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Abstract

While existingmethodgor 3D surfaceapproximationuselocal geometricproperties we proposethat more intu-
itive resultscanbe obtainedby consideringglobal shapepropertiessud as symmetry\We modifythe Variational
ShapeApproximationtedniqueto considerthe symmetriespearsymmetriesandpartial symmetriesf theinput
mesh.This hasthe effect of preservingand evenenhancingsymmetriesn the outputmodel,if doing so doesnot
increasethe error substantiallyWe demonstate that usingsymmetryproducegesultsthat are more aesthetically
appealingand correspondmote closelyto humanexpectationsespeciallywhensimplifyingto veryfew polygons.

CatagyoriesandSubjectDescriptorgaccordinglo ACM CCS) 1.3.5[ComputerGraphics]:GeometricAlgorithms

1. Intr oduction

In applicationssuch as interactve rendering, editing, or

physicalsimulationof large scenesit is importantto adapt
thecompleity of themodelsto the detail presentn the sur

face.This is especiallythe casegiven the increasedorac-
ticality of 3D scannersand proceduralmodeling systems,
which hasled to an abundanceof overtessellatednodels
containingmillions of primitives.Correspondinglyover the

lastdecademary methodshave beendevelopedto simplify

3D modelswhile closelyapproximatingheir geometry

While suchapproximationmethodsmaintainthe geom-
etry of the original model, they do not explicitly presere
othertypesof high-level information.In particular thesym-
metry of the modelin Figure 1a would not be presered
by existing remeshingiechniquesThe recently-introduced
Variational ShapeApproximation[CSADO04, for example,
yieldsFigureslb andid, in whichtheapproximatdeft-right
symmetryis not capturedn thetriangulation.

To addressthis, we proposea frameavork for model
simpli cation that automaticallydetectssymmetricregions
and actively preseres and even strengthenshosesymme-
triesduring simpli cation. Speci cally, we have adaptedall
stagesof VariationalShapeApproximationto includesym-
metry During the proxy generatiorstage we extendthe no-
tion of aproxyto includemultiple connectedomponentse-
latedby apre-de nedsetof symmetrytransformationge.g.,
planarre ection). Thus,while growing proxieswe consider
not only neighboringtriangles,but alsore ected triangles.
In the triangulationstage we explicitly nd corresponding
symmetrigpointsbasedntheproxiesgrownn previously. We
force the triangulationto follow thesecorrespondenceas
muchaspossibleyielding a moresymmetrictriangulation.
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The resultis the meshof Figureslc ande, which captures
symmetrywhile yieldinga comparablepproximatiorerror
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Figure 1: Remeshingvithout symmetrydoesnot createa
symmetridriangulationwithoutexplicit accountingor sym-
metry Column(a) showsa model(62K triangles)of a rela-
tively symmetriomask.Column(b) showsa visualizationof
the proxiesfoundby a standad remeshinglgorithm, while
(c) showgheproxiesobtainedtakingsymmetrynto account.
(d) and (e) showtheresultingtriangulations.
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The restof the paperwill be organizedasfollows: Sec-
tion 2will describepreviousremeshingechniquesn greater
detail, Section3 will provide the detailsof our algorithm,
Section4 will shaw resultsandSection5 will includeadis-
cussionandfuturework.

2. Previous Work
2.1. Surface Approximation

Dueto the usefulnes®f simpli ed modelsfor mary appli-
cationsin computemraphicsthereis along history of tech-
niquesdesignedo approximatea 3D surfacewhile optimiz-
ing for varioustypesof geometricerror

Onecommonmethodfor meshsimpli cation involvesap-
proximatingthe surfacelocally eitherby greedilyclustering
localgroupsof trianglesor by collapsingheedgef amesh
usinga local error metric that captureghe geometrydefor
mationof thesimpli ed areaHop96 KLS96, GH98 Tur9Z].
Other methods,including [KT03] and [STK0Z, seekto
combinesetsof facescontainingsimilar propertiesto gen-
eratecharacteristicegions.

An alternatve paradignfor simpli cation involvesgener
atinga a maximally-accurat@pproximationwith respecto
a global error metric, while reducingthe numberof faces.
Work suchas [HDD 93] generatesan enegy functional
basedon a point-to-surfcedistanceof theinput mesh.This
error function captureshe cunatureandsurfacevariations
from the original model. Departingslightly from the useof
surface distance(the L? metric), [CSAD04 de ne a met-
ric basedon the normalsof the surface (The L% metric).
They alsosolwe the global error functionby xing a num-
ber of proxiesandthen optimally placing theseproxiesto
bestapproximatethe surface.Using normalsratherthanthe
morewidely usedsurfacedistancas motivatedby thedesire
to generatemore visually pleasingresults,for example by
moreaccuratelyretaininghighlights.

We proposeo extendthis reasoningdby notingthatin gen-
eral,peoplearesensitive to symmetryandwill noticedepar
ture from symmetrymorereadily thansomegeneraldefor
mation of the surface.To this end, we proposeto augment
remeshingtechniquesby directly incorporatingsymmetry
informationinto thealgorithm.

2.2. Detectionof Symmetry in 3D Shape

Perfect Symmetry: The traditional approachto symmetry
detectionworks with discretesymmetries— perfect sym-
metries under rotation, re ection, or translation [Ata85

WWV85, MIK93, TWO05]. While thesemethodscan detect
perfect symmetrieswith varying degreesof toleranceto

noise,they do not work with imperfectsymmetriesor with

symmetrieghatre ect only partsof themodel.

Imperfect Symmetry: In the last decade,methodshave
beenprovided for measuringimperfectsymmetries Work
suchas[ZPA95,KFR04 pavedthewayby de ning acontin-
uousnotionof symmetryfor partialre ection of modelsRe-

@ (b)

Figure 2: An exampleof a 2D symmetntransform.(a) The
initial model.(b) Thetransformof themodelwith thedarker
linesrepresentingstronger symmetriesNotetheline of per
fect symmetrypassingthrough both the squae and the el-
lipse as well as additional wealer lines of imperfectsym-
metry In all casesthe local maximaof the transformare
signi cant symmetries.

Figure 3: An example of principal symmetriesof a 3D
model extractedfromthe 3D symmetrytransform Notethat
thesecaptuee the partial and approximatesymmetriesf the
ears, head,bodyandlegsof thebunny

cently [MGPO§ have shavn how to efciently nd imper
fect symmetriesn amodel,while [PSG 06] de ned a sym-
metrytransform capturingthedegreeof symmetryaboutall
planespassingthougha 3D model. An examplein 2D is
shavn in Figure 2. Therearetwo typesof imperfectsym-
metry:local symmetryin which a portionof amodelis per
fectly symmetricwhile therestof it is not, andapproximate
symmetry in which the entire modelis not symmetricbut
could be madesymmetricwith a slight deformation.Both
typesof imperfectsymmetrymay be found automatically
usingthe symmetrytransformby extractingthe setof Prin-
cipal Symmetrie®f the model, a setof planesthat are lo-
cal maximaof thetransform An exampleof theseprincipal
symmetrieccanbe seenin Figure 3. We usetheseprincipal
symmetriego guideour approximatiorof the surface.

3. Symmetric Remeshing
3.1. Our Approach

Thegoalof our paperis to remesha surfacein a“symmetry
aware”ervironment.If wewereonly concerneavith perfect
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symmetriesa simple algorithmwould be to remeshusing
ary existing technique then force symmetryby mirroring

the output. However, in mostpracticalsituations the sym-
metrieswill be imperfect.For example,theremay be near

symmetrieghatarenot perfectbecausef noiseor differing

tessellationor partial symmetriesin which regions of the
modelmaybe symmetricaboutdifferentplanesin addition,
somemodelsmay exhibit approximatesymmetry In these
cases faithful remeshing(resultingin a large number of

polygons),should prioritize geometricaccurag. However,

remeshingsuchmodelswith fewer polygonsshouldresultin

a symmetricoutput,provided thatdoing sointroduceserror
of the sameorderasthatnecessarilyntroducedby remesh-
ing. In thisway, we avoid symmetrizingf thereis noreason
to do so: the choiceto remeshwith mary polygonsshavs

thatthe users overriding concernis to presere detail accu-
rately.

Our approachis to modify the algorithm proposedby
[CSADO4 so that it explicitly preseres symmetry We
choseto begin with thisalgorithmbecausé hasbeenshavn
to producegood resultsfor low polygon counts,for which
the carefulchoiceof symmetrizatioralgorithmhasthe most
visible impact. In addition, as we will shaw later, this al-
gorithm allows us to smoothlycombinemultiple planesof
symmetry as well as both symmetricand asymmetricre-
gionsof themesh.

Our adaptedalgorithm usesas input a list of principal
planesof symmetry asextractedby the methodsdescribed
in [PSG 06]. Theseplanesareusedduringthe threestages
of the algorithm: proxy generationpoint selection,andtri-
angulation.In the next three subsectionsve describeeach
stepbrie y andexplain honv we modify the original algo-
rithm to incorporatesymmetry

3.2. Symmetric Proxy Generation

The rst stepof the algorithmis to generateproxies pla-

nar regions that closely approximatelocal sectionsof the

surface. This is donewith an iterative techniquebasedon

Lloyd's algorithm.At every iteration:

1. Every proxy is assignedrianglesof the model from a
singlepriority queue WhenatriangleD is removedfrom
the queueandassignedo a proxy P, all trianglesadja-
centto D areaddedo the queuewith aweightde ned by
thecompatibility of thosetrianglesto P. Thisassureshat
eachproxy is asingleconnectedcomponent.

2. Onceall triangleshave beenassignedopptimal proxy pa-
rameterdi.e., centerandnormal)arere-computedased
onthetrianglescurrentlyassignedo the proxy.

In orderto avoid converging to local minima, smallprox-
ies are occasionallydeletedand nen proxiesintroducedat
appropriatdocations(“teleportation”).

Ourmethodfollowsthis approactbut generalizeshedef-
inition of aproxy by allowing it to represena planarregion,
possiblytransformedby a discreteset T1:: Ty of symmetry
transformationsThis is a key componenof our algorithm,
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Figure 4: (a) A proxy with two patches.The purple patt
is associatedwith the identity and the greenpatd is asso-
ciatedwith there ection plane shown.(b) Whena triangle
(orange) is assignedo a proxy (green),the neighboringtri-

angles(bladk) are addedto the queue Thetrianglesacross
theplaneof re ection (red)are addedaswell.

asproxiesmaynow containmultiple connectedcomponents
symmetricto oneanotherWe allow a maximumof onecon-
nectedcomponeniper symmetrytransformation(including
the identity), called patches As an example,we shav in
Figure 4(a) a proxy with two patchespne associatedvith
the identity (purple triangles)and one associatedvith the
re ection planeshawvn (greentriangles).

In ourmethodatriangleD maybeassignedo aproxy P if
it is adjacento atrianglepreviously assignedo P, or if the
trianglenearesto T;(D) haspreviously beenassignedo P.
Considerthe exampleshavn in gure 4(b). The orangetri-
anglewasrecentlyassignedo theproxy shavn (darkgreen),
soary of theblacktrianglesmaynow beaddedo the proxy;
underourextendedle nition, theredtrianglesmaybeadded
aswell.

The remainderof the iterative algorithm is nearly un-
changedyvith trianglesextractedfrom the priority queuein
orderof increasingerror, and nenv patchcentersand posi-
tions computedafter eachiteration. The teleportationpro-
cesss augmentedo allow individual patches in additionto
entireproxies to bedeleted.

After a few iterations, we obsere that, where possi-
ble, proxieswill have symmetricpatchescorrespondingo
“good-enough”symmetry transformationsThis will ulti-
matelyleadto symmetricoutputs,sincethe boundariesde-
tweenthe proxiesdeterminethe topology of the nal sur
face.Note that the orderwith which trianglesare selected
from the priority queuecompletelydetermineswvhetheror
notthe nal proxiesaresymmetric.Thatis, symmetricprox-
ies will be createdif andonly if the error of doing so is
comparableo the errorintroducedby the remeshingtself.
Multiple planesof local symmetryareusedautomaticallyin
theappropriateegions,andno userinterventionis required.
An exampleof this canbe seenin Figure5, wherethe area
aroundthe chin is not symmetric.Therefore jn this region,
unlikethetherestof theface theproxiesaregeneratedvith-
outare ection.
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Figure5: Thismodelis quite symmetricexceptfor thegash
in theright sideof thechin. Notehowour algorithmdoesnot
create symmetricpatchesfor the proxiesthat approximate
that area, becausehe error introducedwould be too great.
Theremainderof the headhowerer, hassymmetrigpatches.
Themodelwasremeshedising50 proxiesand oneplaneof
symmetry{up to two patchesper proxy).

It is alsobe possibleto augmentthe methodwith addi-
tional usercontrol. This may consistof limiting the symme-
triesthatareconsideredor particularportionsof thesurface,
or couldextendto implementingathresholdonthedeviation
from perfectsymmetrythatis allowedwhenaddingtriangles
to the priority queue For theresultspresentedn this paper
only gure 10 usesary usercontrol.In thatexample,every
triangleis limited to consideronly a singlere ection.

3.3. Point Correspondences
Oncetheproxiesareplacedourgoalis to placeasetof sym-
metricpointsonthe surfacethatwe will latertriangulate.
[CSADO4 placetwo categgoriesof pointsonto the new

surface. The rst category of points is ancor vertices
placedat junctionswherethreeor more proxiesmeet.The
secondcategory of pointsis secondarypoints which are
placedalongthe boundariebetweerproxiesto improve the
geometryapproximatiorof the new surfaceandto assureat
leastthreepointsperproxy boundaryNew positionsfor an-
chor and secondarypoints are computedby averagingthe
projectionsof eachvertex ontoall adjacenproxies.

Ourmodi cationsto thisvertex-placingalgorithminvolve
determining symmetric correspondencebetween points.
For anchorvertices,we checkwhetherthe proxiesadjacent
to somey; all have re ectionsthatmeetin anidenticalcon-
guration atsomev;. If thisis the case thenwe establisha
correspondencbetweenv; andvj, andfurther adjusttheir
new positionsto be perfectre ections of eachother

We nd matchingsecondarypoints by establishingcor
respondencebetweenproxy boundariesmesh-edgeaths
thatrun betweencorresponding@nchorverticesare consid-
eredto bein correspondenceith eachother Whenadding
a secondaryvertex to a boundary we searchthroughcor
respondingooundariedor the nearessymmetricvertex. As

(@) m

Figure 6: This gur e showsthe needfor splitting facesthat
crossover re ection planes.(a) Wthout splitting faces, tri-
anglesthat crossthe planeof re ection are assignedo only
oneof there ectionsof the proxy This causesa jagged tri-
angulation. (b) Whenwe split the triangles that crossthe
re ection plane the tessellationis symmetric.The models
have342and358facesrespectively

with anchorvertices,we adjustthe positionsof suchcorre-
spondence® beperfectre ections.

3.4. Triangulation

Oncewe obtainall our correspondencésetweeranchorand
secondaryoints,all thatremainsis to triangulatethe setof
pointssymmetrically

We triangulatethe proxiesin the samemannersuggested
by [CSADO04. This consistsof ooding using Dijkstra's
shortest-pathalgorithm, where the sourcesare the anchor
andsecondaryoints,andwith eachedgeweightedaccord-
ing to its length. At the end of the ooding, adjaceng of
regionsimpliesthattheir sourcepointsshouldbe connected
in the resultingtriangulation.As a nal pass,edge ipping
andedgeremoval arerun to obtaina bettertessellation.

We usethe same ooding algorithm, but run edge ip-
ping on eachproxy separatelyto prevent edge ips in one
proxy from alteringthe triangulationof its neighbors.This
processs guaranteedo corverge to the sametopology for
symmetricproxiesif the associatedrianglesare co-planar
In practice,we nd thatthis methodproducesa consistent
topologyevenwhenthetrianglesarenot co-planar

3.5. ProxiesSpanningRe ection Planes

The algorithmsfor proxy assignmengnd triangulation,as
describedabore, operateat the granularity of entire trian-
glesof theinput. This leadsto potentialproblemsfor prox-
iesthatlie nearthe planesof symmetry sincetrianglesthat
originally crossa symmetryplanewill be assignecentirely
to oneor anotherromponen{patch)of a proxy. Theresultis
non-symmetridriangulationsalongthe planesof re ection,
ascanbe seenin Figure 6a. Obtaininga symmetricoutput
thereforerequiresusto treatthis situationasa specialcase.
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Bull planes

(a=0)

(a=04)

Figure 7: Atleft, we showa bull remeshedo 200 proxieswith two planessimultaneouslyone passingthroughthe headand

one passingthroughthe body In the centercolumnwe showresultsusingthe basic

L2 metric (a = 0). At right, we show

resultswhena = 0:4. Notethatthe modelbecomesnore symmetricat the expenseof geometricaccumacy.

We preprocesshe model by splitting eachtriangle that
crossesa re ection plane,creatingnew verticeswherethe
original triangle's edgesintersectthe re ection plane and
replacingthe original with threenew triangles.The proxy-
tting stageproceedsaspreviously describedThen,at the
beginning of the triangulation stage,we explicitly check
eachof the split trianglesto seeif both sidesof thetriangle
were assignedo different patcheslf so, we explicitly en-
forcethattheverticeswe insertedto performthe split (lying
on the re ection plane)be anchorvertices.The restof the
algorithmproceedssabove, with theresultthatthetriangu-
lation nov becomesymmetric( gure 6b). In theexamples
in this paper splitting trianglesadds3% to the numberof
triangles.

3.6. Error Metric

While it is notpossibleto changgheamountof weightgiven
to symmetryvs. geometricdeformation,sinceall we do is
addmoretrianglesfor the priority queueto considerin cer
tain casest might beimportantto considersymmetrymore
strongly than surfacedeformation.In thesecaseswe have
obsered thatthe L>* metric proposedy [CSAD0/ is not
ideal for preservingsymmetry This is becausét considers
only normals,which tendto be more sensitve to noiseand
smalldeformationthandoesthe geometryitself. Therefore,
in orderto allow morefreedomfor the algorithmto capture
amodel’s nearsymmetriesye have considereather more
“symmetryfriendly” errormetrics.

We begin by noting thatin the L% metric, the distance
of a triangle to a proxy dependsonly on the normal, and
indeedthe centerof the proxy is not relevant, being setas
the weightedaverageof thetrianglesin the proxy for book-
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keepingpurpose®nly. We notethatif the metricweresim-
ply the weightedEuclideanDistanceof the centersof the
trianglesto the centerof the proxy, thenthe optimal proxy
position would also be at the weightedaverageof the tri-
angleswithout consideratiorof the normal.We expectthat
sucha purely position-basedrror metric allows the algo-
rithm greateropportunityto capturenearsymmetriesatthe
expenseof less-hithful preseration of the original geome-
try.

Thus,we have investigatech combinederror metric,with
oneterm dependenbnly on positionsandoneonly on nor-
mals.Speci cally, we take

2
Ecombined = @ Ciriangle Cproxy +
2

(1 a)Aavg Mriangle Nproxy

wherec andn representhe averagepositionsand normals
of trianglesand proxies, Aavg iS the averagetriangle area
(includedto ensurethat the two terms are dimensionally
compatibleand the metric is scaleinvariant),and a is a
userselectedparameterin Figure 7 we shav an example
of remeshinga bull with a = 0 andwith a = 0:4. Notethat
theproxieslook moresymmetricaswe increase, attheex-

penseof aless-hithful reproductiorof the original surface.

4, Results

We evaluatethe algorithm describedn the precedingsec-
tions usinga numberof well-known 3D meshesOur goal
is to producesimpli ed mesheghat maintainandeven en-
hancesymmetriesyhile minimizing geometricapproxima-
tion error. In thefollowing subsectionsye analyzethealgo-
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Original 600 50

Figure 8: Increasingtheamountof geometricsimpli cation
(towardsright) resultsin greatersymmetnpreservationim-
agesin the bottomrow are colored to representdeviations
fromsymmetryhowfar eat pointis fromthere ectedsur
face)with blueindicating perfectsymmetry

rithm for both single and multiple planesof symmetryand
presentunningtimes.

4.1. Approximate Symmetries

A rst example shavs resultsfor a mask (Figure 1): the

original model (a) contains62K facesandis only roughly
symmetric.Figure 1(b) shavs proxiesfor the model gen-
eratedusing the unmodi ed algorithm of Cohen-Steineet

al. [CSADO04. Notethatthe proxiesarenotsymmetric.Fig-

ure1(c) shavstheresultof usingour symmetry-svarealgo-

rithm: notethatthe proxiesarenon symmetric.Sincesym-

metric remeshingallows proxiesto have multiple patches,
we used100 proxiesin the basic methodand 50 proxies
in the symmetry-gavare versionto ensurea similar-quality

tessellation Note that our algorithm (e) producesa trian-

gulation with more symmetrythan the traditional method
(d), asexpected.Moreover, we nd thatit introducesvery

little geometricerror in the shapeapproximationas com-

paredto the original Cohen-Steinealgorithm—the RMSD

increasedy 4%, while the symmetryerror (RMSD to re-

ection) decreaseby 50%. This resultsuggestshat more-
symmetridopologycanbeprovidedfor approximatelysym-

metricmodelsat very little cost.

Figure8 demonstratethatincreasinghe amountof sim-
pli cation resultsin mesheshataremoresymmetric At top
we shav the Max Planckmodelsimpli ed to 600 and 50

Original Asymmetry Remeshed

Figure 9: 3D scanof a sacrum(605K polygons shownat
left) remeshedvith 200 proxies(right). Notethat the model
is only approximatelysymmetriqmiddle).

proxies,while at bottomwe illustrate deviations from per
fectsymmetry(blueis mostsymmetricwhile greenyellow,
andredindicatemoreasymmetry)This illustratesthe prop-
ertyof ouralgorithmthatit automaticallycapturesymmetry
if doingsois compatiblewith the currentdeformationerror

A third exampleis the sacrumin Figure9 (60K faces)
which wasremeshedising 200 proxies.This is modelof a
naturalobjectthatis closeto symmetricyet not perfectlyso,
asshawn in the color-codedvisualizationat center In addi-
tion, thismodelwascreatedrom asetof 3D scansmeaning
thathigh-frequeng scanningioisecausedurtherdeviations
from symmetry At right we shav our remeshedesult,pro-
ducedin justover eightminutes Our methodremainsrobust
despitethe high-frequeng noise,the presencef holesand
thelargesizeof themesh.

4.2. Multiple Symmetries

Our rst exampleof remeshingwhile consideringmultiple
planesof symmetryis the bull (Figure 7). This modelhas
separateplanesof re ection indicating approximatesym-
metriesof the headand the body Theseplaneswere au-
tomatically extractedby nding local maximaof the sym-
metry transform and iteratively optimizing their position
[PSG 06]. Notethattheremeshingesultsin symmetrictri-
angulationsfor the headand the body with a reasonable
(thoughnot symmetric)triangulationat the neck.

Our secondexample (Figure 10) shawvs resultsfor the
Stanfordbunry. While it is intuitively obviousthatthebunry
hastwo major planesof symmetry the resultof automatic
symmetryanalysisis thattherearein factfour strongsym-
metries Figure3 illustratesthesefour planeswhich capture
the separatsymmetrief the ears,body head,andlegs of
the bunry respectiely. We shaw in Figure 10 the resultof
remeshingvith respecto two, three andfour planesof sym-
metry Note that remeshingwith only three planesfails to
capturehesymmetryof thefeet,while consideringnly two
planegthroughthebodyandears— the strongesplanesre-
sulting from the symmetryanalysis)fails to triangulatethe
headsymmetricallyIn contrasttheresultatright shavsthat
we areableto take advantageof all four symmetryplanesto
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2 symmetryplanes

3 symmetryplanes

4 symmetryplanes

Figure 10: The bunnyis shownhere remeshedvith 250 proxies,using 2, 3, or 4 planesof symmetryNote that increasing
the numberof symmetriesesultsin progressivelymore symmetricand more intuitive triangulations,while retainingplausible

triangulationsat the boundariesof symmetriaegions.

produceanintuitive resultwith locally-symmetridriangula-
tionsandsmoothtransitionbetweerthe symmetricregions.

To producetheseresults,we seggmentedthe input mesh
accordingo the strongessymmetryat eachpoint, thencon-
strainedthe proxy ooding to only considerone candidate
symmetryper triangle. The remeshingtself, however, was
still run on the entire model, allowing smoothblendsbe-
tweensymmetryregionsto be computedautomatically

4.3. Computation Time

We ran our experimentson a 3GHz PCwith 1GB of RAM.
As a preprocessfor every modelwe calculateda symme-
try transformusinga 128x128x128grid, thenran the Iter-
ative SymmetricPointsalgorithm (describedn [PSG 06])
to re ne eachof the extractedprincipalsymmetriesTheto-
tal computatiortime for extractionof symmetryinformation
took roughlyhalf aminute,with minimal dependencenthe
sizeof the original model.While mostmodelsexhibit a sin-
gle strongplaneof symmetry we have extractedup to four
principal planesfor themodelsconsideredn this paper

Our remeshingalgorithm can take up to several min-
utes for large (i.e., 600k polygons) models. The most
time-consuminghases thedistortion-minimizing ooding,
which takes O(m nlogn) time for m iterationson a mesh
with n triangles Notethatthis timeis similar to whatwould
berequiredfor theunmodi ed remeshinglgorithm.In com-
parison,the time requiredfor anchorand secondarypoint
placementandtriangulationis muchlower, rangingfrom a
few secondgo half a minuteif the modelis simpli ed to
have large patchesThe total time for the clusteringpart of
thealgorithmcanbeseerin Tablel. Unlessotherwisenoted,
all modelsin this paperwereremeshedvith a = 0:002.

5. Discussion

Sincehumanbeingscanrecognizesymmetryeasily retain-
ing the symmetryof modelsduring simpli cation is impor-
tant. We have shavn how to modify the existing remesh-
ing techniqueproposedby [CSADO4 to directly incorpo-
rate symmetrywithout deformingthe modeltoo much. In
fact, the approximationerror introducedby our algorithm

¢ TheEurographicsAssociation2007.

canbetrivially boundedThe upperboundis simply theer
ror of the unmodi ed algorithm with the samenumberof
proxies,while the lower boundis the error of the original
algorithmusinga numberof proxiesequalto the numberof
ourpatdhes For example if weremestusingonly oneplane
of symmetry(upto 2 patchegperproxy)usingK proxiesthe
errorwill bebetweertheerrorsresultingfrom usingthetra-
ditional methodwith K and2K proxies.

We have obsenred thatmary modelsexhibit approximate
andpartialsymmetriesandhave demonstratethatouralgo-
rithm is ableto take advantageof eventheseimperfectsym-
metriesduring remeshingMoreover, we can handlemulti-
ple symmetriesproducingregionsof symmetrictessellation
joined by plausibletriangulations While the resultsshavn
in the previous sectiongprovide aninitial demonstratiorof
opportunitiesfor using and maintainingapproximatesym-
metriesduring remeshingour methodhaslimitations that
suggestvenuedor futurework.

First, our approacho symmetricremeshings limited by
the factthatour nal edge- ipping techniquedoesnot ex-
plicitly searchfor symmetry While the methodworks in
casesvhereentireproxiesaresymmetricjf aproxy contains
both symmetricand non-symmetricanchorand secondary
points, the edge- ipping techniqguemight adwersely affect
thetriangulationin thesymmetricareasA furtherweakness
of this techniqueis that running edge- ipping on patches
separatelyratherthan on the entire meshat once,may re-
duce the quality of the nal triangulationof the model.

Model # Triangles | # Proxies| Time(s)
Mask 62K 50 62
Igea 130K 50 99
Teapot 8.5K 100 7
Bull 49K 200 72
Max Planck 98K 600 85
Sacrum 605K 200 491
Bunry 69K 30 49

Table 1: Timing resultsfor the proxy-gowing stege of our
methodfor variousmodelsanddifferentnumbes of proxies.
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Thus, symmetry-preservingdge- ipping is a topic for fu-
turework.

Another limitation of the approachis our non-re exive
methodof dealingwith symmetry If for example,oneside
of amodelis re ected only oncewhile the othersideis re-
ected twice, the numberof patchedor a proxy in thatsec-
tion dependsn the startingtriangle. This is merelya man-
ifestationof a problemwith Lloyd's algorithm- it doesnt
corvergeto aminimum.

Thereareotherlimitationsof ourtechniqueénheritedfrom
the underlyingVariationalShapeApproximationalgorithm.
For example, the patch ooding requiresa computation-
ally expensie iteration,andthe nal triangulationalgorithm
is constrainedo useoriginal verticesof the model andis
not errordriven. Moreover, the algorithmis optimizedfor
the caseof signi cantly fewer outputthaninput polygons,
thusmakingour symmetry-enabledariantinappropriateor
symmetricremeshinghatpreseresall original detail.

A further limitation of this work is that the useof sym-
metry is necessarilycoupledto the error metric. Although
we believe that this couplingis theoreticallysoundandin-
tuitively understandabldt may be inappropriatefor some
applicationsTherefore a future extensionof this work may
considerexplicitly allowing for greaterdeformationif doing
sowill strengthersymmetry

Finally, we useplanarproxiesasthefoundationof our al-
gorithm, but our algorithmshouldwork for generalproxies.
An possibleavenueof future work is to implementour al-
gorithm usingthe generalizegroxy de nitions of [WKO05]
or [YLWO€].
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