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ABSTRACT

Particle systemsasoriginally presentedby Witkin andHeckbert32], offer anelegantsolutionto sampleimplicit
surfacesof arbitrarygenuswhile providing an extremelyregular distribution of samplesover the surface. In this
paper we presentan ef cient techniquethat usesparticle systemgo rapidly generatea triangularmeshover an
implicit surface,whereeachtriangleis almostequilateral. The major advantageof sucha triangulationis that
it minimizesthe deformationsbetweenthe meshandthe underlyingimplicit surface. We exploit this property
by usingfew triangulartexture samplesmappedn a non-periodicfashionaspresentedy Neyret and Cani[16].
Theresultis a pattern-basetkxturing methodthat mapshomogeneouson-periodictexturesto arbitraryimplicit

surfaceswith almostno deformation.

Keywords

Geometridviodeling, Implicit Surfaces Particle SystemsTexturation

1 Motivation

Starting from the seminalwork by Blinn [2] at the
beginning of the eighties,implicit surfaceshave been
recognizedasan elggant and powerful representation
for 3D modeling. Although the several hundredsof
paperthat have beenpublishedon the subjectduring
thelast25yearsa standardBD modelingsoftwareen-
vironmentthatusesimplicit surfaceasa generalgeo-
metricparadigmis still not commonpracticein indus-
try [18, 24]. So eventhoughmuchwork hasshavn
thatimplicit surfacescombinedifferentmathematical
propertiegshatmake themvery appealingthey arenot
widely usedfor real-scalepplicationsn thecomputer
graphicsindustry Thereare mainly two reasonghat
may explain sucha rathercon dential use. First, im-
plicit surfacesare not well adaptedto the rendering
pipelineusedin currentgraphicshardware. Indeed,a
ratherexpensve tessellationstepis requiredto con-
vert the surfaceinto a polygonalmeshthatcanbe ef-
ciently processedy the hardware. Secondgcorven-
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Figure 1: Pattern-basedexturing of two different
models.

tional texture mappingbasedon 2D texture patterns,
which is by far the most ubiquitous solution to vi-
sually enhancegeometricmodels,is really awkward
to applyto implicit surfacesasthereis no underlying
parametrization.

Of course 3D texturing techniquessuchassolid tex-
tures[19, 34, 21] or octreetextures[1, 12] canalways
be appliedto implicit surfacesasthey do not require
ary 2D parametrization3D texturesrepresent pow-
erful solutionto generatevisualappearancef objects
caned out from heterogeneousaterialsuchasmar
ble or wood, for instance. Unfortunately the visual
complity of mostreal life objectsis much better
simulatedby 2D pattern-basetkxture mappingrather
than3D texturing. The mainreasoris thatthenormal



vectorof 3D texturesdoesnot align with the normal
of theunderlyingsurface.

Several authorshave previously addressedhe prob-
lem of tuning corventional 2D pattern-basedexture
mappingtechniquesfor implicit surfaces. Most of

theseapproachesvill bebrie y recalledin Section2.

Thetechniquepresentedn this paperbelongsto this
streamof work. More precisely the basicideaof this
paperis to usethe intrinsic featuresof uniform parti-
cle systemgo drive ahomogeneouson-periodictex-

ture mappingon implicit surfaceswith almostno de-
formation. The processds to rapidly generate setof

particles,apply a limited numberof relaxationsteps
to achieve uniform sampling,and triangulatethis set
by taking into accountthe speci ¢ characteristicof

the sampling. The resulting mesh, where eachtri-

angleis almost equilateral,is then usedto support
theparametrizatioof apattern-basetixturemapping
scheme similar to the one presentedoy Neyret and
Cani[16].

The remainderof the paperis organizedas follows.
Section2 recallssomerelatedprevious work on sam-
pling andtexturing of implicit surfaces.Section3 in-

troducesour algorithmto rapidly generatean almost-
uniform setof particlesover anarbitraryimplicit sur

face. Section4 focuseson the triangulationof this
particle set, while Section5 shavs how to usethis
triangulationto get a local parametrizatiorof a tex-

turemeshthatis thenappliedto the surface.Section6

presentseveralexperimentatesultsobtainedwith our
texturing processand nally , Section7 concludesand
presentsomedirectionsthatwe arecurrentlyinvesti-
gating.

2 Previouswork
2.1 Particle systems

The rst time thatparticleswereusedto samplea sur
facewasin a completemodelingtool basedon ori-
entedparticlesystemslevelopedby Szeliskiand Ton-
nesern26], but in their work therewasno underlying
implicit surface.Figueiredcetal. introduced5] asys-
tem to sampleimplicit surfacesusing particles. The
authorsuseda similar relaxationprocesshat [26] in
orderto achieve a uniform distribution of the sample
pointswhich arethenusedto computea polygonalap-
proximationof the implicit surface. Turk [30] useda
reaction-difusionmethodin orderto re-tile polygonal
surfacesaccordingo the curvature,to getmorepoints
in regionsof high curvature.

Witkin andHeckbert32] developeda powerful mod-
elingapplicationby de ning anadaptve repulsionand
a split/deathcondition so that particlescould either
split or be removed from the surface. The technique
generates niceisotropicsamplingof theimplicit sur

face.Unfortunately the corvergenceof the algorithm
is ratherslow, even for moderatelycomple surface,
despitethe improvementlater proposedby Hart et

al. [8] for automaticand numericaldifferentiationof

theunderlyingsurface.

Mostimprovementsof particlesystemsaddressethe

problemof adaptve samplingof implicit surfacesac-

cordingto cunature.CrossnaandAngel [3] extended
thework of Witkin andHeckbertby estimatinga dif-

ferentrepulsionradiusfor eachparticle accordingto

its curvature. Similarly, Roschet al. [23] usedcur

vatureinformationto sampleunboundedsurfacesand
singularities.Meyer etal. [15] introduceda new class
of enepgy functionsfor distributing eitheruniform or

non-uniform particleson implicit surfaces. Levet et

al. [14] presentedn anisotropicsamplingof implicit

surfacesthat locally takes into accountthe direction
andvalueof principalcurvatures.

Other works have presenteddeasfor samplingim-

plicit surfacesfor animation[6]. Somepatrticle sys-
temshave alsobeenusedto polygonizeimplicit sur

faces[5] or as a comparatre quality techniquefor

polygonizingimplicit surfaceg[11]. SuandHart[25]

presentedan object-orientedparticle framewvork de-
signedto rapidly createnew particle systemsandap-
plications.

Recentlysomeresearcheblave focusedon generating
rst the particlesand,then, performingthe relaxation
processin orderto get a uniform distribution of the
particles. So, Galin et al [7] have developeda tech-
nigue which takesinto accountthe characteristicof

the BlobTree[33] in orderto realizea very fastuni-

form samplingof implicit surfaces. Even if a little

slower, the methodpresentedy Levet et al. [13] al-

lows to generata fastsamplingof animplicit surface
in orderto performa limited numberof relaxations.
This methodworks for ary type of implicit surface
andmanageo generateiniform andnon-uniformpar

ticles.

2.2 Texture mapping onimplicit surfaces

Severalauthorshave previously addressetheproblem
of tuning corventional2D pattern-basetexture map-
ping techniguedor implicit surfaces. Note that most
of theapproachearebasedn particlesystems.

Turk [29] proposedo useparticlesystemdo generate
naturalpatterndirectly on a genericsurfaceby using
a reaction-difusion process.This approachbecomes
very expensve for high frequeng detailsthatrequire
ahugenumberof particles.

Pederserf20] describeda texturing methodfor im-
plicit surfacesby de ning a setof patchesover the
surface. Eachpatchactsas a local parametrization
andcanbetexturedandinteractively manipulatedThe
drawbackof this approachs to requirelaboriousand
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Figure2: Triangulationof a uniform particle set.(a)Neighboringparticlesof P areorderedaroundit. (b) After
theneighborgatheringsometrianglesintersecteachothers.(c) Thesimpli cation stepdiscardsall thesetriangles
in orderto createa good polygonization. The threeproblematiccon gurationsare given in (d-f-h) while their

solutionsaregivenin (e-g-i).

sometimegricky hand-tuningoy the userto avoid de-
formationof 2D texture patterns.
Zonenscheirtal.[35] proposed simpletexturemap-
ping techniquefor implicit surfacesthat usesa sim-
ple parametricsupportsurface(e.g.,spheregylinder).
The mappingfrom the implicit surfaceto the support
surfaceis doneby a particle system.More precisely
particlesareinitialized ontheimplicit surfaceandthen
movedtowardsthesupportsurfacethroughaninterpo-
lation of thegradient elds of thetwo surfaces.While
the original techniquewas rather limited, it hasre-
ceived several further extensions:to offer bettercon-
trol of local mappingg36], to accountfor composite
implicit shapeg$37] andfor compositeskeleton-based
supportsurfaceg27, 28]. Despitethis generalization,
thetechniquss still notvery robustin the caseof im-
plicit surfaceswith comple topology or high-order
genus.

3 Triangulation of the particle set
Crossnoand Angel [4] have developedan algorithm
that triangulatesnon-uniformparticle set. Becauset
is not possibleto predictthe neighborsnumberof a
particle, they have to dealwith a lot of specialcon-
gurations thatmalkestheirtechniquevery complec to
implement. Becausewe want to triangulateuniform
particlesystemspur algorithmis simpler

The startingpoint of our techniquds a setof uniform
particles(which canbe obtainedby usingthe particle
systemslescribedn [32, 15, 13]). Theseuniform par

ticle systemshave someinterestingcharacteristicsin
the ideal schemegachparticle hassix neighborsand
the distancebetweeneachpair of themis 2r (r being
the global repulsionradiusfor all the particles). The
problemis thatthis ideal schemecannot be achieved
easily Indeed,as shavn in [14], the detectionof
the corvergenceof particlesystemss a dif cult task.
Thus,whenthesamplingof theimplicit surfaceby the
particlesis stoppedgeachparticlepair is not exactly at
a distanceof 2r. Instead,the systemhasminimized
the particlesetenengy in orderthatthe averageparti-
cle's numberof neighborss six andthatthe distance
of eachparticlepairis around2r.

A naive solutionwould beto gather for eachparticle,
all theparticleslocatedata distanceof 2r andtriangu-
latethem. The problemis that,assaidabove, because
of the lastrelaxation,the distancebetweemneighbor
ing particlescanbe a little morethan2r. With this
naie solution, we can thus miss some neighboring
particlesleadingto uneven triangles. Besides these
con gurationsaredif cult to identify. Our solutionis
to gathermore particlesthan really neededbecause,
in this case theidenti cation of the problematiccon-
gurations is easier Thus,in ourimplementationthe
following two-passprocesss used: we rst triangu-
latetheparticleswith asimpleneighboringsearchand
secondwe simplify the meshby discardingthe inter
sectingtriangles.

In the rst step,we gathermoreneighboringparticles
thanneededy usinga 3r insteadof 2r neighborhood,
asit avoidssomepathologicaton gurationduringthe
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Figure3: Triangulationof two models.

simpli cation step.Thegatheredarticleshavethento

be orderedaroundP (seeFigure2(a)). All the neigh-
boringparticlesof P areprojectedonits tangeniplane
whichallows usto doall theremainingcomputatiorin

2D. We selecta neighborof P asthe referenceparti-
cleP' (in theFigure2(a),theparticleP® is de ned as
thereferenceparticleP"). For all the otherones,we
Ciomputethe dot productbetwelerthe referenc%/ector
V' = p' pandthevectorsV' = p  p; ..

Finally, trlle orde(ingis doneon the 2D crossproduct
betweerV" andV'. A simpletrianglefancannow be
created.

This resultsin a meshwith someintersectingtrian-
gles(seeFigure2(b)). Threedifferentcriteriaareused
to identify thesetriangles. First, for the con guration
shawn in Figure2(d): p® is not a neighborof p° but
thereis a trianglethat links them. This con guration
arisesbecauseave gathera 3r neighborhoodnsteadof

a2r one.We canhave now trianglesbetweermparticles
thatarenot neighbors.In orderto identify suchtrian-
gles,we havejustto gatherall trianglesthathave p° as
avertex, andkeepthosethathave p2 aswell. Thanks
to the characteristicof the particle systemswe are
surethat the threeothertrianglesexist ((p°; p3; p?),

(p%pt:p?), (p3; p?;pl)), andthatwe recover them.
Oncewe have the four triangles,we just have to dis-
cardthe (p°; pt; p3) and(p?; p3;p?) asP? andP?3

arenot neighborgseeFigure2(e)).

After having applied this rst criteria, someinter-

secting triangles still remains. To identify them,
we have to look at the neighborhoodof a particle.
This con guration ariseswhenthereis a triangle be-
tweenthreesuccessie neighboringparticles(sed-ig-

ure 2(f)). Contraryto the con guration shovn in Fig-

ure2(d), P® andP 2 areneighbors We still gatherthe
four triangles, but this time we discard(p?; p*; p?)

and (pt;p?;p®). Moreover, we have to cancelthe
neighborhoodelationbetweenP ! andP? sincethey

arenot neighborsaarymore(seeFigure2(g)).

The last con guration is slightly different: this time,
the problemoccursbecause¢heparticlesetmissesne
particle. For instance,in the con guration shovn in

Figure2(h), theideal schemds achieved by addinga

(a) Originaltriangle. (b) Resultingtessellation.

Figure4: Level 3 tessellatiorof atriangle.

particle at the star's gravity center Thus,we discard
all trianglesthatbelongto the star adda new particle
P> locatedat its gravity centerand generateall the
correspondingriangles(seeFigure2(i)).

After the applicationof thesethreecriteria, all thein-
tersectingtriangles(seeFigure 2(b)) have beendis-
cardedeadingto apolygonizatiorwith nearequilateral
triangles. Figure 3 shavs the resultsof our polygo-
nizationalgorithmon two models. Table1 shaws the
efciency of our algorithm with various number of
particles.

4 Tessellationof the triangulation
With thealgorithmdetailedabore, we canrapidly gen-
eratea triangulationfrom a uniform particle set. So,
theinitial requirements to ef ciently getsuchasetof
uniform particles. Unfortunately becausef their ex-
pensve relaxationprocessparticle systemgproposed
in theliteraturecannot easilymanageo samplea sur
facewith thousandsf particlesin orderto getthekind
of triangulationshavn in Figure3.

As an alternatve, we proposea two-stepprocess,n
whichtheimplicit surfaceis rst sampledwvith asmall
setof particles(this numberis laterincreasedy sub-
division). Theonly needs thatthegeneratopologyof
the surfaceis not missedevenif its geometricapprox-
imationis not sufcient becausef thelow numberof
particles. Thanksto the enegy minimization of the
particlesystemthe particleswill beplacedin orderto
catchasmuchdetailsof the surfaceaspossible.One
nicecharacteristiof usingthetriangulationof thepar
ticle setgivenby the algorithmof Section3 is thatwe
still have the underlyingimplicit surface. Thus, we
canfurthertessellatesachtriangle of the polygoniza-

# particles | Triangulationtime | #triangles
682 0.010 1,360
2,813 0.045 5,622
17,178 0.263 34,292
36,464 0.685 72,915
73,379 1.175 146,671

Table1: Timestaken by the triangulationof uniform
particlesets.All timesarein seconds.



(a) High-detailed (b) Directvisualization (c) Low-detailed (d) Directvisualization (e) Visualizationof the

texturemesh of thetexturemesh

texturemesh

of thetexturemesh parametrizedmplicit surface

Figure5: The scalingof thetexture patternds directly relatedto the texture meshresolution. (a) Densetexture
mesh(b) Texture patternsappliedon densetexture mesh(high frequenciesof the patternsare lost) (c) Coarse
texture mesh(d) Texture patternsappliedon coarseexture mesh(e) Coarseexture meshmappingon theimplicit

surface(high frequencie®f the patternsarepresered).

tion of the particlesin orderto geta good geometric
approximatiorof the model.

Basedon|[9, 10], we subdvide eachtriangleasshavn

in Figure4. But, contraryto them,we do not repro-
jectthe newly insertedverticeson theimplicit surface
by applyingonestepof theNewton-Raphsoiteration.
Indeed,we decidedto reprojectthemby usinganim-

provementof the geodesiaeprojectionof [13]. The
ideais to reprojecta newly insertedvertex p' on the
geodesioof the circle C' centeredon p (an original

vertex of the triangle)which hasaradiusof jp ~ p'j.

But, contraryto [13], we useadichotomicprocessin-

deedbecaus¢heevaluationof theimplicit surfaceen-
ablesusto know if thevertex is insideor outsideit, we

canapply the iterative processshawvn in Figure 6(a).

At the beginning, the vertex p' is outsidethe surface.
Duringthe rst reprojectionstep,a =4 rotationis ap-

plied on p' andthe implicit equationis evaluatedat

this new position. If the vertex is still outsidewe do

not changethe directionof rotation. But, if the vertex

is now inside,this directionof rotationis inverted(see
Figure6(a))andits angleis divided by two. This pro-

cesdgs repeatedintil thenew vertex liesonthesurface
(seeFigure6(b)) accordingto a userprovidedthresh-
old ontheimplicit equation.

(@) (b)

Figure 6: Geodesicreprojectionof a vertex: a di-
chotomicprocesss used.(a) Successie iterationsof
the reprojectionareapplied. (b) Final positionof the
vertex.

() (b)

Figure7: Exampleof the tessellatiorof a model. (a)
The implicit surface was sampledwith a very low
numberof particles(74) leadingto a polygonization
with big triangles. (b) After applyinga level 15 tes-
sellation(the nal modelhas30,600triangles).all the
detailsof the surfacearevisible.

5 An application: the texturation

of implicit surfaces
Neyret and Cani [16] have designeda pattern-based
texturing of triangularmeshes ts principleis to cre-
ate,over an existing arbitrarymesh,a triangular tex-
ture meshcomposedof a small numberof almost-
equilateraltriangles. The original meshis usedasa
local parametrizatiorof eachtriangle of the texture
mesh. Patternsare then mappedon the texture mesh
andthe parametrizatiofn anon-periodiovay with no
visible repetitionof the patterns.
Thanksto thecharacteristicsf ourpolygonizatiorand
tessellationthis techniquecanbe directly adaptedo
the texturationof implicit surfaces.Indeed the poly-
gonizationof the particle set (seeSection3) canbe
usedasthe texture meshsinceeachtriangleis quasi-
equilateral. Neverthelesscare must be taken on the
sizeof the triangles(andthusthe numberof particles
which samplethe implicit surface). Indeed,patterns
aremappedon the texture mesh. So, a large number
of particlesgenerate@ goodgeometriapproximation
of thesurface but dramaticallyreduceghesizeof tex-
ture patternswhich becomesardly recognizabldsee
Figure5(a)-(b)).Ontheotherhand,asmallnumberof
particles generatesecognizablgatternsput doesnot
provideagoodgeometricapproximatiorof thesurface
(seeFigure5(c)-(d)).



Triangulation tessellatiorandtexturationof differentmodels
Model | #particles| TriangulationTime | #triangles| Tessellation | Total# of triangles| Total Time
in sec. Level Time
Sphere 76 0.002 148 15 0.344 33,300 0.346
Igea 117 0.002 230 10 1.545 23,000 1.547
Rabbit 257 0.004 509 5 0.708 12,725 0.712
Bunry 1,216 0.017 2,425 5 3.358 60,625 3.375

Table2: Timesfor thetexturing of differentimplicit surfaceswith changingcon gurations(all giventimesarein

seconds).We give the generatiomumberof uniform particleswhich is the startingpoint of our algorithm. The
numberof trianglesof theresultingtexturemeshis shavn asthetime neededo triangulateandsimplify this mesh.
Finally, we give thetime andthelevel of tessellatioeadingto the parametrizatiomf theseimplicit surfaces.

The solutionis to usethe tessellatiorof the Section4

asthe parametrizatiorof the texture mesh[16]. The

patternsaarethenmappedrom thetexture meshto the

trianglesresultingof the tessellation. Thus, the geo-
metric density of the texture meshcan be improved

asmuchasdesired. The resultof usingthe tessella-
tion this way canbe seenin Figure5(e) which shavs

similar sized patternsas Figure 5(d), with the same
geometricaccurag as Figure 5(b). This indirection
betweerthetexture patternresolutionandthegeomet-
ric densityof the texture mesh,offers a very e xible

schemedo easilyadjusttheapparensizeof thepattern
ontheimplicit surface.

6 Resultsand discussion

All examplemodelsshawvn in this paperwerebuilt by
usinga PCwith anIntel PentiumlV 3GHz processor
and1GB of mainmemory

The spheremodel shovn in this paperwas de ned
analytically while the bunry, the Santaandthe Igea
modelswere reconstructedising Radial Basis Func-
tions (RBF) [31]. Thesethree modelswere recon-
structedwith alimited setof 200to 500initial points,
becauseave usedthe original implementatiorof RBF
with global supportfunctions. But the techniquecan
be easily adaptedto more elaboratedmplicit recon-
structiontechniquessuchas[17, 22] thatreconstruct
implicit surfacesfrom severalmillions of points.Note
that our approachscaleswell sinceit only depends
ontheefciency of the evaluationof the functionthat

(a) Texturemesh. (b) Textured parametrization

of theimplicit surface.

Figure8: A closerview of thebunry ears.

Figure9: Texturing of the Santamodel: the four pat-
terns used (right) and the mapping result (left) are
shawn.

de nes the implicit surface. This evaluationcan be
tuned using someefcient spatial subdvision struc-
tures.Note alsothatwe remosed somepointsthatbe-
long to the bunry ears,in orderto increasehe genus
of the resultingsurface,andthus betterillustrate the
genericityof our texturing techniqug(seeFigure8).
Oncethe texture patternhasbeenselectedpur tech-
nigueallows theuserto nely tunetwo importantpa-
rameters. First, changingthe radiusof the particles
providesa full control of the numberof desiredparti-
clesand,thus,of theapparensizeof theresultingtex-
ture patternsover theimplicit surface.Secondchang-
ing the tessellatiorlevel providesa full controlof the
geometricaccurag usedby the renderingstepof the
texturedsurface.

In Table2, we shav sometimingstaken by our tech-
nigueto textureimplicit surfaceswith variouslevel of
samplingand tessellation. With our method,simple
modelscan be textured in lessthan a secondwith-
outloosingdetail of the underlyingsurfacesincethey
canbetexturedwell with only a poordetailedtexture
mesh(Figure 5(e) shaws the texturing of the model
presentedn Table2). With morecomplex modelsas
the bunry, the texture meshmustbe a little more de-
tailedin orderto not misstopologyof the model. So
more particlesare neededandthe overall time of the
texturingis larger.

Figure 10 is a good example of our technique. Fig-



(a) Texturemesh (b) Directvisualization(c) Parametrizatiorof

of thistexturemesh

(d) Texturing of
theimplicit surface this parametrization

Figure 10: Texturationof the Igeamodel. The texture meshis very low-detailed. Note how the parametrization
addsdetailson the modelgeometrywith the sametexture support.

(a) Texturemesh (b) Directvisualizatior{c) Parametrizatiorof
of thistexturemesh theimplicit surface this parametrization

(d) Texturing of (e) Closerview of

thebunry ears

Figurell: Texturationof thebunry: thetexture meshandthe parametrizedmplicit surfaceareshavn. Note how
our methodmanageo texturethebunry earsevenif the genusof the modelhasbeenincreased.

ure 10(a) shaws the supporttexture meshfor the ren-
dering of the implicit surface. It is composedf 74
triangles. At this time we can hardly recognizethe
Igeamodel. We give the parametrizatiorof the im-
plicit surfaceon which the texturing will be applied
in Figure 10(c) (it's a level ten tessellation).In Fig-
ure 10(b) and Figure 10(d) the sametexture meshis
used.But, while it is directlyrenderedn Figure10(b),
it is the parametrizatiorof the implicit surfacethatis
visualizedin Figure 10(d) which enableus to recog-
nizethe lgeamodel.

7 Conclusionand futur e works

In this paper we have presentedh new very ef cient

algorithmto triangulatea uniform particle set. Based
on theintrinsic characteristicef theseuniform parti-
cle systemspur algorithm cantriangulatemore than
30,000patrticlesin lessthana second.A secondcon-
tribution of thiswork is anon-the- y meshre nement
techniquedriven by the underlyingimplicit equation,
that allows to further tessellateeachtriangle of the
polygonization. Finally, this triangulationcombined
with the tessellationcan be directly usedin orderto

map homogeneouson-periodictexturesto arbitrary

implicit surfacesthanksto a 2D pattern-basetkextur-

ing method.

Basedonthisinitial techniquewe arecurrentlyinves-
tigating several extensions:for instance the applica-
tion of the methodto generateout-of-corerendering
of hugetexturedimplicit surfacesreconstructedrom

scannedbjects,aswell asalocal editionof the parti-

cle systemin the caseof animatedskeleton-basedn-

plicit surfaces.
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