improvedby anad-
ditionalpseudoedge-�ip re®nementprocedure.Themeshesgeneratedby thisproce-
durecontainsigni®cantlyfewerelementsthanthosegeneratedby simpleoverlaying
methods,while approximatingthegeometryandnormalsof theinputmodel.

Schreineret at. [SAPH04] usea proceduresimilar to thatof Kraevoy andShef-
fer for basemeshconstruction,handlingmodelsof arbitrarygenusmorerobustly.
To generateasmoothjoint parameterization,they useasymmetric,stretchbasedre-
laxationprocedure,which tradesoff high computationalcomplexity for quality of
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Fig. 10. Basedomainsconstructionfor joint parameterizationandcompatibleremeshingof
two genus-0meshes(featureverticesaredark green):(a),(b)edgepaths;(c),(d) facepaths,
new verticesarehighlighted(turquoise);(e),(f) basemeshes.Figurereproducedfrom [KS04].

themapping.Thecommonmeshis generatedusinganoverlayof theinput meshes,
as describedabove. To avoid artifacts,the methodhasto relax the featurevertex
correspondencein somecases.

Discussion

While compatibleremeshingis becomingincreasinglyimportantin computergraph-
icsanimationapplications,whereasequenceof meshesis available,it is still plagued
by a numberof problems.The selectionof pairsof correspondentfeaturepointsis
still manual.Very few existing methodsextend easily to arbitrary genussurfaces
andlong animationsequences.Lastly, the resultsarestill highly dependenton the
parameterizationmethodusedto performthejoint parameterization.

2.3 High Quality Remeshing

De�nitions

In our taxonomyhigh quality remeshingmeansto generatea new discretizationof
theoriginal geometrywith a meshthatexhibits thethreefollowing properties:well-
shapedelements,uniform or isotropicsamplingandsmoothgradationsampling.A
well-shapedtriangle hasaspectratio as closeto 1 as possible,and a well-shaped
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quadrilateralcontainsanglesbetweentwo consecutive edgesascloseto � =2 aspos-
sible.Isotropicsamplingmeansthatthesamplingis locally uniformin all directions.
Requiringuniformsamplingis evenmorerestrictingby dictatingthesamplingto be
uniform over theentiremesh.Smoothgradationmeansthat if thesamplingdensity
is notuniform- it shouldvary in asmoothmanner[BHP97].

Motivation

High quality remeshingis motivatedby numericalstability andreliability of com-
putationsfor simulation. Ef®cient rendering,interactive free-form shapemodel-
ing, as well as a few geometryprocessingalgorithmssuchas compression,fair-
ing or smoothingalso bene®tfrom high quality meshes.The shapeof meshele-
ments[PB01] hasa direct impacton the numericalstability of numericalcompu-
tationsfor ®nite elementanalysis,aswell asfor ef®cient rendering.For thewidely
usedtrianglemeshes,it is desirableto have no smallanglesand/orno largeangles,
dependingon thetargetedcomputations(see[She02]).

We restrictour descriptionto point-basedsamplingtechniques,althoughother
primitives can be evenly distributed on surfacesfor meshing(e.g. bubble pack-
ing [YS04], squarecell packing [SL98], placementof streamlines[ACSD+ 03]).
Uniform (resp.isotropic)point samplingfor remeshingamountsto globally (resp.
locally) distributing a setof pointson theinput modelin asevena manneraspossi-
ble.Wemaydistinguishbetweengreedysampleplacementmethodswhichinsertone
point at a time to re®nethenewly generatedmodel,andrelaxation-basedmethods
which improve an initial placementeitherlocally or globally throughpoint reloca-
tion.

Farthestpoint sampling.

The farthestpoint paradigm[LPZE96] advocatesinsertingone samplepoint at a
time, as far as possiblefrom previously placedsamples,i.e. at the centerof the
biggestvoid. Its mainadvantageis in retainingtheuniformity while increasingthe
density. In contrastto stochasticapproaches,it canguaranteesomeuniformity by
boundingthedistancebetweensamples[BO03]. This paradigm,alsocalledDelau-
nay re®nement[Che93, Rup95, Mil04] or sink insertion[EG01] hasprovenpartic-
ularly effective in producinguniform aswell asisotropicsampleplacements.It has
beenrecentlyextendedusingthe geodesicdistanceestimatedon the input meshto
®nd the centerof the biggestvoids [PC03, MD03]. From an initial point setsam-
pledontheinputmesh,aDelaunay-like triangulationis createdby takingthedualof
a geodesic-basedVoronoi diagramconstructedusingthe FastMarchingmethodof
SethianandKimmel [Set99].

Advancingfront.

A popularmethodfor evenly-spacedplacementis the advancing front paradigm
commonlyusedfor meshing[AFSW03, Har98, TOC98]. This methodhasbeenre-
cently extendedusingan approximationof the geodesicdistancefor remeshingby
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Sifri et al. [SSG03]. A moregeneralapproachwasrecentlyintroducedby Donget
al. [DKG05], who computetwo orthogonalharmonicMorsefunctionson themesh
surface.Drawing contoursof eachresultsin a goodquadremesh(Fig.11).Another
quasi-uniformremeshingapproachbasedon an advancingfront is implicit in the
SwingWrappercompressionscheme[AFSR03]. In orderto reducethenumberof bits
to encodethevertex locations,SwingWrapperpartitionsthesurfaceinto geodesictri-
anglesthat,when�attened, constitutea new meshwhich is stronglycompressible.
Theremeshingis performedsothatfor eachvertex of thenew meshthereis at least
oneincidentisoscelestrianglehaving aprescribedheight.Thoughnotoptimallyuni-
form, the remeshingperformedby SwingWrappermight effectively be usedasan
initial guessfor iterativeprocesseswhich try to optimizeuniformity.

Fig. 11. Quadrilateralremeshingof arbitrary manifolds: (a) A harmonicfunction is com-
putedover the manifold. (b) A set of crossingsalong each¯ow line is constructed.(c) A
non-conformingmeshis extractedfrom this net of ¯ow crossings.(d) A post-processpro-
ducesa conformingmeshcomposedsolelyof trianglesandquadrilaterals.Figurereproduced
from [DKG05].

Attraction-repulsion.

One of the ®rst remeshingtechniquesto surface in the graphicscommunitywas
describedby Turk [Tur92]. It placesa (userde®ned)numberof new verticeson the
input mesh,andarrangesthe new verticeswith the help of an attraction-repulsion
particle relaxationprocedure,followed by an intermediatemutual tessellationthat
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containsboth the verticesof the original meshand the new vertices.This simple
approachproducedquiteremarkableresults,althoughit hadseverallimitations.Most
notably, it is not suitablefor modelsthathave sharpedgesandcorners,sodoesnot
preciselyapproximatesuchasurface.

Umbrella operator.

Anotherpopularmethodcommonlyusedfor evenplacementof samplesconsistsof
repeatedlymoving eachsamplepointto thebarycenterof its neighbors,andupdating
the meshconnectivity. This proceduretendsto generateglobally uniform edgesin
the simplecase,and locally uniform edges(i.e. isotropicsampling)if weightsare
assignedto edges[VRS03].

The interactive remeshingtechniqueintroducedby Alliez et al. [AMD02] is
basedon globalparameterization.It representstheoriginal meshby a seriesof 2D
mapsin parameterspace,andallows the userto control the samplingdensityover
thesurfacepatchusingaso-calledcontrolmap,thelattercreatedfrom the2D maps.
First an initial isotropicresamplingis performedusingan error-diffusionsampling
techniqueoriginally designedfor imagehalf-toning[Ost01],followedby relaxation
usingtheumbrellaoperator. This methodis a hybrid betweena greedyanda varia-
tional methodsincethecoef®cientsusedfor errordiffusionareoptimizedduringan
of�ine procedurewhichseekaplacementwith aso-calledblue-noisepro®le,related
to thenotionof isotropicsampling.Theinitial sampleplacementis thenperformed
in asinglepassat run time.SeeexampleFig.12.

Localareaequalization.

Preciseuniform samplingcanbeachieved throughlocal areaequalization.Assum-
ing theone-ringof thevertex to berelocatedis ®xed,thenew positionis computed
by solving a linear systemin order to minimize the dispersionof areaamongall
incidenttriangles[SG03]. This techniquehasbeenrecentlyextendedto local equal-
ization of the Voronoi areasof the verticesin orderto symmetrizea linear system
usedfor multiresolutionmodeling[BK04]. The systemis solved ef®ciently using
a Cholesky-basedsolver that takesadvantageof symmetricband-limitedmatrices.
Althoughef®cient androbust, theseareaequalizationtechniquesdo not provide an
easyway to globallydistributeasetof samplesin accordanceto adensityfunction.

Lloyd relaxation.

Preciseisotropicsampleplacementcanbe achieved throughthe useof the Lloyd
clusteringalgorithm[Llo82], whichconsistsof alternatingVoronoipartitioningwith
relocationof thegeneratorsto thecentroidof their respective Voronoicell (Fig.13).
SucharelaxationproceduregeneratescentroidalVoronoidiagrams[DFG99], where
the generatorscoincidewith the centroidof their respective cells.Lloyd relaxation
minimizesan energy relatedto the compactnessof the Voronoi cells (and hence
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Fig. 12. Interactive geometryremeshing:Remeshingof the MaxPlanckmodelwith various
distributionof thesamplingwith respectto thecurvature.Theoriginalmodel(left) is remeshed
uniformly andwith an increasingimportanceplacedon highly curvedareas(left to right) as
themagni�ed areashows.Figurereproducedfrom [AMD02].

isotropicsampling)while equi-distributing theenergy within eachcluster, asshown
by Gershoin the lateseventies[Ger79]. Contraryto othermethods,this methodal-
lows thede®nitionof a densityfunction relatedto thedesiredsizeof eachVoronoi
cell. It will thengeneratea distribution of energy which globally matchesthe local
sizewhile achieving preciseisotropicsampling.

Fig. 13.Lloyd relaxation:A setof generators(blackdots)arerandomlygenerated(thecentroid
of eachVoronoiareais depictedasa redcircle).Eachiterationof theLloyd algorithmmoves
eachgeneratorto its associatedcentroid,andupdatestheVoronoidiagram.

Alliez et al. [AdVDI03], andSurazhsky et al. [SAG03] proposedtwo remesh-
ing techniquesbasedon Lloyd relaxation.The ®rst usesa global conformalplanar
parameterizationandthenappliesrelaxationin theparameterspaceusinga density
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functiondesignedto compensatefor theareadistortiondueto �attening (Fig.14).To
alleviate thenumericalissuesfor high isoperimetricdistortion,aswell asthearti®-
cial cutsrequiredfor closedor genusmodels,thesecondapproachappliestheLloyd
relaxationprocedureon a setof local overlappingparameterizations(Fig.15).More
recently, theLloyd-basedisotropicremeshingapproachhasbeenextendedin two di-
rections:oneusesthegeodesicdistanceon trianglemeshesto generatea centroidal
geodesic-basedVoronoidiagram[PC04], while theotheris anef®cientdiscreteana-
log of theLloyd relaxationappliedon theinputmeshtriangles[VC04].

Fig. 14. Uniform remeshingof theDavid head:a planarconformalparameterizationis com-
puted(bottomleft). ThenLloyd relaxationis appliedin parameterspacein orderto obtaina
weightedcentroidalVoronoitessellation,with whichthemeshis uniformly resampled.Figure
reproducedfrom [AdVDI03].
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Fig. 15.Uniform remeshingof theBeetle:Lloyd relaxationis appliedover local overlapping
parameterizationsasdescribedin [SAG03].

Discussion

As expected,relaxation-basedsampleplacementmethodsachievebetterresultsthan
greedymethods,at thepriceof lengthiercomputations.Nevertheless,theonly meth-
odsthatprovidecerti®edboundsontheshapeof elementsarethegreedyapproaches
basedon Delaunayre®nement.The Lloyd-basedisotropicsamplingmethodcom-
binedwith local overlappingparameterizationhave recentlyproven successfulfor
isotropicallydistributing a point setin accordancewith a densityfunction[SAG03].
Two remainingchallengesrelatedto the Lloyd relaxationmethodare to prove or
to give suf®cient conditionsfor achieving convergenceto a globaloptimum,andto
accelerateconvergence.Anotherpromisingdirectionfor ef®cientisotropicsampling
is thehierarchicalPenrose-basedimportancesamplingtechniquedevelopedby Os-
tromoukhov [ODJ04],which is deterministicandseveralordersof magnitudefaster
thanrelaxationmethods.

2.4 Feature Remeshing

De�nitions

Assumethat a trianglemeshis an approximationof a curved shape,possiblywith
sharpedgesandcorners.Wecall theprocessthattakessuchatrianglemeshandgen-
eratesanew tessellationin which theoriginalsharpfeaturesarebetterapproximated
feature remeshing. In this context, the quality of the approximationmay be mea-
suredeitherusingapurelygeometricmetric(theL 1 norm,for example,is strongly
affectedby badly-approximatedsharpedges),or on a metric which re�ects visual-
quality (e.g., normaldeviation),or acombinationof both.

Motivation

Most acquisitiontechniques,aswell asseveral recentlydevelopedremeshingalgo-
rithms[RCG+ 01, SRK03, GGH02, AFSR03], restricteachsampleto lie onaspeci®c



20 PierreAlliez, GiulianaUcelli, CraigGotsman,andMarcoAttene

line or curve whosepositionis completelyde®nedby a pre-establishedpattern.In
mostcases,sucha patterncannotbeadjustedto coincidewith sharpedgesandcor-
nersof the model,andalmostnoneof the sampleswill lie on suchsharpfeatures.
Thus,thesharpedgesandcornersof theoriginalshapeareremovedby thesampling
processandreplacedby irregularly triangulatedchamfers,which often result in a
poor-quality visualizationandhighL 1 distortion.

Feature-preserving

When the original shapeis available, the error betweensucha shapeand the ap-
proximatingtrianglemeshmaybereducedby densesampling.Over-sampling,how-
ever, will signi®cantlyincreasethenumberof vertices,andthustheassociatedcom-
plexity, transmissionandprocessingcost.Furthermore,asobserved by Kobbeltet
al. [KBSS01], theassociatedaliasingproblemwill not besolvedby over-sampling,
sincethe surfacenormalsin the reconstructedmodelwill not converge to the nor-
mal ®eld of theoriginal object.To copewith sucha problem,anextendedmarching
cubesalgorithmhasbeenproposedin [KBSS01]. Theinput shapeis ®rst converted
into a signeddistance®eld. This representationis then polygonizedusing a vari-
ant of the marching-cubes[LC87] algorithm in which vertex normalsarederived
from the distance®eld and usedto decidewhethera voxel containsa sharpfea-
ture or not. If so,additionalverticesarecreatedwithin the voxel andplacedat in-
tersectionsbetweenthe planesde®nedby the verticesandtheir associatednormal.
Anotherfeature-preservingapproachwasproposedin [JLSW02], ableto accurately
polygonizemodelswith sharpfeaturesusingadaptive spacesubdivision (anoctree),
resultingin polygonalmodelswith fewer faces.In adifferentsetting,anoriginal tri-
angulationmayberemeshedwithoutconvertingit into ascalardistance®eld,andthe
aliasingproblemmaybeavoidedby snappingsomeof theevenlydistributedvertices
ontosharpcreases,asproposedin [VRKS01].

Feature-enhancing

Whentheoriginalshapeis notavailable,theEdgeSharpenermethod[AFRS03] pro-
videsan automaticprocedurefor identifying andsharpeningthe chamferededges
andcorners.In a ®rst step,the meshis analyzedandthe averagedihedralangleat
edgesis computed.Basedon this value,“smooth” regionsaregrown on the mesh,
and the strips of trianglesseparatingneighboringsmoothregions are considered
“aliasing artifacts” madeof chamfertriangles.The growing processresultsin a
numberof smoothregionsin which all theinternaledgeshave a nearly�at dihedral
angle.EdgeSharpenerinferstheoriginalsharpedgesandcornersby intersectingpla-
narextrapolationsof thesmoothregions.Then,eachchamfertriangleis subdivided,
andthenewly insertedverticesaremovedto theintersections,whichareassumedto
betterapproximatetheoriginalsharpfeatures(seeFig.16).Unlesstheinputcontains
signi®cantamountsof noise,EdgeSharpenerdoesnot introduceundesirableside-
effects,andlimits the modi®cationsto the portionsof the meshwhich areactually
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chamferartifacts.Furthermore,EdgeSharpenerhasbeentestedon resultsof sev-
eralfeature-insensitive remeshingalgorithms[AFSR03, SRK03, RCG+ 01], andhas
beenshown to signi®cantlyreducethe L1 distortionintroducedby the remeshing
process.

Fig. 16. EdgeSharpener:A trianglemeshreconstructedfrom a point cloud(left) is improved
by EdgeSharpener[AFRS03].Smoothregionsareidenti�ed (red)andchamfertriangles(gray
andgreenwith blueedges)aresharpened(right).

To givethedesignermore�e xibility , aninteractiveremeshingapproachhasbeen
proposedin [KB03] for restoringcorruptedsharpedges.Theuseris requiredto con-
structa numberof ®shbonestructures(spineandorthogonalribs) which will beau-
tomaticallytessellatedto replacetheoriginal chamfers.Thoughnot automatic,this
methodis particularlysuitablefor simplemodelswith few sharpedges,andallows
to sharpenthechamfersaswell asto modify thesweptpro®lesto produceblendsor
decoratededges.

Onemay arguethat an applicationof the extendedmarchingcubes[KBSS01]
to a polygonalmeshmaybeusedto infer andhencereconstructthesharpfeatures.
In [KBSS01], the applicationto remeshingis discussedand,in fact, it is useful to
improve the quality of mesheshaving degenerateelementsor otherbadcharacter-
istics. In somecases,the informationat theedge-intersectionsmakesit possibleto
reconstructsharpfeaturesin anEdge-Sharpenerlike manner. For example,if a cell
containsan aliasedpart that doesnot intersectthe cell's edges,the normal infor-
mation at the intersectionsis usedto extrapolateplanesand additionalpoints are
createdon the inferredsharpfeature.If, on the otherhand,the cell's edgesdo in-
tersectthealiasedpart,thenormalinformationis contaminated,andnothingcanbe
predictedaboutany possiblefeaturereconstruction.Moreover, remeshingthewhole
model throughthe extendedmarchingcubesapproachcanintroducean additional
erroron the regionswithout sharpfeatures,while the local remeshingproducedby
EdgeSharpeneronly affects the aliasedzonesby subdividing the trianglesthat cut
throughtheoriginal solid (or throughits complement)nearsharpedges.

Discussion

Beingableto preserveor reconstructsharpfeaturesis undoubtedlyimportant.Meth-
odsthat do not assumethe availability of the original surface,however, mustnec-
essarilyrely on heuristicsto infer andrestoresharpedgesandcornersin analiased
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model.Thusoneof themainchallengesin this context is thede®nitionof a formal
framework for samplingnon-smoothsurfaces.Althoughsucha framework hasbeen
de®nedfor smoothmodels[ABK98, BO03], theproblemof dealingwith tangential
discontinuitiesremainsopen,evenfor the2D case[DW01].

2.5 Err or-dri ven Remeshing

De�nitions

Error-driven remeshingamountsto generatinga meshwhich maximizesthe trade-
off betweencomplexity andaccuracy. The complexity is expressedin termsof the
numberof meshelements,while thegeometricaccuracy is measuredrelative to the
input meshandaccordingto a prede®neddistortionerror measure.The ef®ciency
of a meshis quali®edby the error per elementratio (the smaller, the better).One
usuallywantsto minimize theapproximationerror for a given budgetof elements,
or conversely, minimizethenumberof elementsfor agivenerrortolerance.Another
challengingtaskconsistsof optimizing the ef®ciency tradeoff at multiple levels of
detail.

Motivation

Ef®cient representationof complex shapesis of fundamentalimportance,in par-
ticular for applicationsdealingwith digital modelsgeneratedby laserscanningor
isosurfacingof volumedata.This is mainly dueto the fact that the complexity of
numerousalgorithmsis proportionalto thenumberof meshprimitives.Examplesof
relatedapplicationsaremodeling,processing,simulation,storageor transmission.
Evenfor mostrenderingalgorithms,polygoncountis still themainbottleneck.The
main needis to automaticallyadaptthe newly generatedmeshto the local shape
complexity.

Meshsimpli®cationor re®nementmethodsareobviouswaysof generatingef®-
cientmeshes.In this survey we will not pretendto survey theplethoraof polygonal
simpli®cationtechniquespublishedin thelastfew years,andinsteadrefertheinter-
estedreaderto thecomprehensive coursenotesandsurveys [HG97, Gar00, Lue01,
LRC+ 02, GGK02]. Wecomplementthesedocumentsby focusingontechniquesthat
proceedby optimizationor by recoveringa continuousmodelfrom theinput mesh.
This includestechniquesspeci®callydesignedto exploit a shape's local planarity,
symmetryandfeaturesin orderto optimizeits geometricrepresentation.We focus
in moredetail on techniquesthat constructef®cient meshesby extracting,up to a
certaindegree,the“semanticalcontent”of theinputshape.

Hoppeet al. [HRD+ 93] formulatethe problemof ef®cient triangle remeshing
asanoptimizationproblemwith anenergy functionalthatdirectly measurestheL 2

error deviation from the ®nal meshto the original one.They showed that optimiz-
ing thenumberof vertices,aswell astheir geometryandconnectivity, capturesthe
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curvaturevariationsandfeaturesof theoriginalgeometry. Despitea springforcere-
strictingtheanisotropy of theresultsandanapproximatepoint-to-surfaceEuclidean
L 2 distancemeasure,this techniqueresultsin particularlyef®cient meshes.Alliez
et al. [ALSS99] describeanotheroptimizationmethodwhichminimizesthevolume
betweenthesimpli®edmeshandtheinputmeshusingagradient-basedoptimization
algorithmanda®nite-elementinterpolationmodelimplicitly de®nedonmeshes.The
volume-basederror metric is shown to accurately®t the geometricsingularitieson
3D meshesby aligningedgesappropriately, withoutany distinctionrequiredbetween
smoothandsharpareas.

Following previouswork on featureremeshing(seeSection2.4), theremeshing
techniqueintroducedby Alliez et al. [ACSD+ 03] pushestheideaof aligningedges
on featuresfurther by generalizingit to the entiresurface.They generatea quad-
dominantmeshthatre�ects thesymmetriesof theinputshapeby samplingtheinput
shapewith curvesinsteadof theusualpoints.Thealgorithmconsistsof threemain
stages.The®rst stagerecoversa continuousmodelfrom theinput trianglemeshby
estimatingone3D curvaturetensorpervertex. Thenormalcomponentof eachten-
sor is thendiscardedanda 2D piecewise linear curvaturetensor®eld is built after
computingadiscreteconformalparameterization.This®eld is thenalteredto obtain
smootherprincipalcurvaturedirections.Thesingularitiesof thetensor®eld (theum-
bilics) arealsoextracted.Thesecondstageconsistsof resamplingtheoriginal mesh
in parameterspaceby building a network of lines of curvatures(a setof “stream-
lines” approximatedby polylines) following the principal curvaturedirections.A
user-prescribedapproximationprecisionin conjunctionwith the estimatedcurva-
turesis usedto de®nethelocaldensityof linesof curvaturesateachpoint in parame-
terspaceduringtheintegrationof streamlines.Thethird stagededucestheverticesof
thenewly generatedmeshby intersectingthelinesof curvaturesonanisotropicareas
andby selectinga subsetof theumbilicson isotropicareas(estimatedto bespheri-
cal). Theedgesareobtainedby straighteningthe linesof curvaturesin-betweenthe
newly extractedverticeson anisotropicareas,andsimply deducedfrom theDelau-
naytriangulationon isotropicareas.The®nal outputis a polygonmeshwith mostly
elongatedquadrilateralelementson anisotropicareas,andtriangleson isotropicar-
eas.Quadsare placedmostly on regions with two (estimated)axis of symmetry,
while trianglesareusedto eithertile isotropicareasor to generateconformingcon-
vex polygonalelements.On �at areasthe in®nite spacingof streamlineswill not
produceany polygons,except for the sake of convex decomposition(seeexample
Fig.17).This approachhasbeenrecentlyextendedsoasnot to rely on any parame-
terization[MK04].

Although the edgesamplingstrategy describedabove increasesthe meshef®-
ciency by matchingtheconditionsof optimality for theL 2 metric in thelimit, there
is no guaranteeof its ef®ciency at coarsescales.Moreover, this techniqueinvolves
local estimationof curvatures,known to be dif®cult on discretemeshes.The esti-
matoritself requiresthede®nitionof a scalewhich remainselusive (intuitively, the
scaleitself shoulddependon theapproximationtolerance).Theseobservationsmo-



24 PierreAlliez, GiulianaUcelli, CraigGotsman,andMarcoAttene

Fig. 17. Anisotropic remeshing:From an input triangulatedgeometry, the curvaturetensor
�eld is estimated,thensmoothed,andits umbilics arededuced(coloreddots).Lines of cur-
vatures(following theprincipaldirections)arethentracedon thesurface,with a localdensity
guidedby the principal curvatures,while usualpoint-samplingis usednearumbilic points
(sphericalregions).The �nal meshis extractedby subsampling,andconforming-edgeinser-
tion. Theresultis ananisotropicmesh,with elongatedquadsalignedto theoriginal principal
directions,andtrianglesin isotropicregions.Figurereproducedfrom [ACSD+ 03].

tivateanef®cientremeshingapproachbasedexclusively on theapproximationerror.
ThusCohen-Steineret al. [CSAD04] proposean error-driven clusteringapproach
thatdoesnot resortto any estimationof differentialquantitiesnor parameterization.
Error-drivenremeshingis now castasa variationalpartitioningproblemwherea set
of planes(so-calledproxies)areiteratively optimizedusingLloyd'sheuristicto min-
imizeaprede®nedapproximationerror(Fig.18).As in theoriginalLloyd algorithm,
thekey ideahingesonalternatingpartitioningandmoving eachrepresentative to the
centroidof its region. The partitioningis generatedtriangleby triangleusinga re-
giongrowing proceduredrivenby aglobalpriority queue.Thequeueis sortedby the
errorbetweeneachnew trianglecandidatefor expansionandtheproxy (representa-
tive) of thecorrespondingregion. Theanalogof thecentroidin themetricspaceis
now simply thebest®t proxy for eachregion. Closedforms for theerrorsbetween
one triangleandoneproxy, aswell as for the best®t proxy aregiven for regions
consistingof a setof triangles,both for the L 2 andL 2; 1 (L 2 deviation of normals)
errormetric.A polygonalremeshingtechniqueis proposedbasedon a discreteana-
log of a Voronoidiagramimplementedwith a two-passpartitioningalgorithmover
the input trianglemesh.The elementsof the resultingpolygonalmesheswill then
exhibit orientationandelongationguidedby theminimizationof theapproximation
errorinsteadof beingtheresultof acurvatureestimationprocessasin [ACSD+ 03].

Discussion

In this sectionwe narrowedour scopeto thestudyof methodsthatbestpreserve the
shapegeometryduringtheremeshingstageof thegeometryprocessingpipeline.De-
spitetheconsiderableamountof work donefor meshapproximationthrougherror-
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Fig. 18. Error-driven remeshing:Throughrepeatederror-driven partitioning (left), a set of
geometricproxies(representedasellipses,center)is optimized.Theseproxiesarethenused
to constructanapproximatingpolygonalmesh(right). Figurereproducedfrom [CSAD04].

drivensimpli®cationor re®nement,thereis muchlesswork onapproximatingshapes
by usinggeometricanalysisto guidetheremeshingprocess.

Observationshave shown that for sketching,artistsimplicitly exploit the sym-
metryof a shapewhensketchingstrokesthatbestconvey thedesiredmodel.Simple
symmetricprimitivessuchasplanes,spheres,ellipses,saddles,cylindersandcones
arealsoexploitedby artistsasbasiccomponentsfor modelinga shape.For reverse
engineering,anisotropicremesherssuchas[ACSD+ 03, MK04] help,to acertainde-
gree,to automaticallycapturingthe “semantical”structureof a measuredshapeby
inferring a smoothmodelandextracting its main traits. The local symmetriesand
main traits of the shapeshouldideally be deducedfrom the elementsof the mesh,
facilitatingstructuringandanalysis.
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