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Summary. Remeshings a key componenbf mary geometricalgorithms,including mod-
eling, editing, animationand simulation.As such,the rapidly developing eld of geometry
processindhasproduceda profusionof newv remeshingechniquesover the pastfew years.
In this paperwe surwey recentdevelopmentsn remeshingof surfaces,focusingmainly on
graphicsapplicationsWe classifythetechniquesnto ve catgoriesbasedcontheirendgoal:
structuredcompatible high quality, featureanderrordrivenremeshingWe limit our descrip-
tion to the mainideasandintuition behindeachtechnique anda brief comparisorbetween
someof thetechniquesWe alsolist someopenquestionsanddirectionsfor futureresearch.

1 Intr oduction

Surfacemeshesarecommonlyusedasa representationf shapein mary computer
graphicsapplicationsMany of thesemeshesare generatedy scanningdevicesor
by isosurficingimplicit representationd)nfortunatelysuchprocesses especially
if automated are errorprone,andthe resulting“raw” meshesre rarely satisfc-
tory. Oftenthey areoversampledand containmary redundantertices.Besideshe
reductionof this compleity, which hasstimulateda considerableamountof work
in automatedneshsimpli®cation[LRC' 02], thereis frequentlya needto improve
the quality of the mesh,in termsof vertex sampling,regularity andtriangle quality.
This improvementprocesss called remeshingseeexampleFig.1). It is usefulto
easenotonly thedisplayprocessbut alsothe editing,animation processingstoring
andtransmissionkor thesereasonsrtemeshingf surfaceshasrecevedconsiderable
attentionover the pastfew years.

We invite the readerinterestedin relatedtopics to read several comprehen-
sive coursesand tutorials on subdvision surfaces[Sch98 ZS0(Q, geometricmod-
eling[KBB* 00], digital geometryprocessingTau0Q SS03 morphing[Ale02], sim-
pli®cationandcompressiofLRC" 02, GGK02 AG03 andparameterizatiofFH04].
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Fig. 1. Uniform remeshingof the Digital MichelangeloDavid model. Figure reproduced
from [SAGO03].

1.1 Remeshing

Thereis no precisede®nition of remeshingsinceit often variesaccordingto the
targetedgoal or application.Nonethelesspne possiblede®nition could be: “Given
a 3D mesh,computeanothermesh,whoseelementssatisfy somequality require-
ments,while approximatingwvell theinput”. “Quality” hasseveralmeaningslt can
be relatedto the sampling,grading,regularity, sizeandshapeof elementsOftena
combinationof thesecriteriais desiredin real applications Someremeshingech-

niquesproceedy alteringtheinput, andsomegeneratex nev meshfrom scratch.

1.2 Applications

Remeshingf surfacesis bene®cialto a wealthof applicationswhich take asinput
ameshedurface.Theserangefrom modelingto visualizationthroughreverseengi-
neeringandsimulation:creationandediting,animation metamorphosigpproxima-
tion, simulation,denoising smoothingandfairing, ef®cientrenderingcompression,
featurerecovery andlevelsof detail.

1.3 Main Issues

We bagin by listing brie y somegeneralissueghatariseduringthe remeshingoro-
cess:

Validity. Themeshhasto beavalid mesh.This usuallymeanghatit shouldbea
simplemanifold. Typically it will alsobeclosed hamelynotcontainboundaries.
Quality. The quality of meshelementss crucial for robustnessand numerical
stability, requiredfor numericalsimulationaswell asfor geometryprocessing.
Numericalcomputationssuchas ®nite elementanalysis,requirefairly regular
meshespothin termsof geometryand connectity. Thesemeshesare usedto
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computemechanicastressor solve heatandotherdifferentialequationsA high-
qualitymeshis requiredto minimizenumericakrrorsandsingularitieghatmight
otherwisearise(see[She03).

Fidelity. The nenly generatedneshhasto bestapproximatehe original shape
geometry while keepingthe meshcompleity belowv a given budget.Ideally,
“just enough”resolutionfor the problembeing solved is sought.This involves
choosinganerrormetric,aswell asto decidebetweenrnterpolationandapprox-
imation.

Discreteinput. Theinputis givenasa discretemesh,whichis usuallyonly an
approximationof some(unknavn) continuousshape Having just this discrete
approximationhampersmost shapeinterrogation operationge.g. normal, tan-
gentplane cunatureestimationsyvhenthediscretizatioris notideal. Moreover,
meshegeneratedrom sampledpoint cloudsby reconstructioralgorithmsmay
be contaminatedy aliasingartifactsandlack importantfeaturespresentn the
original.

Large data sets.Modern 3D scannergeneratevery large datasetsvhen the
samplingrateis increasedo ensurethat no detailsare missed.As a result, the
samplingandtessellationis insensitve to the shape andthereis muchredun-
dang in thedata.

Uncertainty. Dataobtainedby an acquisitionprocesssuchaslaserscannings
oftencontaminatedby electronicmechanicabr evenopticalnoisepresentn the
scanningpipeline.

CorrespondenceA centralissuecommonto all remeshingechniquess to ®nd
the correspondindocation of a new vertex on the input meshsurface.Sucha
correspondencis typically found by computinga parameterizationf the input
mesh.Thisis acomple problemwhichis eithercomputationallyexpensve, suf-
fersfrom accurag issuespr imposegestrictionson the mesh.lt is particularly
problematicwhenperformingthe remeshingperationson a 2D parametriado-
main:themappingof anontrivial 3D structurgpossiblya3D meshwith arbitrary
genusandholes)to a 2D parametricdomaininevitably introducessomemetric
distortion,andmayleadto thelossof importantinformation.Furthermoreif the
parameterizatioiis combinedwith meshsegmentationijt is likely to encounter
dif®cultiesnearthe patchboundariesOtherparametefree approachework di-
rectly on the surface,andperformlocal modi®cationson the mesh(like adding,
removing, or relocatingvertices) During theseadaptationghe meshverticesare
forcedto remainontheinputmeshThistypeof approackcanbefoundin several
differenttechniqueqFre0Q FB98 HRD" 93, Hop96 RVSS0Q Tur92, SGO03.
The optimizationsareeitherperformedin 3D (which is computationallyexpen-
sive), or in atangenplane(whichis faster but lessaccurate)By usinglocal op-
erations this approachmay avoid the pitfalls of the techniquedasedon global
operationsand by performingthe remeshingoperationson a 2D plane,it can
be considerablyfasterthan3D optimizations.The distortioncausedy mapping
a 3D meshto a 2D parametricdomaincan be considerablyreducedby using
optimizationssuchas overlappingpatche§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[VPBMO01] or continuous
patchegWM96]).

We now list somegeneraldesirablealgorithmicfunctionalitiesof aremeshingalgo-
rithm:

Levelsof detail. Supportor continuoud evels-of-Detail(i.e., continuous-resolution
representations}y often desirablefor renderingand transmissiorapplications.
This posesamajorchallengeo remeshinglgorithms.

Complexity. The computergraphicscommunityis mainly interestedn interac-
tive algorithms,thusthe speedof the remeshingalgorithmis important.So the
mainfocusis onthetradeof betweerthequality of theresultandthespeedf the
remeshingperationTypically close-to-linearuntimecompleity is required.
Theoretical guarantees.Algorithms that provide guarantee®n the topology
matchingof constraints poundson the distortion error suchas geometryand
normals or boundsontheshapeof elementsarehighly desirabl€or applications
wherecerti®edresultsarerequired.

2 Stateof the Art

To keepthe structureof this surey asclearaspossible we classifythe remeshing
techniguedy theirendgoalratherthanby thetechniquehey employ. We classifythe
techniquesnto ®ve maincateories:structuied remeshindSection2.1), compatible
remeshing(Section2.2), high quality remeshing(Section2.3), featue remeshing
(Section2.4) anderror-driven remeshing Section2.5). Sometechniquesappeaiin
several of thesecatayorieswhenthey achieve severalgoalssimultaneously

2.1 Structured Remeshing
De nition

Structued remeshingeplacesan unstructurednput meshwith a structuredone.In
a structuredmesh,sometimescalled a regular mesh,all internal verticesare sur
roundedby a constannumberof elementsA semi-rgularmeshis obtainedoy reg-
ular subdvision of anirregularmesh(seg[SS01). All theverticesareregularexcept
for a small numberof extraordinary vertices(seeFig.2). A highly regular meshis
onein which thevastmajority of verticesareregular, yetthe meshhasnot necessar
ily beengeneratedby subdvision.

Motivation

Structuredneshewffer certainadvantage®ver unstructurednes.Their connectv-
ity graphis signi®cantlysimpler henceallows for ef®cienttraversalandlocalization
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Fig. 2. Meshesirregular, semi-rggularandregular

in the algorithms.Semi-rgular mesheswhich areessentiallypieceavise-regyular, of-
fer atradeof betweenthe simplicity of structuredmeshesandthe e xibility of un-
structuredneshes.

Semi-Regular

Semi-rgular meshesare obtainedby recursve subdvision of aninitial basemesh
(Fig.3). Their hierarchicalstructuremakes them ideal for multiresolutionanaly-
sis (coarsi®cationby dowvn samplingand smoothing)and synthesis(subdvision
andaddingof details).They have proven usefulfor modelingsmoothor piecavise
smoothsurfaces reverseengineeringmultiresolutionanalysisand modeling,mor
phing,editingandvisualizationwith levels of detailapplications.

Fig. 3. Semi-rgularmeshobtainedby recursve subdvision of aninitial basemesh.

The emeging ®eld of geometryprocessindSS0] hasmadesigni®cantuseof
semi-rgularmeshesA fundamentatjuestionof geometryprocessings thefollow-
ing: is it possibleto extendthemethodof classicadigital signalprocessinge.g.the
discreteFourier transformandwavelets),usually appliedon regular uniform struc-
tures,to theirregularnon-uniformsetting? This questionstill remainsonly partially
solved, andthe solution of choice consistsof semi-rgyular remeshingof the orig-
inal shapeso thatthe geometric“signal” is resampledonto regular and uniformly
sampledpatchesOneexampleof geometryprocessings givenby a setof discrete
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operatorsusedfor smoothingandfairing, applicableonly in theregularanduniform
setting.

Themaintechniquegor semi-rggularremeshingcanbe classi®ednto two main
catgyoriesaccordingo thewaythey ®nd correspondencdmetweertheinputandout-
put meshesThe ®rst classof techniquesisesa parameterizatioto ®nd a bijective
correspondencd.hetechniquesn this classdiffer mainly by thetype of parameter
ization:

Techniqueghatparameterizéheinputmeshon a global planardomain[HGOQ].
Theparametedomainis thenresampledandthe new meshconnectvity is pro-
jectedbackinto 3D spaceresultingin animproved versionof theinput (Fig.4).
Themaindravbacksof theglobalparameterizatiomethodsarethesensitvity to
the speci®cparameterizatiomnsed,andthe metric distortionthatmay arise(due
to the factthatthe 3D structureis forcedinto a parameteplane).Furthermore,
mary of theseechniquesnvolve thesolutionof alargesetof equationstesulting
in substantiatcomputationSanderet al. [SGSHO032 usea hierarchicalapproach
basedon multigrid methodswhich canaccelerateéhe procesgo almostlinear
time evenfor large mesheshut numericalprecisionissuesmnay arisefor meshes
with severeisoperimetricdistortion.

Technigueghatparameterizéheoriginal modelontoa setof basetriangulardo-
mains,the latterobtainedeitherby simpli®cation,or by partitioningthe original
meshinto regionsusinga discreteanalogueof the notion of a Voronoitile. This
techniquepusedby [ERD* 95, LSS" 98, GVSSO0(, yieldsexcellentresultswhile
beingsensitve to the patchstructurg(seeexampleFig.5). Thevertex samplingis
alsodelicateto control.

Thesecondlassof techniquesloesnotrely onary parameterizatiobut instead
usesray shooting[KVLS99] to ®nd correspondence®r shrink wrappingthe new
meshontotheinput mesh(Fig.6).

Shapecompressiotechniqguegmplo/ing semi-egular remeshingireamongthe
bestreportedto date. The main idea behind thesetechniquegKSS0Q GVSS0Q
KGO03, PA0Z] is the obsenation that a meshrepresentatiomasthreecomponents:
geometryconnectvity andparameterizatiomf whichthelattertwo (i.e. connecti-
ity and parameterizationgre not importantfor the representatiof the geometry
The goalis thereforeto reducethe “volume” of thesetwo componentasmuchas
possibleby semi-rgular remeshingsee[AG03 for a moredetaileddescriptionof
this shapecompressiotechnique).

Discussion

In all mapping-basednethods the parameterizatiomplays a critical role, and ary
de®cienciedn it will be ampli®edin the output.In particular building a globally
smooth parameterizations notoriously dif®cult [KLS03]). Having a subdvision
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Fig. 4. QuadrilateraremeshingThe main ideaof the algorithmis to circumwent the three-
dimensionatemeshingroblemby "atteningthe 3D meshT 3 to a2D versionT,, andsolving
the two-dimensionalprobleminstead.The de ationfunction f is thende ned by linearly

mappingeachtriangle of T3 to the correspondingdrianglein T while the inversein ation

functionF enabledo getbackfrom 2D to 3D. Figurereproducedrom [HGOQ].

Fig. 5. Multiresolutionadaptve parameterizatioof surfaces Overview of thealgorithm.Top

left: ascannednputmesh(courtesyCybervare).Next theparameteor basedomain,obtained
throughmeshsimpli cation. Topright: regionsof theoriginal meshcoloredaccordingo their
assignedasedomaintriangle.Bottomleft: adaptve remeshingvith subdiision connectvity.

Bottommiddle: multiresolutionedit. Figurereproducedrom [LSS" 98].
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Fig. 6. Remeshindyy shrinkwrapping.The original bustmodelhas61K triangles.The base
meshwith 72 trianglesis subdiided threetimesto generatehe centermeshand5 timesto
generateheright image.Figurereproducedrom [KVLS99].

connectvity is still necessaryor multiresolutionanalysiswhich hasprovena pow-
erful tool for mary geometricmodelingandprocessingpplicationsThe challenge
remainsto handleirregular meshedglirectly. This will remaindif®cult while current
geometryprocessingapproachesaredesignedn analogyto their continuouscoun-
terpart.

Completely Regular

In a regular mesh(a grid, triangle or hexagonaltessellation)the connecwity is

implicit, the compactness&nd regularity of the data structureimproves the ef®-

cieng/ and facilitatesthe implementationof mary algorithms.Regular remeshing
hasprovensuccessfulor ef®cientrenderingno cachendirection),textureandother
modulationmapping(e.g. normal,transparencmaps).

Gu et al. [GGHO0Z remeshirregular triangle meshesusing a regular rectangu-
lar grid. The input meshof arbitrary genusis initially cut to reduceit to a single
topologicaldisc. It is thenparameterizedn the unit 2D squarewhile minimizing a
geometric-stretcimeasureThis is thenrepresente@ds a so-calledgeometryimage
that storesthe geometryaswell asary modulationmaprequiredfor visualization
purposeqFig.7). Sucha compactgrid structuredrastically simpli®es the render
ing pipelinesinceall cacheindirectionsfoundin usualirregularmeshrenderingare
eliminated Despiteits obviousimportanceor ef®cientrenderingthistechniquehas
afew drawvbacksdueto the inevitable surfacecutting: eachgeometryimagehasto
be homeomorphido a disk, thereforeclosedor genus 0 modelshave to be cut
alonga cut graph.In particular it introducesunacceptablyhigh parameterization
distortionfor high genusmodelsor shapeaith high isoperimetricratios(e.g. long
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extremities).To alleviatethesedravbacks Sandeetal. [SWG* 03] useanatlascon-
structionto maptheinput meshonto chartsof arbitraryshapeThosechartsarethen
pacledin a geometryimagein parametespaceanda zipperingalgorithmis used
to remove thediscontinuitiesacrosschartboundariesandcreatea watertightsurface.
Anotherway to minimize seamslueto cuttingis to ®rst parameteriz¢he meshto a
spherdGGS03, whichis thenmappedn a highly structuredvay to the square.

Fig. 7. Constructionof a Geometrylmage: Original mesh (70k faces,genus0), origi-
nal meshwith cut, parameterizatiomnd Geometrylmage (257 257). Figure reproduced
from [GGHOZ.

Discussion

Theconcepbf geometryimagesfollows therecenttirendsin graphicsthatrepresent
all surfacemodulationsignalsas“textureimages”(normalmaps bumpmapstrans-
pareng maps,color maps light maps,re ection maps)insteadof usinga ®ne mesh
with attributesat eachvertex. Thekey ideais to representhe shapegeometryitself
usingregulargrids,assuminghecostof 3D transformation$o benegligible with re-
spectto the costof “decorating”"the meshusinga comple« multi-texturing process.
Researclon geometryimages mainly drivenby Hoppeandco-workers,anticipates
theuni®cationof vertex andimagebuffers.

Highly Regular

In [SRKO3 aremeshingnethodfor the creationof piecevise regularmeshess de-
scribed.Basedon their orientation,this algorithm partitionsthe trianglesinto six
sets.The setof triangleswhosenormalis closestto the positive x-directionis sam-
pled usingaregular grid in the y-z plane.The other®ve setsare sampledsimilarly
usingthe appropriategrids. Finally, thesere-samplegiecesareconnectednto one
valid mesh.Theresulttypically containsa large fraction of regular vertices;specif-
ically, all theinternalverticesof eachpieceareregularby constructionwhile some
irregularverticesmay appeamlongthe seams.

Surazhsk andGotsmariSG0J performlocalmodi®cationgdirectlyonthemesh
surfacein orderto obtaina highly regular mesh.Onekey featureof their methodis
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theuseof overlappingpatchego locally parameterizéhe surface(which overcomes
boththe problemsof global parameterizatioandthe remeshingoroblemsthat usu-
ally arisenearthe patchboundariesvhenparameterizindpasedon meshsegmenta-
tion). Anotherkey featureis a seriesof edge-collapsandedge- ip operationcom-
binedwith area-basetheshoptimizationto improve regularity andto producewell-
shapedriangles(without the problemof long andskinry trianglestypically created
if meshgeneratioris basedon triangleareas)As the overlappingparameterization
allow to apply 2D meshoptimizationmethodso 3D meshegwhile minimizing the
distortionproblem,typical of mappinga 3D meshto a 2D parametriadomain),this
algorithmis fastaswell asrobust(seeanexamplein Fig.8).

Fig. 8. Highly regularremeshingFigurereproducedrom [SGO03].

Discussion

Highly regular meshesare frequently obtainedby tessellatingon a regular grid.
Surazhsli and GotsmanSG03 demonstratehat highly regular meshesannotbe
generatedimply by localmeshadaptationunlesssomesemi-globabperationssuch
asdrifting edgesareperformedOnechallengés to obtainsemi-rgularmeshesvith
a prescribechumberof irregular vertices(up to thatrequiredby the Eulerformula)
by semi-globaldaptatiorinsteadof subdvision.

2.2 Compatible Remeshing
De nitions

Givena setof 3D mesheswith a partial correspondencbetweenthem,compatible
remeshingamountgo generatinga new setof meshesvhich areremeshesf thein-
putset,suchthatthey have acommonconnectvity structurewell-shapedolygons,
approximatavell theinput, andrespecthe correspondence.
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Motivation

Motivating applicationsare morphingbetweenshapesand attributes, multi-model
shapeblending,synchronizeenodelediting, ®tting templatemodelsto multiple data
setsandprincipalcomponengainalysisin theseapplicationghe commonconnecti-
ity is usuallymoreimportantthanthe meshelementquality.

Joint Parameterization

Much of the work doneon compatiblemeshingfocuseson morphingasthe taget
application.This requires®rst the computationof a joint parameterizationsome-
timescalledcrossparameterizatiolp namely a bijective mappingbetweerthe two
meshespossiblysubjectto someconstraintsAlexa [Ale02] givesa goodreview of
joint parameterizatiomnd compatibleremeshingechniquesievelopedfor morph-
ing. Jointparameterizatiors typically computedby parameterizinghe modelsona
commonbasedomain.Onepopularchoiceis the sphere Therearea numberof al-
gorithmsfor sphericalparameterizatiorg.g.[Ale99, GGS03 PHOJ. Of thoseonly
Alexa's methodaddressefeaturecorrespondencéseefig.9). However, it doesnot
guarantee bijective mappingandis not always capableof matchingthe features.
An inherentlimitation of a sphericalparameterizatiofs thatit canonly be applied
to closed genuszerosurfaces.

Fig. 9. Joint sphericalparameterizationFirst, an initial sphereembeddings computedfor
eachmesh Secondtheinitial subdvisionis deformedsuchthatthecommonfeaturesoincide
onthespheresThetwo connectvities arethenmemged.Figurereproducedrom [Ale99].

A more generalapproachis to parameterizéhe modelsover a commonbase
mesh[LDSS99 LCLCO03, MKFCO01, PSS0] This approactsplits the meshesnto
matchingpatcheswith anidenticalinter-patchconnectvity. After the split, eachset
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of matchingpatcheds parameterizedn a commoncorvex planardomain.An ad-
vantageof thisapproachs thatit naturallysupportdeaturecorrespondenday using
featureverticesascornersof the matchingpatchesThe main challengein mapping
themodelsto a singlebasemeshis to constructidenticalinter-patchconnectvities.
The vastmajority of the methodsuseheuristictechniqueghatwork only whenthe
modelshave nearlyidenticalshapePraunetal. [PSS0] provide arobustmethodfor
partitioning both meshesnto patcheggiven usersuppliedbasemeshconnectvity.
A commondisadwantageof existing techniquego constructhasemeshess thatthe
patchstructureseverelyrestrictsthefreedomof theparameterizatiorAs aresult,the
shapeof the patchesiasa hugein uence ontheamountof mappingdistortion.

Giventhejoint parameterizatiommary technique$Ale99, KSK0Q] generatdhe
commonconnectiity for the modelsby overlaying the meshesn this parameter
domainand computinga commonintersectionmesh.The new meshcapturesthe
geometryof the models.However, the new meshis typically muchlarger thanthe
inputmeshesandhasvery badly shapedriangles.The overlayingalgorithmis also
extremely tricky to implement,asit requiresmultiple intersectionand projection
operationsAn alternatve is to remeshthe modelsusinga regular subdvision con-
nectvity derivedfrom the basemesh[LDSS99 MKFCO01, PSS0]. Dueto therigid
connectvity structure the shapeof the meshtrianglesre ects the shapeof the base
mesh.Thus,if theshapeof thetrianglesis poor(becausefor example,thaiserpicked
unevenly spacedfeaturevertices)the shapeof the meshtriangleswill re ect this.
More importantly a modelthatcontainsfeaturesnterior to the basemeshtriangles
will requireavery densesubdvision meshover the entiremodel.

Inter-SurfaceMapping

Kraevoy and Shefer [KS04] developeda techniquefor joint parameterizatiomand
compatibleeemeshingf two genus-Gmeshesvith apartialcorrespondendg-ig.10).
Theinputof thealgorithmis apair of trianglemeshes&ndasetof correspondindea-
ture vertices.The ®rst stageof the algorithmconstructsa commonbasedomainby
incrementallyaddingpairs of matchingshortestedgepaths.Careis taken to avoid
intersectionsand blocking, aswell asto presere cyclic ordersin orderto obtain
matchingpatchlayouts.Facepathsarethenaddeduntil all patchesaretriangulated,
andanadditionalpath ip procedura@mprovesthe connectvity of the patchlayout.
The secondstagecomputesa shapepreservingparameterizatiowith smoothtransi-
tions betweenpatcheausingthe mean-alue parameterizatiofiollowed by an adja-
ceng preservingsmoothingprocedureThelaststageconstructcompatiblemeshes
by alternatingvertex relocationto attractverticestowardsareasof highererror, and
errordrivenmeshre®nementThe approximatiorof normalsis improved by anad-
ditional pseudcedge- ip re®@nemenprocedureThe meshegeneratedby this proce-
durecontainsigni®cantlyfewer elementghanthosegeneratedby simpleoverlaying
methodswhile approximatinghe geometryandnormalsof theinput model.
Schreineret at. [SAPH04 usea proceduresimilar to thatof Kraevoy and Shef-
fer for basemeshconstruction handlingmodelsof arbitrary genusmore robustly.
To generatea smoothjoint parameterizatiorthey usea symmetric stretchbasede-
laxation procedurewhich tradesoff high computationacompleity for quality of
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Fig. 10. Basedomainsconstructionfor joint parameterizatiomnd compatibleremeshingof
two genus-Omesheqfeatureverticesare dark green):(a),(b) edgepaths;(c),(d) facepaths,
new verticesarehighlighted(turquoise)e),(f) basemeshesFigurereproducedrom [KS04].

the mapping.The commonmeshis generatedisingan overlay of theinput meshes,
as describedabore. To avoid artifacts,the methodhasto relax the featurevertex
correspondencie somecases.

Discussion

While compatibleremeshings becomingncreasinglyimportantin computeigraph-
icsanimationapplicationsywhereasequencef meshess available,it is still plagued
by a numberof problems.The selectionof pairsof correspondenfeaturepointsis

still manual.Very few existing methodsextend easily to arbitrary genussurfaces
andlong animationsequenced.astly, the resultsarestill highly dependenbn the

parameterizatiomethodusedto performthejoint parameterization.

2.3 High Quality Remeshing
De nitions

In our taxonomyhigh quality remeshingneansto generatea new discretizationof
theoriginal geometrywith a meshthatexhibits the threefollowing propertieswell-
shapecdelementspuniform or isotropicsamplingand smoothgradationsampling.A
well-shapedtriangle hasaspectratio as closeto 1 as possible,and a well-shaped
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quadrilateratontainsangleshetweertwo consecutie edgesascloseto =2 aspos-
sible.lsotropicsamplingmeanghatthe samplingis locally uniformin all directions.
Requiringuniform samplingis even morerestrictingby dictatingthe samplingto be
uniform over the entiremesh.Smoothgradationmeanshatif the samplingdensity
is notuniform - it shouldvary in asmoothmannel{BHP97).

Motivation

High quality remeshings motivatedby numericalstability and reliability of com-
putationsfor simulation. Ef®cient rendering,interactize free-form shapemodel-
ing, aswell as a few geometryprocessingalgorithmssuchas compressionfair-

ing or smoothingalso bene®tfrom high quality meshesThe shapeof meshele-
ments[PB01]] hasa directimpacton the numericalstability of numericalcompu-
tationsfor ®nite elementanalysisaswell asfor ef®cient rendering.For the widely
usedtrianglemeshesit is desirableto have no smallanglesand/orno large angles,
dependingn thetargetedcomputationgsee[She032).

We restrictour descriptionto point-basedsamplingtechniquesalthoughother
primitives can be evenly distributed on surfacesfor meshing(e.g. bubble pack-
ing [YSO04], squarecell packing [SL9§], placementof streamlineACSD' 03)).
Uniform (resp.isotropic) point samplingfor remeshingamountsto globally (resp.
locally) distributing a setof pointson theinput modelin asevena manneraspossi-
ble.We maydistinguishbetweergreedysampleplacemenmethodsvhichinsertone
point at atime to re®nethe newly generatednodel,andrelaxation-basedanethods
which improve aninitial placementitherlocally or globally throughpoint reloca-
tion.

Farthestpoint sampling

The farthestpoint paradigm[LPZE96 adwocatesinsertingone samplepoint at a

time, as far as possiblefrom previously placedsamples,.e. at the centerof the

biggestvoid. Its main advantageis in retainingthe uniformity while increasinghe

density In contrastto stochasticapproachest canguaranteesomeuniformity by

boundingthe distancebetweersamplegBO03]. This paradigm alsocalled Delau-
nay re®@nemen{Che93 Rup95 Mil04] or sink insertion[EG01] hasproven partic-
ularly effective in producinguniform aswell asisotropicsampleplacementslt has
beenrecentlyextendedusingthe geodesidistanceestimatedon the input meshto

®nd the centerof the biggestvoids [PC03 MDO03]. From aninitial point setsam-
pledontheinputmesh,aDelaunay-lile triangulationis createdoy takingthe dualof

a geodesic-basedoronoi diagramconstructedising the FastMarching methodof

SethianandKimmel [Set99.

Advancingfront.

A popular methodfor evenly-spacedplacementis the adwancing front paradigm
commonlyusedfor meshinglAFSW03 Har98 TOC9§. This methodhasbeenre-
cently extendedusingan approximationof the geodesialistancefor remeshingoy
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Sifri etal. [SSG03. A moregeneralapproachwasrecentlyintroducedby Dong et
al. [DKGO05], who computetwo orthogonaharmonicMorsefunctionson the mesh
surface.Drawing contoursof eachresultsin a goodquadremesh(Fig.11). Another
quasi-uniformremeshingapproachbasedon an advancingfront is implicit in the
SwingWrappecompressioschemdAFSRO03. In orderto reducghenumberof bits
to encodehevertex locations SwingWrappepartitionsthe surfaceinto geodesidri-
anglesthat, when attened, constitutea nev meshwhich is strongly compressible.
Theremeshings performedsothatfor eachvertex of the nev meshthereis atleast
oneincidentisoscelesrianglehaving aprescribedeight. Thoughnot optimally uni-
form, the remeshingperformedby SwingWrappemight effectively be usedasan
initial guesdor iterative processewhichtry to optimizeuniformity.

Fig. 11. Quadrilateralremeshingof arbitrary manifolds: (a) A harmonicfunction is com-
putedover the manifold. (b) A setof crossingsalong each ow line is constructed(c) A
non-conformingmeshis extractedfrom this net of “ow crossings(d) A post-procesgro-
ducesa conformingmeshcomposedsolely of trianglesandquadrilateralsFigurereproduced
from [DKGO5)].

Attraction-repulsion.

One of the ®rst remeshingtechniquedo surfacein the graphicscommunity was
describedy Turk [Tur9Z. It placesa (userde®ned)numberof new verticeson the
input mesh,and arrangeshe new verticeswith the help of an attraction-repulsion
particle relaxationprocedurefollowed by an intermediatemutualtessellatiorthat
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containsboth the verticesof the original meshand the new vertices.This simple
approactproducedjuiteremarkableesults althoughit hadsererallimitations.Most
notably it is not suitablefor modelsthat have sharpedgesandcorners so doesnot
preciselyapproximatesucha surface.

Umbrella operator.

Anotherpopularmethodcommonlyusedfor evenplacemenbf samplesonsistof

repeatedlynoving eachsamplepointto thebarycenteof its neighborsandupdating
the meshconnectiity. This proceduretendsto generateglobally uniform edgesin

the simple case,andlocally uniform edges(i.e. isotropic sampling)if weightsare
assignedo edgedVRSO03.

The interactve remeshingtechniqueintroducedby Alliez et al. [AMDO02] is
basedon global parameterizationt representshe original meshby a seriesof 2D
mapsin parametespace andallows the userto control the samplingdensityover
thesurfacepatchusinga so-calledcontrolmap,thelattercreatedrom the 2D maps.
Firstaninitial isotropicresamplings performedusingan errordiffusion sampling
techniqueoriginally designedor imagehalf-toning[Ost01],followed by relaxation
usingthe umbrellaoperator This methodis a hybrid betweera greedyanda varia-
tional methodsincethe coef®cientsusedfor errordiffusionareoptimizedduringan
of ine procedurevhich seeka placementvith aso-calledblue-noisgro®le, related
to the notion of isotropicsampling.Theinitial sampleplacements thenperformed
in asinglepassatruntime. SeeexampleFig.12.

Local areaequalization.

Preciseuniform samplingcanbe achiezed throughlocal areaequalization Assum-
ing the one-ringof the vertex to be relocateds ®xed, the new positionis computed
by solving a linear systemin orderto minimize the dispersionof areaamongall
incidenttriangles[SG03. This techniquehasbeenrecentlyextendedo local equal-
ization of the Voronoi areasof the verticesin orderto symmetrizea linear system
usedfor multiresolutionmodeling[BK04]. The systemis solved ef®ciently using
a Cholesly-basedsolver that takes advantageof symmetricband-limitedmatrices.
Although ef®cient androbust, theseareaequalizatiortechniquesio not provide an
easyway to globally distribute a setof samplesn accordancéo a densityfunction.

Lloyd relaxation.

Preciseisotropic sampleplacementcan be achieved throughthe useof the Lloyd
clusteringalgorithm[LI082], which consistf alternatingvoronoipartitioningwith
relocationof the generatorso the centroidof their respectre Voronoicell (Fig.13).
SucharelaxationprocedurgyeneratesentroidaloronoidiagramgDFG99, where
the generatorgoincidewith the centroidof their respectie cells. Lloyd relaxation
minimizesan enegy relatedto the compactnessf the Voronoi cells (and hence
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Fig. 12. Interactve geometryremeshingRemeshingf the MaxPlanckmodelwith various
distribution of thesamplingwith respecto thecurvature . Theoriginalmodel(left) is remeshed
uniformly andwith anincreasingmportanceplacedon highly curved areaqleft to right) as
themagni ed areashows. Figurereproducedrom [AMDO2].

isotropicsampling)while equi-distrituting the enegy within eachcluster asshowvn

by Gershain thelate seventies[Ger79. Contraryto othermethodsthis methodal-

lows the de®nition of a densityfunctionrelatedto the desiredsize of eachVoronoi
cell. It will thengeneratea distribution of enegy which globally matcheghelocal

sizewhile achieving preciseisotropicsampling.

Fig. 13.Lloyd relaxation:A setof generatorgblackdots)arerandomlygeneratedthecentroid
of eachVoronoiareais depictedasaredcircle). Eachiterationof the Lloyd algorithmmaoves
eachgeneratoto its associatedentroid,andupdateshe VVoronoidiagram.

Alliez et al. [AdVDI03], and Surazhsi et al. [SAG03 proposedwo remesh-
ing techniquedasedon Lloyd relaxation.The ®rst usesa global conformalplanar
parameterizatiomndthenappliesrelaxationin the parametespaceusinga density
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functiondesignedo compensatéor theareadistortiondueto attening (Fig.14).To
alleviate the numericalissuedfor high isoperimetricdistortion,aswell asthe arti®-
cial cutsrequiredfor closedor genusmodelsthe secondapproachappliestheLloyd
relaxationprocedureon a setof local overlappingparameterization@ig.15).More
recently theLloyd-basedsotropicremeshingpproachasbeenextendedn two di-
rections:oneusesthe geodesidistanceon trianglemeshedo generatea centroidal
geodesic-basedoronoidiagram[PC04, while the otheris anef®cientdiscreteana-
log of theLloyd relaxationappliedon theinput meshtriangles[VC04].

Fig. 14. Uniform remeshingf the David head:a planarconformalparameterizations com-
puted(bottomleft). ThenLloyd relaxationis appliedin parametespacein orderto obtaina
weightedcentroidaMoronoitessellationyith whichthe meshis uniformly resampledFigure
reproducedrom [AdVDIO3].
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Fig. 15. Uniform remeshingof the Beetle:Lloyd relaxationis appliedover local overlapping
parameterizationasdescribedn [SAGO03.

Discussion

As expectedrelaxation-basedampleplacementnethodsachieve betterresultsthan
greedymethodsatthe price of lengthiercomputationsNeverthelessthe only meth-
odsthatprovide certi®edboundson theshapeof elementsarethegreedyapproaches
basedon Delaunayre®nement.The Lloyd-basedsotropic samplingmethodcom-
binedwith local overlappingparameterizatiotave recentlyproven successfufor
isotropicallydistributing a point setin accordancavith a densityfunction[SAG03.
Two remainingchallengegelatedto the Lloyd relaxationmethodare to prove or
to give suf®cient conditionsfor achiezing corvergenceto a global optimum,andto
accelerateorvergence Anotherpromisingdirectionfor ef®cientisotropicsampling
is the hierarchicalPenrose-baseddportancesamplingtechniquedevelopedby Os-
tromoukha [ODJ04],which is deterministicandseveral ordersof magnitudefaster
thanrelaxationmethods.

2.4 Feature Remeshing
De nitions

Assumethat a triangle meshis an approximationof a curved shape possiblywith
sharpedgesandcornersWe call the processhattakessuchatrianglemeshandgen-
eratesanew tessellatiorin whichtheoriginal sharpfeaturesarebetterapproximated
featuie remeshinglin this contet, the quality of the approximationmay be mea-
suredeitherusinga purelygeometriametric (theL® norm,for example,is strongly
affectedby badly-approximatedharpedges)or on a metric which re ects visual-
quality (e.g., normaldeviation), or acombinationof both.

Motivation

Most acquisitiontechniquesaswell asseveral recentlydevelopedremeshingalgo-
rithms[RCG" 01, SRK03 GGHO02 AFSRO03, restricteachsampleto lie onaspeci®c
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line or curve whosepositionis completelyde®nedby a pre-establishegattern.In
mostcasessucha patterncannotbe adjustedo coincidewith sharpedgesandcor-

nersof the model,and almostnoneof the sampleswill lie on suchsharpfeatures.
Thus,thesharpedgesandcornersof the original shapeareremavedby the sampling
processandreplacedby irregularly triangulatedchamfers which often resultin a
poorquality visualizationandhigh L* distortion.

Feature-presewing

Whenthe original shapeis available,the error betweensucha shapeand the ap-
proximatingtrianglemeshmaybereducediy densesampling Over-sampling how-
ever, will signi®cantlyincrease¢he numberof vertices,andthustheassociatedom-
plexity, transmissiorand processingcost. Furthermoreas obsered by Kobbeltet
al. [KBSSO01], theassociatedliasingproblemwill notbe solved by over-sampling,
sincethe surfacenormalsin the reconstructednodelwill not corverge to the nor
mal ®eld of the original object.To copewith sucha problem,anextendedmarching
cubesalgorithmhasbeenproposedn [KBSS01]]. Theinput shapds ®rst corverted
into a signeddistance®eld. This representatioris then polygonizedusing a vari-
ant of the marching-cube$L C87] algorithmin which vertex normalsare derived
from the distance®eld and usedto decidewhethera voxel containsa sharpfea-
ture or not. If so,additionalverticesare createdwithin the voxel and placedat in-
tersectiondetweenthe planesde®nedby the verticesandtheir associateshormal.
Anotherfeature-preservingpproactwasproposedn [JLSWO03, ableto accurately
polygonizemodelswith sharpfeaturesusingadaptve spacesubdiision (anoctree),
resultingin polygonalmodelswith fewer facesIn a differentsetting,anoriginal tri-
angulatiormayberemeshedvithoutconvertingit into ascalardistance®eld, andthe
aliasingproblemmaybeavoidedby snappingsomeof theevenly distributedvertices
ontosharpcreasesasproposedn [VRKSO01].

Feature-enhancing

Whentheoriginal shapds notavailable,the EdgeSharpenenethod AFRS03 pro-
vides an automaticprocedurefor identifying and sharpeninghe chamferededges
andcorners.n a ®rst step,the meshis analyzedandthe averagedihedralangleat
edgess computed Basedon this value,“smooth” regionsare grown on the mesh,
and the strips of trianglesseparatingneighboringsmoothregions are considered
“aliasing artifacts” madeof chamfertriangles.The growing processresultsin a
numberof smoothregionsin which all theinternaledgeshave anearly at dihedral
angle.EdgeSharpenénferstheoriginal sharpedgesandcornerdy intersectingla-
narextrapolationsof the smoothregions.Then,eachchamfertriangleis subdvided,
andthenewly insertedverticesaremovedto theintersectionswhich areassumedo
betterapproximatehe original sharpfeatureqseeFig.16).Unlesstheinput contains
sighi®cantamountsof noise,EdgeSharpenaioesnot introduceundesirableside-
effects,andlimits the modi®cationsto the portionsof the meshwhich areactually
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chamferartifacts. Furthermore EdgeSharpendnasbeentestedon resultsof sevs-

eralfeature-insensitie remeshingalgorithms[AFSR03 SRK03 RCG' 01], andhas
beenshavn to signi®cantlyreducethe L distortionintroducedby the remeshing
process.

Fig. 16. EdgeSharpeneA trianglemeshreconstructedrom a point cloud (left) is improved
by EdgeSharpengAFRS03].Smoothregionsareidenti ed (red)andchamfertriangles(gray
andgreenwith blue edges)resharpenedright).

To give thedesignemore e xibility, aninteractve remeshingpproacthasbeen
proposedn [KB03] for restoringcorruptedsharpedgesTheuseris requiredto con-
structa numberof ®shbonestructuregspineandorthogonakibs) which will be au-
tomaticallytessellatedo replacethe original chamfers Thoughnot automatic this
methodis particularlysuitablefor simplemodelswith few sharpedgesandallows
to sharperthe chamfersaswell asto modify the sweptpro®lesto produceblendsor
decoratecdges.

One may argue that an applicationof the extendedmarchingcubes[KBSS0]
to a polygonalmeshmay be usedto infer andhencereconstructhe sharpfeatures.
In [KBSSO01], the applicationto remeshings discussedand, in fact, it is usefulto
improve the quality of mesheshaving degenerateslementsor otherbad character
istics. In somecasestheinformationat the edge-intersectionsiakesit possibleto
reconstrucsharpfeaturesn an Edge-Sharpendik e manner For example,if acell
containsan aliasedpart that doesnot intersectthe cell's edgesthe normal infor-
mation at the intersectionds usedto extrapolateplanesand additional points are
createdon the inferred sharpfeature.If, on the otherhand,the cell's edgesdo in-
tersecthe aliasedpart, the normalinformationis contaminatedandnothingcanbe
predictedaboutary possiblefeaturereconstructionMoreover, remeshinghewhole
modelthroughthe extendedmarchingcubesapproachcan introducean additional
erroron the regionswithout sharpfeatureswhile the local remeshingproducedby
EdgeSharpenearnly affectsthe aliasedzonesby subdviding the trianglesthat cut
throughthe original solid (or throughits complementhearsharpedges.

Discussion

Beingableto presere or reconstrucsharpfeaturess 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 the main challengesn this contet is the de®nitionof a formal
framawork for samplingnon-smoothsurfaces Althoughsucha framewvork hasbeen
de®nedfor smoothmodels]ABK98, BO0J, the problemof dealingwith tangential
discontinuitiesemainsopen,evenfor the 2D casgDWO01].

2.5 Error-driven Remeshing
De nitions

Error-driven remeshingamountsto generatinga meshwhich maximizesthe trade-
off betweencompleity andaccurag. The compleity is expressedn termsof the
numberof meshelementswhile the geometricaccurag is measuredelative to the
input meshandaccordingto a prede®nedlistortion error measureThe ef®cieng/
of a meshis quali®edby the error per elementratio (the smaller the better).One
usuallywantsto minimize the approximationerror for a given budgetof elements,
or conversely minimizethe numberof elementgor a givenerrortolerance Another
challengingtask consistsof optimizing the ef®cieng tradeof at multiple levels of
detail.

Motivation

Ef®cient representatiorof complex shapess of fundamentaimportance,in par
ticular for applicationsdealingwith digital modelsgeneratedy laserscanningor
isosurficing of volume data.This is mainly dueto the fact that the compleity of
numerousalgorithmsis proportionatto the numberof meshprimitives.Examplesof
relatedapplicationsare modeling, processingsimulation,storageor transmission.
Evenfor mostrenderingalgorithms polygoncountis still the mainbottleneck.The
main needis to automaticallyadaptthe nenly generatedneshto the local shape
compleity.

Meshsimpli®cationor re®nementnethodsareobviouswaysof generatingef®-
cientmeshesin this surney we will notpretendto suney the plethoraof polygonal
simpli®cationtechniquegpublishedn thelastfew years,andinsteadrefertheinter
estedreaderto the comprehensie coursenotesandsuneys [HG97, Gar0Q Lue0],
LRC* 02, GGK0Z. We complementhesedocumentdby focusingontechniqueshat
proceedby optimizationor by recoveringa continuousmodelfrom the input mesh.
This includestechniquesspeci®callydesignedo exploit a shapes local planarity
symmetryandfeaturesin orderto optimizeits geometricrepresentationWe focus
in more detail on techniqueghat constructef®cient meshesy extracting,up to a
certaindeggree the “semanticakcontent”of theinput shape.

Hoppeet al. [HRD™* 93] formulatethe problemof ef®cient triangle remeshing
asanoptimizationproblemwith anenegy functionalthatdirectly measureshe L
error deviation from the ®nal meshto the original one. They shaved that optimiz-
ing the numberof vertices,aswell astheir geometryandconnectvity, captureghe
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cunaturevariationsandfeatureof the original geometryDespitea springforcere-

strictingtheanisotropy of theresultsandanapproximatepoint-to-surceEuclidean
L? distancemeasurethis techniqueresultsin particularly ef®cient meshesAlliez

etal. [ALSS99 describeanothemptimizationmethodwhich minimizesthe volume

betweerthesimpli®edmeshandtheinput meshusinga gradient-basedptimization
algorithmanda®nite-elementnterpolationmodelimplicitly de®nedonmeshesThe
volume-baseerror metricis shavn to accurately®t the geometricsingularitieson
3D meshedy aligningedgesappropriatelywithoutary distinctionrequiredbetween
smoothandsharpareas.

Following previouswork on featureremeshingseeSection2.4), theremeshing
techniqueintroducedby Alliez etal. [ACSD' 03] pushegheideaof aligningedges
on featuresfurther by generalizingit to the entire surface. They generatea quad-
dominantmeshthatre ects the symmetrieof theinput shapeby samplingtheinput
shapewith curvesinsteadof the usualpoints. The algorithmconsistsof threemain
stagesThe ®rst stagerecosersa continuougnodelfrom the input trianglemeshby
estimatingone 3D curvaturetensorper vertex. The normalcomponenbf eachten-
soris thendiscardedanda 2D piecevise linear curvaturetensor®eld is built after
computinga discreteconformalparameterizationil his ®eld is thenalteredto obtain
smootheprincipalcunaturedirections.Thesingularitiesof thetensor®eld (the um-
bilics) arealsoextracted.The secondstageconsistf resamplinghe original mesh
in parameteispaceby building a network of lines of curvatures(a setof “stream-
lines” approximatedby polylines) following the principal curvature directions.A
userprescribedapproximationprecisionin conjunctionwith the estimatedcurva-
turesis usedto de®nethelocal densityof linesof cunvaturesateachpointin parame-
terspacaduringtheintegrationof streamlinesThethird stagededucesheverticesof
thenewly generatedneshby intersectinghelinesof curvatureson anisotropicareas
andby selectinga subsebf the umbilics on isotropicareaqestimatedo be spheri-
cal). Theedgesareobtainedby straighteninghelines of cunaturesin-betweerthe
newly extractedverticeson anisotropicareasandsimply deducedrom the Delau-
naytriangulationon isotropicareasThe ®nal outputis a polygonmeshwith mostly
elongatedquadrilateraklementon anisotropicareasandtriangleson isotropicar
eas.Quadsare placedmostly on regions with two (estimated)axis of symmetry
while trianglesareusedto eithertile isotropicareasor to generateeonformingcon-
vex polygonalelementsOn at areasthe in®nite spacingof streamlineswill not
produceary polygons,exceptfor the sale of corvex decomposition(seeexample
Fig.17).This approacthasbeenrecentlyextendedsoasnot to rely on ary parame-
terization[MKO04].

Although the edgesamplingstratgly describedabore increaseshe meshef®-
cieng/ by matchingthe conditionsof optimality for theL? metricin thelimit, there
is no guaranteef its ef®cienqg/ at coarsescalesMoreover, this techniqueinvolves
local estimationof curvatures,known to be dif®cult on discretemeshesThe esti-
matoritself requiresthe de®nition of a scalewhich remainselusive (intuitively, the
scaleitself shoulddependon the approximatiortolerance) Theseobsenrationsmo-
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Fig. 17. Anisotropic remeshing:From an input triangulatedgeometry the curvaturetensor
eld is estimatedthensmoothedandits umbilics arededucedcoloreddots). Lines of cur
vatureg(following the principaldirections)arethentracedon the surface with alocal density
guidedby the principal curvatures,while usualpoint-samplingis usednearumbilic points
(sphericalregions).The nal meshis extractedby subsamplingand conforming-edgénser
tion. Theresultis ananisotropicnesh with elongatedquadsalignedto the original principal

directions,andtrianglesin isotropicregions.Figurereproducedrom [ACSD' 03].

tivateanef®cientremeshingapproactbasedexclusively onthe approximatiorerror
Thus Cohen-Steineet al. [CSADO04] proposean errordriven clusteringapproach
thatdoesnotresortto ary estimationof differentialquantitiesnor parameterization.
Error-drivenremeshings now castasa variationalpartitioningproblemwherea set
of planegqso-calledbroxies)areiteratively optimizedusingLloyd's heuristicto min-
imize aprede®nedpproximatiorerror (Fig.18).As in theoriginal Lloyd algorithm,
thekey ideahingeson alternatingpartitioningandmaoving eachrepresentatie to the
centroidof its region. The partitioningis generatedriangle by triangleusinga re-
giongrowing proceduradrivenby aglobalpriority queue Thequeuds sortedby the
errorbetweereachnew trianglecandidatdor expansionandthe proxy (representa-
tive) of the correspondingegion. The analogof the centroidin the metric spaceis
now simply the best®t proxy for eachregion. Closedformsfor the errorsbetween
onetriangle and one proxy, aswell asfor the best®t proxy are given for regions
consistingof a setof triangles,both for the L andL?* (L? deviation of normals)
errormetric. A polygonalremeshingechniques proposedasedn a discreteana-
log of a Voronoidiagramimplementedvith a two-passpartitioningalgorithmover
the input triangle mesh.The elementsof the resultingpolygonalmesheswill then
exhibit orientationandelongation guidedby the minimizationof the approximation
errorinsteadof beingtheresultof a cunatureestimationprocessasin [ACSD' 03].

Discussion

In this sectionwe narroved our scopeto the studyof methodghatbestpresere the
shapegeometryduringtheremeshingtageof thegeometryprocessingipeline.De-
spitethe considerabl@mountof work donefor meshapproximatiorthrougherror
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Fig. 18. Error-driven remeshingThroughrepeatecerrordriven partitioning (left), a set of
geometricproxies(representeasellipses,center)is optimized.Theseproxiesarethenused
to constructanapproximatingpolygonalmesh(right). Figurereproducedrom [CSADO4].

drivensimpli®cationor re®@nementthereis muchlesswork onapproximatingshapes
by usinggeometricanalysisto guidetheremeshingprocess.

Obserationshave shawvn that for sketching,artistsimplicitly exploit the sym-
metry of a shapenvhensketchingstrokesthatbestcornvey the desiredmodel.Simple
symmetricprimitivessuchasplanesspheresellipses,saddlescylindersandcones
arealsoexploited by artistsasbasiccomponentsor modelinga shapeFor reverse
engineeringanisotropiaemeshersuchas[ACSD' 03, MK04] help,to acertainde-
gree,to automaticallycapturingthe “semantical’structureof a measurecghapeby
inferring a smoothmodel and extracting its main traits. The local symmetriesand
main traits of the shapeshouldideally be deducedrom the elementsof the mesh,
facilitating structuringandanalysis.
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