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Abstract

We presenta proceduralapproachto authoringlayered,solid mod-
els.Usingasimplescriptinglanguage,wede�ne theinternalstruc-
ture of a volumefrom oneor more input meshes.Sculptingand
simulationoperatorsareappliedwithin thecontext of thelanguage
to shapeandmodify the model. Our framework treatssimulation
asa modelingoperatorratherthansimply asa tool for animation,
therebysuggestinga new paradigmfor modelingaswell asa new
level of abstractionfor interactingwith simulationenvironments.

Capturingreal-world effectswith standardmodelingtechniques
is extremely challenging. Our key contribution is a concisepro-
ceduralapproachfor seamlesslybuilding andmodifying complex
solid geometry. We presentanimplementationof our languageus-
ing a �e xible tetrahedralrepresentation.Weshow avarietyof com-
plex objectsmodeledin our systemusingtools that interfacewith
�nite elementmethodandparticlesystemsimulations.

Additional Keywords: volumetric modeling, signed-distance
function,tetrahedralrepresentation.

1 Intr oduction

Geometricmodelsare a fundamentalcomponentin any graphics
system.While therehasbeentremendousprogressin the areaof
renderingover thepastthreedecades,creatingandacquiringhigh
�delity geometricmodelsremainsa challengingandtediouspro-
cess.1 Modelsaregenerallydesignedwith high-endrenderingin
mind andcanbedif�cult to modify andmanipulate.Furthermore,
as animationand simulationtechniquesbecomeincreasinglyso-
phisticatedandwidely available,thereis anincreasingdemandfor
modelssuitablefor thesepurposesaswell.

Today's modelgenerationtools areprimitive in that they gen-
erally lack a formal speci�cationframework. This standsin stark
contrastto commonlyavailablerenderingsystems,suchasRender-
Man, in which lighting, materials,objects,and even shadingare
speci�edprocedurally[HanrahanandLawson1990;Upstill 1990].

In this paper, we introducea proceduralmodelingapproachfor
authoringlayered,solid models. We are especiallyinterestedin
generatingmodelsthataresuitablefor bothrenderingandphysical

1Thewidespreaduseof thesamesmallsetof models,suchastheStan-
ford bunny andtheUtahteapot,atteststo thesedif�culties.

simulation.Justascomputergraphicsrenderingsystemsprovide a
framework for light transportsimulation,weenvisionananalogous
framework for physical processesandotheroperatorsthat modify
andshapegeometry.

Therearemany reasonsto consideraproceduralapproachto sur-
facecreationandmodi�cation. A concisespeci�cationframework
permitsdifferentsimulationtechniques— for example,raytracing,
radiosity, �nite elementmethod(FEM), andsimpli�ed spring-mass
models— to be appliedandcompared.In addition,complicated
processescanbedescribedalgorithmically. A proceduralde�nition
canbe usedasan intermediateformat for capturing,editing, and
replayinginteractive editingsessions.It alsoprovidesa high-level
abstraction,permittinga varietyof differentrepresentations— for
example,meshesandimplicit functions— to coexist in the same
environment,regardlessof theunderlyingsimulationsystem.Pro-
ceduralmodelsareadvantageousin that they canbeincrementally
editedandre�ned basedon artisticneeds.Finally, powerful simu-
lation tools,suchasFEM or particlesystems,canbeembeddedas
modelingoperatorswithin suchaproceduralframework.

1.1 Related Work

Within traditionalmodelingsystems,complex modelsarecreated
by applyinga varietyof operations,suchasconstructive solid ge-
ometry(CSG)andfreeformdeformations,to avastarrayof geomet-
ric primitives[Coquillart 1990;PayneandToga1992;Wyvill et al.
1999;Adzhiev et al. 1999]. In thehandsof a talentedartist, these
systemsproduceintricategeometricmodels,but theprocessis ex-
tremelylaborintensive. Therangeof toolsavailablefor specifying
andeditingshapesis alsovery limited. Surfacerepresentationscan
be locally deformedby simply modifying surfacecontrol points;
however, tools for shapinggeometryare rarely physically based,
andtheunderlyinggeometrygenerallylacksinformationaboutthe
internalphysicalpropertiesof themodel,whichwouldbenecessary
for creatingcomplex deformations.In addition,suchdeformations
cancreateself-intersectionsthat aredif�cult to detector prevent.
Furthermore,performingtopologicalchangesto a model,suchas
drilling a hole throughit, canbe challengingusinga surfacede-
scriptionalone.

Anotherapproachto creatingmodelsinvolvesinteractivesculpt-
ing, in which theusermodi�es a solid materialwith a tool [Wang
and Kaufman1995; Mizuno et al. 1998; Raviv and Elber 2000;
Friskenet al. 2000]. Suchsystemsaretypically basedon sampled
volumetricrepresentations(voxelsor octrees),which canbecostly
to storeandrenderinteractively. Additionally, performingdeforma-
tionswithin a grid-basedrepresentationrequiresshifting dataover
cell boundaries,whichcanbeexpensiveandlossy. Unlikesurfaces,
whicharemerelyhollow shells,volumetricrepresentationscancap-
ture the internal materialstructureof a model. One of the main
bene�ts of volumetric representationsis that they supportrobust
sculptingoperationsandsimulations[Dorsey et al. 1999;O'Brien
andHodgins1999]. However, volumetricmodelsoftenlack visual
�delity becausea high resolutionvolumeis necessaryto represent
acomplex model.



3D digitizing hasemergedasa populartechniquefor acquiring
complex models,such as sculpturesor mechanicalparts, which
would be dif�cult or impossibleto createwith interactive tech-
niques.While suchdigitizersareusefulfor acquiringsurfaceshape
andappearanceproperties,they donotcapturetheinternalstructure
of thegeometry, which is oftennecessaryfor animationor simula-
tion.

Proceduralmodelingtechniqueshave proved to be valuablein
several speci�c domainsof computergraphics[Ebertet al. 1998].
Examplesincludeplantmodeling[Prusinkiewicz etal. 1988],solid
texturing [Perlin 1985; Perlin and Hoffert 1989], displacement
maps[Cook 1984],cellulartexturing [Legakiset al. 2001],andur-
banmodeling[ParishandMüller 2001]. Oneof thedif�culties of
proceduralmodelingis thatthevarioustechniquesaredomainspe-
ci�c. Additionally it canbedif�cult to preciselycontrolthegener-
ation processto createa speci�c model. In our approach,we use
a surfacemodelasa startingpoint anduseproceduraltechniques
to generatea solid model. This providesa framework for thecre-
ationof arich classof models,whicharesuitablefor renderingand
simulation.

1.2 Overview

Our proceduralframework providesa controlled,systematicway
to specify the geometricandmaterialpropertiesof a solid model
andto vary theseattributesasa function of time. We have devel-
opedasimplescriptinglanguagefor authoringcomplex volumetric
modelsandwe show examplesof its use.In our language,models
are �rst initialized andthenmodi�ed with a paletteof physically
inspiredsimulationoperations.Model initialization is presentedin
Section2 andthede�nition anduseof simulationtoolsis described
in Section3. In Section4 wepresentanimplementationof thelan-
guageusing layeredtetrahedralmodels,which we usedto create
theexamplesdiscussedin Section5.

2 Model Speci�cation

Many real-world objects are composedof layers: architectural
framing,insulationandsiding;theskeleton,muscles,andskinof an
animal;or thepeelof a fruit. Building a physically-realisticmodel
of any of theseobjectsrequiresa descriptionof theboundariesbe-
tweenmaterialsand the variationswithin eachmaterial. Sucha
modelcouldbecreatedby anartist,but theprocesswouldbetime-
consuming.Thedatacouldbeobtainedthroughtomography or dis-
sectionapproaches,but this canbe inaccurateor destructive. Our
modelinglanguageis basedon theobservationthatoftentheinter-
nal structureof an objectcanbe inferredfrom a representationof
its primary interface. Our basicbuilding block is the layered vol-
ume. Within our framework, volumescanbecombined,andlayer
compositioncanbecontrolledprocedurally.

Through a seriesof examplesbasedon a simple model of a
chocolatecandy, we show thatour languageprovidesa naturaland
expressive way to constructvolumetricmodels. We includefrag-
mentsof codefrom thescriptsusedto generatethe imagesin this
paper. As aconventionin ourexamples,weuseall capitallettersto
indicateuser-de�ned functionsandmaterials.A simpli�ed gram-
marfor thelanguageappearsin theappendix.

2.1 Layers of Material

To constructa volume with an interestinginternal structure,we
build layersof materialfrom the primary surface. In our �rst ex-
ample,webegin with asimplecandy-shapedsurfacemeshandadd
two layersof materialto the exterior andonelayer to the interior
(Figure1).

Figure1: A chocolatecandycreatedwith two layersexterior to the
original surfaceand one layer to �ll the interior. The outermost
layerhasaproceduralde�nition to createstripesof chocolate.

STRIPED_CANDY= volume f
distance_field = surface_mesh f

file = candy.obj g
layers = f

interior_layer f
material = CHOCOLATE
thickness = fill g

exterior_layer f
material = WHITE_CHOCOLATE
thickness = 0.10 g

exterior_layer f
material = STRIPED_CHOCOLATE
thickness = 0.05 g g g

Each layer has a material type and thickness. The type and
thicknesscanbe uniform or vary procedurally, which we discuss
later. Thethicknesskeywordfill canbeusedwith awell-de�ned
closedmeshto describeaninterior layerthatis thick enoughto �ll
theremaininginterior space.Thematerialkeyword nothing can
beusedto describea layerof air with novolumetricproperties.

2.2 Procedural Layer and Material De�nitions

Materialsarede�ned by a list of renderingandsimulationparame-
ters.We have a small library of built-in materials;additionalmate-
rials canbede�ned within thescript �le asshown below. Default
valuesareassignedto any unspeci�edparameters.

CHOCOLATE= material f
color = f 0.31 0.17 0.15 g
density = 1100 /* kg/mˆ3 */
etc. g

A layerneednot becomposedof a uniform material. Theuser
canprocedurallyde�ne a continuousvariationof properties,such
aswoodgrainor concreteparticles,within a singlematerial.This
informationcanbeusedby a simulationandduringrendering.Al-
ternatively, a procedurecanbeusedto subdivide thelayerinto dis-
tinct materials.Below is thespeci�cationusedto createthestriped
layerof chocolateon thecandy.

Material* STRIPED_CHOCOLATE(Vec3f &p) f
if (p.y() < 0.2) return Lookup("WHITE_CHOCOLATE");
if ((p.x() > -0.9 && p.x() < -0.7) ||

(p.x() > -0.5 && p.x() < -0.3) ||
(p.x() > -0.1 && p.x() < 0.1) ||
(p.x() > 0.3 && p.x() < 0.5) ||
(p.x() > 0.7 && p.x() < 0.9))

return Lookup("CHOCOLATE");
return Lookup("WHITE_CHOCOLATE"); g

Within a script,theusercande�ne arbitraryC++ functionswith
default valuesfor optionalparameters.Thesefunctionsarecom-
piled andlinkedat runtimeto interfacewith thecoresystem.The
Lookup function givesaccessto script �le variableassignments.
Functioncalls consistof the function nameanda list of name =
value pairswithin curly braces.The argumentsmay appearout
of order, or beleft unspeci�edif optional.



2.3 Volume Speci�cation

Many objectswe would like to modelaremorecomplicatedthan
simply layersof materialconstructedfrom aprimaryinterface.Of-
tentheseobjectscanbeeasilydescribedasa collectionof overlap-
ping shapes.In our language,we usethe precedenceconstructto
combinevolumes.In theexamplebelow, precedenceis usedto �rst
createthevolumefor thealmond,andthende�ne thecandyshape
aroundthealmond(Figure2a).Subsequentshapescouldbede�ned
to �ll theremainingunoccupiedspace.

ALMOND_CANDY= precedence f
volume_1 = volume f

distance_field = surface_mesh f
file = almond.obj

layers = f
interior_layer f

material = NUT
thickness = fill g g g

volume_2 = volume f
distance_field = surface_mesh f

file = candy.obj g
layers = f

interior_layer f
material = CHOCOLATE
thickness = fill g

exterior_layer f
material = WHITE_CHOCOLATE
thickness = 0.10 g

exterior_layer f
material = STRIPED_CHOCOLATE
thickness = 0.05 g g g g

The use of the precedenceoperatoris particularly interesting
whenthesurfacemeshesintersect.In Figure2b thealmondshape
is larger and rotatedso that it protrudesfrom the original candy
surfaceandbeyondtheadditionallayersof material.However, the
usermay insteadwish the outer layersto be wrappedaroundthe
protrudingalmondas shown in Figure 2c. To do this, we usea
volumeastheprimaryshapefor anew volume.First,weuseprece-
denceto combinethe almondshapewith the interior layer of the
chocolate.Then,we extract theoutermostinterfaceof thevolume
to useastheinitializing surfacefor thesecondvolumethataddsthe
exterior layersof chocolate.

ALMOND_CANDY_2= volume f
distance_field = from_volume_surface f

volume = precedence f
volume_1 = volume f

distance_field = surface_mesh f
file = almond.obj g

layers = f
interior_layer f

material = NUT
thickness = fill g g g

volume_2 = volume f
distance_field = surface_mesh f

file = candy.obj g
layers = f

interior_layer f
material = CHOCOLATE
thickness = fill g g g g g

layers = f
exterior_layer f

material = WHITE_CHOCOLATE
thickness = 0.10 g

exterior_layer f
material = STRIPED_CHOCOLATE
thickness = 0.05 g g g

2.4 Signed Distance Field

Signeddistance�elds areanaturalchoicefor describingandimple-
mentingthelayersandvolumesin our language.A signeddistance
�eld is a continuousscalarfunction de�ned throughouta volume,
which can be usedto computeoffset isosurfaceswhile elegantly
handlingchangesin topology and preventing self-intersectionof
the interfaces.In mostcases,we initialize the distance�eld from
a surfacemeshusingthe methoddescribedin Section4.2. Alter-
natively, we cancreatethe �eld from an implicit surfaceor other

a) b)

c) d)

Figure 2: Specifyingthe interactionof two meshesallows many
otherpossibilities:a)simpleprecedenceto createthecandyaround
an almond,b) & c) precedencewith intersectingmeshes,and d)
unionof thecandyandalmondmeshes.

function.Thelayersof avolumeareimplementedasrangesof dis-
tancevalues.

Oftenthedesireddistance�eld is mosteasilydescribedby com-
biningdistance�elds usingsimpleoperatorssuchasscaling,union
(minimum), intersection(maximum),andsubtraction[Ricci 1973;
Friskenetal. 2000].To demonstratedistance�eld composition,we
usethe union operatorto combinethe candyandalmondsurface
meshesto producethe volumeshown in Figure2d. The zeroiso-
surfaceof theresultingshapelies betweenthechocolateandwhite
chocolatelayers.

UNION_CANDY= volume f
distance_field = union f

distance_field_1 = surface_mesh f
file = almond.obj g

distance_field_2 = surface_mesh f
file = candy.obj g g

layers = f
interior_layer f

material = CHOCOLATE
thickness = 0.2 g

interior_layer f
material = PINK_FROSTING
thickness = fill g

exterior_layer f
material = WHITE_CHOCOLATE
thickness = 0.15 g g g

Usually, adistance�eld is simplyaEuclideanmeasurementfrom
eachpoint to theoriginalsurface.Layersde�nedwithin thistypeof
distance�eld will have uniform thicknesswithin eachlayer. How-
ever, it is oftennaturalto describelayersthatarethicker or thinner
accordingto somepattern.To createinterestinginternalstructures
that have varying layer thicknesses,we cande�ne non-Euclidean
distancemetricsby modifying the interfacevelocity. Thespacing
betweenisosurfacesin adistance�eld is greaterwherethevelocity
is higher. The usermay de�ne a patternof increasedvelocity by
paintingon the surfaceasshown in Figure3a. Alternatively, the
interfacevelocity canbede�ned procedurally:in Figure3b theve-
locity is setby a randomturbulencefunction,resultingin a bumpy



appearance,andin Figure3c a shortprocedurecreatesa diagonal
swirl. Thevelocity canalsobecomputedusingvisibility, accessi-
bility, etc.

Interfacevelocity is implementedperdistance�eld, andall lay-
erswithin that�eld have a thicknesspatternbasedon thatvelocity.
Nestingvolumespeci�cationsallowsusto createamodelwith lay-
ershaving differentthicknesspatterns.For example,in Figure3d
we build a layer of bumpy frosting from a turbulent velocity �eld
followed by a layer of foil wrapperwith a diagonalpattern. This
typeof speci�cationis commonenoughto warrantasyntacticsugar
construct,which desugarsvelocitiesspeci�edper layer into nested
volumespeci�cations.

LUMPY_CANDY= volume f
distance_field = surface_mesh f

file = candy.obj g
layers = f

exterior_layer f
material = PINK_FROSTING
thickness = 0.1
velocity = BUMPYg

exterior_layer f
material = FOIL_WRAPPER
thickness = 0.05
velocity = DIAGONAL g g g

is equivalentto:

LUMPY_CANDY= volume f
distance_field = from_volume_surface f

volume = volume f
distance_field = surface_mesh f

file = candy.obj
velocity = BUMPYg

layers = f
exterior_layer f

material = PINK_FROSTING
thickness = 0.1 g g g

velocity = DIAGONAL g
layers = f

exterior_layer f
material = FOIL_WRAPPER
thickness = 0.05 g g g

3 Operations

In the previous sectionwe discussedhow our languageis used
to initialize a volumetricmodel. The advantagesof thesemodels
becomeapparentwhenvisualizedandmodi�ed in complex ways.
Many simulationtechniqueshavebeendevelopedfor sculptingand
weathering[Dorsey et al. 1996; Dorsey et al. 1999; O'Brien and
Hodgins1999].We have incorporatedimplementationsof a few of
thesetechniquesinto our systemandprovide usercontrolof these
tools throughour language.Theuseris ableto developadditional
toolsbasedon thesepackagesor link to othersimulationlibraries.

3.1 Usability thr ough Abstraction

Oneof themainobstaclestheusermustovercomein usinga sim-
ulationpackageis determiningpropervaluesfor thenumerouspa-
rametersneededto control thesystem.Differentimplementations
of thesamesimulationtechniquemayrequiredifferentsetsof pa-
rameters.The �rst goalof our tool interfaceis to provide abstrac-
tion andstandardizationsotheuserof thetool canapplyoperations
to themodelwithout studyingthedetailsof theimplementation.A
simpleinterfacebetweeneachsimulationpackageandour system
is establishedandasetof sampletoolsis created.Eachtool de�nes
defaultvaluesfor standardparameterssuchasposition,orientation,
size,andaffectedmaterialsandcallsoneor moresimulationpack-
ages. Using the sampletools asa guide, the usercancreatenew
tools.

We have linked our systemto a �e xible FEM simulation. We
applyadistributionof forcesto ourmodelandthesystemcomputes

a) b)

c) d)

e) f)

Figure3: By modifying theinterfacevelocity of thedistance�eld,
we can createlayerswith non-uniformthickness:a) paintedve-
locity, b) turbulentvelocity for abumpy appearancec) procedurally
createddiagonalstripes,andd)adiagonallayerontopof thebumpy
layer. Imageseandf arecross-sectionsof c andd respectively.

the appropriatedeformationsand fractures. We can also control
which materialsareaffectedby thesimulation;no othermaterials
will be modi�ed. Below we de�ne a simpletool which appliesa
singlehammer-like forceto themodel.

void HAMMER(Model *model,
Vec3f position = Vec3f(0,0,0),
Vec3f orientation = Vec3f(1,0,0),
float magnitude = 1.0,
float size = 1.0,
List<Material*> *affects = NULL) f

Vec3f force = orientation; force *= magnitude;
AppliedArea *a = GaussSphere(position,size);
FEM(model,a,force,affects); g

Below is anexampleuseof this tool.

HAMMERf
model = BRONZE_CAT
position = f 1.08 0.79 0.29 g
orientation = f -0.32 -0.26 -0.91 g
affects = f FIRED_CLAY g g

3.2 De�ning Simulation Behavior

Thepowerof alanguagefor tool de�nition extendsbeyondcopying
andmodifying existing tools. The languagefacilitatesthespeci�-



cationof new typesof behavior for thesimulation.Particlesystems
have beenusedin many differentapplicationsto createavarietyof
effectsthatspanawiderangeof physicalaccuracy. Thecomplexity
of aparticlesystemsimulationdependsonthede�nition of particle
motion,interaction,andeffects.Below wepresentthede�nition of
a tool usedto washdirt from astatue.

void WASH(Model *model,
int num_particles = 10000,
float particle_life = 1) f

Function *initialize = VerticalFall;
Function *motion = Lookup("CLINGING");
Function *action = Lookup("REMOVE_DIRT");
ParticleSystem(model,num_particles,particle_life,

initialize,motion,action); g

The particlemotion andactionfunctionsde�ned below eachtake
two arguments: the particle to move, and the model with which
it interacts. Motion functionsthat computeinteractionsbetween
particleswouldalsoneedthelist of all particlesasanargument.

void REMOVE_DIRT(Model *m, Particle *p) f
Vec3f clean_color = Vec3f(1,1,1);
List<Vertex*> vlist;
float radius = 0.1;
m->CollectVertices(vlist,p->pos(),radius);
for (int i = 0; i < vlist.numElements(); i++) f

Vertex *v = vlist.getElement(i);
v->BlendColor(clean_color,

p->pos(),radius); g g

void CLINGING(Model *m, Particle *p) f
Vec3f n;
m->NormalAt(p->pos(),n);
if (n.dot(Gravity) > cos(p->FallingAngle()))

p->Drip(m,Gravity);
else

p->MoveAlongMesh(m,Gravity); g

In theCLINGING motionfunction,smallervaluesfor thefalling
angleresultin �o w thatbehaveswith greatersurfacetension.

3.3 Interactive Sculpting

Choosingthe appropriateposition,orientation,andradiusfor the
typesof tools describedabove can be tediousfor complex mod-
els.Our languagecanalsobeusedasanintermediateformatfor an
interactivesculptingprogram.A simpli�ed versionof thevolumet-
ric modelcanbesculptedinteractively andtheactionssaved. The
loggedactionscanbeeditedby handor simplyappendedto ascript
�le thatis runof�ine on thehigh resolutionmodel.

4 Volumetric Representation

Our scripting languagewasdesignedto provide greatfreedomin
modelspeci�cation,independentof theunderlyingimplementation
of thevolumedatastructures.In our implementationwe usetetra-
hedralmeshesto representvolumetricmodels. In this sectionwe
discusssomespeci�cs of this implementation. Additionally, the
systemcouldmaintainandconvertbetweenothervolumetricrepre-
sentationsthataremoreadvantageousfor certainoperations.

4.1 Tetrahedral Mesh

Ourvolumetricrepresentationconsistsof asetof tetrahedra,where
eachtetrahedronstorespointersto its four verticesand the four
neighborssharingits faces.Generally, neighborsaretetrahedra,but
thosetetrahedrawith a faceon thevisible interfacehave a triangle
neighborthat storesrenderinginformationsuchasvertex normals
andtexturecoordinates.Thelist of visible interfacetrianglesforms
awatertightmeshandis usedfor interactivedisplayandof�ine ren-
dering.Eachtetrahedronstoresits materialtypeandany additional
sub-tetrahedronmaterialvariations.We canalsoef�ciently extract

thesetof facesthatde�ne the interfacesbetweendifferentmateri-
als. Thesefacesarenecessaryto accuratelyrenderrefractionand
translucency for non-opaquematerials.

Wehavechosenatetrahedralmeshbecauseit offersmany advan-
tagesin this applicationover othervolumetrictechniques,suchas
voxelsor octree-basedvolumes[WangandKaufman1995;Frisken
et al. 2000]. With a tetrahedralmesh,we have a simplecorrela-
tion betweenvolumeandsurface,and the correspondingtriangle
meshis easyto renderon graphicshardware.Thevisible andinte-
rior interfacescanberepresentedat variableresolutionsandmodel
sharpcreasesin thegeometryaccurately. Thedatastructureis in-
herentlyadaptive,allowing moretetrahedrain areasof high detail.
Tetrahedralmeshesarea simpleextensionof trianglemeshes,and
their geometricproperties,suchassimpli�cation andsubdivision,
arewell understood.Finally, many popularsimulationtechniques
suchasFEM aredesignedto work on tetrahedralmeshes.Axis-
alignedvolumetrictechniquessuchasvoxels or octree-baseddis-
tance�elds arepoorly suitedto handleoperationsthat deformor
fracturethemodel.

4.2 Evaluating the Signed Distance Field

We synthesizetetrahedralmodelsfrom trianglemeshesby evalu-
ating thesigneddistance�eld (discussedin Section2.4) on a uni-
form 3D grid. The systemdeterminesa default grid basedon the
boundingboxof thefunctionor surfacemesh,but it canbeoverrid-
denby theuserin thescript �le. We computethedistancevalueat
eachgrid pointusingtheFastMarchingLevel Setmethoddescribed
by Sethian[1999], which elegantly avoids self-intersectionswhen
computingisosurfaces.

GivensurfaceS, a signeddistancefunctionf S is de�ned asfol-
lows: for any point p in R3 , themagnitudeof f S (p) is thedistance
from p to theclosestpointonS, andthesignof f S (p) is negative if
p lies in theinterior volumeof S andpositive if it lies outside.We
initialize abandof knownverticesneartheoriginal surfaceby iter-
ating over the facesin the surfacemeshandrasterizingeachface
F into the volumegrid. For all grid pointsp nearF , we update
f S (p) if f jf F (p)j < jf S (p)j. To computef F (p), the signeddis-
tancefrom point p to F , we �nd point p0 on F closestto p. Then,
jf F (p)j = kp� p0k andthesignof f F (p) is obtainedasthesignof
(p0 � p) � n, wheren is thesurfacenormalatp0.

To make this schemerobust, if p0 lies on a vertex or edgeof F ,
the normaln mustbe obtainedby averagingthe normalsof adja-
centfaces.2 After all faceshave beenrasterized,thefunctionf S is
de�ned in the proximity of S. We propagatethe distanceof each
known vertex to its neighbors,which are thenmarked trial . The
trial verticesarestoredin a priority queueby magnitude,andstart-
ing with thesmallestdistance,they aremarkedknown andpropa-
gatedto theirneighborsuntil thenecessarylayerthicknesshasbeen
de�ned.

4.3 Tetrahedral Mesh Generation

Oncethe signeddistancefunction hasbeeninitialized, we usea
standardmethodfor creatingtetrahedralmeshes— a structured
methodbasedon an axis-alignedgrid or octree[Yerry andShep-
hard 1984; Wyvill et al. 1986; Lorensenand Cline 1987; Bloo-
menthal1994]. Theoctreemethodis robustandsimplerto imple-
ment thanunstructured methodssuchasadvancingfront andDe-
launaymethods[Lohner1988;Baker1989].Unstructuredmethods
producea meshindependentof objectorientationandattemptto
matchthe verticesandfacesof the original mesh. In our applica-
tion, we handlelargescannedmeshesandmatchingthesurfaceis

2NooruddinandTurk [2000] presentanalternative approachfor obtain-
ing thesigneddistance�eld whichdoesnot requireawatertightmesh.



usuallyunnecessaryandevenundesirable.Both structuredandun-
structuredmeshgenerationtechniquesareusuallyusedin conjunc-
tion with meshsimpli�cation andoptimization,which we discuss
in Section4.4.

First eachcubic grid cell is divided into � ve tetrahedral cells,
alternatingthe orientationof the centraltetrahedronso that diag-
onalsmatchon neighboringcubic cells. We chosenot to usethe
six-tetrahedrondecompositionbecauseit resultsin more tetrahe-
draandrequiresinterpolationalongthe long diagonalof thecube,
which can lead to additionalartifactson materialinterfaces. We
illustrateour techniquewith a2D example.

Eachtetrahedralcell is thendividedinto tetrahedraof theappro-
priatematerials,similar to Nielsonetal. [1997]. If thedistanceval-
uesof all four verticesof a tetrahedralcell arewithin therangefor
asinglelayer, onetetrahedronof thatmaterialis created.If thever-
ticesarewithin differentlayer ranges,we split the tetrahedralcell
into two cellsby splitting oneof its edgesat an interfacecrossing
(neighboringtetrahedralcells sharingthat edgearealsosplit) and
recurse. A protocol for orderingedgesplits basedon vertex and
interfaceidenti�ers guaranteesa propermeshwith matchingtetra-
hedralfaces.This algorithmplacesno constraintson thethickness
of layersor thenumberof interfacecrossingsallowedper tetrahe-
dral cell.

Usingprecedenceto combinevolumedescriptions(Section2.3)
canintroducenon-manifoldinterfaces[BloomenthalandFerguson
1995]. If a tetrahedralcell is not assignedmaterialby the �rst
volumedescriptionin a precedenceoperation,we proceedto the
next volumedescription.Whenwe split a tetrahedralcell, we also
split tetrahedraassignedby previousvolumedescriptionsthatshare
the edgeto be split. This operationpreventsT-junctionsat non-
manifold interfaceintersectionsandis performedef�ciently using
ahashtableof all tetrahedraledges.

After thevolumehasbeentetrahedralized,tetrahedrafor layers
with proceduraldescriptions(Section2.2)aresubdividedasneces-
saryto correctlyassignmaterials.

4.4 Simpli�cation of Models for Simulation

Thestructuredmeshgenerationtechniquedescribedin Section4.3
producesa large numberof tetrahedraandpoorly shapedtetrahe-
dra [Shewchuk 1998] when an interfacepassesvery closeto the
grid points. Many simulationtechniquesrequiretetrahedrato be
well-proportioned,which is oftenmeasuredby theminimumsolid
angle[Fleischmannetal.1999].Wehaveseveralmethodsto reduce
theoverall numberof tetrahedraandimprove their shape.

To obtaina high resolutioninterface,we requirea high resolu-
tion grid; however, if a materiallayer is thick relative to the grid,
this leadsto extraneoustetrahedrawithin the layer. An adaptive
octreeapproachdramaticallyreducesthe initial numberof tetra-
hedraproduced,asillustratedin Figure4. Similarly to Frisken et

Figure4: Themeshontheleft wascreatedfrom auniformdistance
�eld. The meshon the right wascreatedfrom the samedistance
�eld after adaptive re�nement, resultingin lessthanhalf asmany
tetrahedra.Themesheshave similar interfacequality. Simpli�ca-
tion canbeusedto furtherreducethesizeof themodel.

al. [2000],we computethesigneddistance�eld on a uniform grid,
thencollapsegrid cells thatareaccuratelyrepresentedby interpo-
lation or do not containan interfacecrossing.We restrictthegrid
cell collapsessuchthat cells sharingfacesare no more than one
level differentin theoctree.This restrictionboundstheminimum
solid angleof intermediatetetrahedralcells. Additionally, theuser
canspecifythat certaininterfacesmustbe representedat a higher
resolutionandwith moreaccuracy.

After theinitial tetrahedralization,weuseacombinationof sim-
pli�cation andmeshimprovementtechniques[Hoppe1996;Staadt
andGross1998;Trottset al. 1999;Cignoniet al. 2000]. We found
it dif�cult to de�ne an appropriateedgecollapseweightingfunc-
tion (usedin theProgressive Meshtechniques)thatsimultaneously
solvedour goals.Our solutionis similar to themeshimprovement
strategy describedby Freitagand Ollivier-Gooch[1997] and has
beenef�cient andeffective in practice.

First, we computea quality metric (rangingfrom 0 to 10) for
eachtetrahedront, whichcanvary dependingon theexactrequire-
mentsof thesimulationweplanto run. Theequationsbelow reward
tetrahedrathatarecloseto equilateral(minimumsolidangle� 0.55
steradians)andhave volumecloseto theidealvolume(total model
volume/ desiredtetrahedralcount).Weuse� = 0.7.

Quality( t ) = � � A( t ) + (1 � � ) � V( t )

A( t ) = 10 � min

�
1;

p
2 � min solidangle( t )

�

V(t ) = 10 � min

�
1;

q
volume( t )

idealvolume

�

We target the removal or improvementof low-quality tetrahedra
while maintainingthe visible and interior interfaces(using, e.g.,
quadricerror [Garlandand Heckbert1997] or volume preserva-
tion). Our simpli�cation strategy is outlinedin thefollowing psue-
docode.

for q = 0 to 10
T = f all tetrahedrawith Quality( t ) � q g
for eacht in T

try theseactions:
� 3 ! 2, 2 ! 3, and2 ! 2 tetrahedral�ips
� half edgecollapses
� moveeachvertex to theaverageof its neighbors

Wechoosenot to performanactionif theinterfaceis unacceptably
degraded,or if theminimumqualityof theaffectedtetrahedraafter
theactionis lower thantheminimumqualitybeforetheaction.If a



Figure5: Lostwaxcasting.Adaptedfrom Hodges[1970].

stoppingcriterion(suchasa desirednumberof tetrahedra)hasnot
beenmet,theinterfacerequirementsarereducedandtheprocessis
repeated.

5 Results

In this sectionwe presentthreeillustrative examplesfrom our sys-
tem.Wedescribeourartisticintentionsfor eachmodelbasedon its
environmentandhistory.

5.1 Lost Wax Casting

The lost wax castingprocessis a commontechniquefor creating
bronzestatues(Figure5). A roughly-shapedclay coreis covered
with malleablewax, in which the shapeand detailsof the �nal
sculptureareformed. Whenthe wax sculptureis �nished, a thick
layerof clay is spreadover thewax. Themodelis slowly heatedto
allow thewax to drip from theclaymoldandthenthemold is �red
in a kiln. Molten bronzeis pouredinto the hardenedclay mold.
Finally, whencool, the brittle clay is chippedaway to reveal the
bronzestatue.

The original cat surfacehassharpedgesandareasof high cur-
vature,but the outer clay layer doesnot containsuchdetail. In
thephysicalprocess,theartistappliesa thicker layerof clay to the
concave portionsof themodel. To modelthis process,we usethe
convex hull of theoriginal surfaceasasecondmesh.

BRONZE_CAT= precedence f
volume_1 = volume f

distance_field = surface_mesh f
file = cat.obj g

layers = f
interior_layer f

material = BRONZE
thickness = 1 g

interior_layer f
material = FIRED_CLAY
thickness = fill g g g

volume_2 = volume f
distance_field = surface_mesh f

file = cat_hull.obj g
layers = f

interior_layer f
material = FIRED_CLAY
thickness = fill g

exterior_layer f
material = FIRED_CLAY
thickness = 2.5 g g g g

Figure6: A sequenceof imagesfrom ourbronzestatuesimulation.
Theouterlayerof �red clay is brokenaway usinga hammertool.
A polishtool is usedto cleanandshinethemodel.



We usedthehammertool to breakaway theouterlayerof clay,
by specifyingthatonly �red clay tetrahedraareaffected.Thetool
is usedrepeatedlyon differentportionsof themodel. We alsode-
signedapolishtool to cleanandshinethestatue.Thistool performs
a CSGsubtractionoperationto remove clay left on or aroundthe
model. Subtractionis implementedin our systemby subdivision
andtetrahedronremoval. Thepolish tool alsoincreasesthe shini-
nessof nearbytetrahedra,by blendingwith the SHINY BRONZE
material.

void POLISH(Model *model,
Vec3f position = Vec3f(0,0,0),
float size = 1) f

AppliedArea *a = Sphere(position, size);
List<Material*> affects(Lookup("FIRED_CLAY"));
CSG_Subtract(model,a,affects);
List<Tetra*> lst;
model->CollectTetras(lst,position,size);
for (int i = 0; i < lst.numElements(); i++) f

Tetra *t = lst.getElement(i);
t->BlendMaterial(Lookup("SHINY_BRONZE"),

position,size); g g

We interactively sculpteda model of approximately100,000
tetrahedra,and replayedthe operationson a modelwith 300,000
tetrahedra[Müller et al. 2001]. A sequencefrom this simulationis
shown in Figure6.

5.2 Displaced Bric k Paving

In ournext example,wemodelatreein anurbansettingsurrounded
by brick paving. As thetreegrows, therootspushupward,shifting
thebricks.Hereis thescriptweusedto producetheinitial model.

URBAN_TREE= precedence f
volume_1 = volume f

distance_field = union f
distance_field_1 = TRUNK
distance_field_2 = 2D_EXTRUDEf

file = roots.ppm g g
layers = f

interior_layer f
material = TREE
thickness = fill g g g

volume_2 = volume f
distance_field = GROUND_PLANE
layers = f

interior_layer f
material = BRICK_PAVING
thickness = 0.075 g

interior_layer f
material = DIRT
thickness = 1.00 g g g g

We createdanabstracttreemodelusingour language:thetrunk
is representedwith an implicit function for a cylinder plus turbu-
lence, and the roots are procedurallycreatedfrom a simple 2D
sketch.

Thebrick paving is createdwith a proceduralde�nition similar to
thestripedchocolatede�nition in Section2.2.Thesimpli�ed model
hasapproximately200,000tetrahedra.

To displacethebrick paving aroundthetree,wecreatedatool to
translateupwardtheverticesof all treetetrahedra.TheFEM system
is usedto solvefor thestaticequilibriumpositionsof theremaining
vertices. The resultsareshown in Figure7. The bricks maintain
their rectilinearshapebecausethebrick materialhasa largevalue

Figure7: We simulatetreegrowth by translatingall treevertices
upwardanddeformingthedirt andbricksaroundtheroots.

for theelasticityparameter;thedirt betweenandbeneaththebricks
deformseasilybecauseof its relatively smallervalue.Appropriate
valuesfor thesematerialscanbeobtainedfrom standardreferences
[Anderson1989].

5.3 Weathered Statue

In Figure8, we show the layeringof weatheringeffectson a gar-
goyle statuemountedon the exterior of a building. Gargoyles are
subjectedto interesting�o w patternsbecausethey wereoriginally
usedasdecorativedownspoutsto directrainwaterawayfrom build-
ing foundations. Long term exposurecausesa variety of effects
onexteriorarchitecturaldetailsincludingdiscoloration,weakening,
erosion,biologicalgrowth, andfracturedueto thefreeze/thaw cy-
cle. The modelshown herewascreatedfrom a scannedmeshas
onelayerof stone.

We useseveral toolsbuilt on our particlesystemthatusediffer-
ent proceduresfor particlemotion andaction. First, we apply an
even layer of dirt to the model and usethe washtool to remove
dirt accordingto rain �o w. TheFEM hammertool is usedto break
off the earanda cornerof the wing. Next, an erosiontool moves
particlestoward exposedareasof the meshwherea small sphere
of materialis removed. Finally, we applya biologicalgrowth tool
similar to thewashtool, but with minimalparticlemotion,resulting
in lichen-coloreddiscolorationonthetop-facingsurfaces.Below is
thescriptusedto modify themodel,whichaftersimpli�cation con-
tainedapproximately500,000tetrahedra.



DIRT f
model = GARGOYLE
color = f 0.5 0.5 0.5 g g

WASHf
model = GARGOYLE
num_particles = 200000
particle_life = 1.0 g

HAMMERf
model = GARGOYLE
position = f -0.78 1.22 0.77 g
orientation = f -0.23 -0.47 0.85 g g

HAMMERf
model = GARGOYLE
position = f -2.53 1.03 1.06 g
orientation = f 0.56 -0.19 -0.80 g g

ERODEf
model = GARGOYLE
num_particles = 2000 g

LICHEN f
model = GARGOYLE
num_particles = 40000 g

6 Discussion and Future Work

We have presenteda proceduralframework for specifyinglayered
solidmodelsandapplyingaseriesof simulationoperationsto them.
Ourapproachallowscomplex volumetricmodelsto beconstructed
from existing triangle meshesas well as from implicit functions
anddistance�elds. Thesedifferentmodelingapproachesarehan-
dled seamlesslywithin our high-level framework. Thesemodels
canthenbeeasilymodi�ed usingproceduralsimulationtools.

Ours is one of the �rst modelingsystemswheresimulationis
treatedasasculptingtool ratherthanmerelyfor animation,andwe
think this approachhastremendouspotential. In general,it pro-
videsbotha higherlevel of abstractionfor, anda convenientinter-
faceto, existing simulationenvironments.Our scriptinglanguage
is alsovaluableasanintermediate�le representationfor capturing
thehistoryof interactivesculptingoperations.

Our systemhasbeenusedto successfullyconstructmodelsfor
a wide rangeof rendering,simulation,andanimationapplications.
We have built smallmodels,with a few hundredtetrahedra,for use
in real-timeanimationresearch[Müller etal.2001],aswell aslarge
modelswith millions of tetrahedrafor off-line weatheringandero-
sion simulations. In fact, modelsat either resolutioncanbe con-
structedfrom essentiallythesamescript.

In thefuture,weplanto expandour languageto incorporatenew
modelingandsimulationtools.Wewould like to alternatebetween
the variousphasesof modelingandsimulationmorereadily. We
would alsolike to addbetterproceduralsupportfor volumegener-
ation,perhapsincorporatingsupportfor materials,suchascement-
basedproducts,whichhave intricateinternalstructures.

Overall, we believe that a proceduralinterfacebetweenmodel-
ingandsimulationisanimportanttool for ourcommunity. With our
prototypeframework, we have experienceda dramaticincreasein
modelingproductivity and�e xibility , smoothedtransitionsof mod-
els betweensimulationand renderingapplications,and provided
accessto complex simulationsystemsto noviceusers.
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Figure8: A sequenceof renderingsfrom thegargoyle simulation:
theinitial modelmadeof freshwhitestone;alayerof dirt is applied
andpartiallywashedawayby rain; fractureremovesthegargoyle's
earandwing, erosionaffectstopsurfaces;biologicalgrowth.



A Modeling Langua ge

Type grammar

script : ( assignmentj operation )*
assignment: identi�er = value

operation : functionf assignment* g
value: integer j �oat j string j material j layer j distance�eld

j volume j function j f value* g
distance�eld : function:Vec3f) �oat

substance: material j function:Vec3f) material j nothing
thickness: �oat j fill
velocity: �oat j function:Vec3f) �oat

Selected built-in functions

material material ( string name, �oat density = 1.0, etc. );
layer interior layer ( substancematerial,

thicknessthickness = 1.0 );
layer exterior layer ( substancematerial,

thicknessthickness = 1.0 );
distance�eld surface mesh ( string file,

velocity velocity = 1.0 );
distance�eld union ( distance�eld distance field 1,

distance�eld distance field 2,
velocity velocity = 1.0 );

distance�eld from volume surface ( volume volume,
velocity velocity = 1.0);

volume load ( string file);
volume volume ( distance�eld distance field, layers layers);
volume precedence ( volume volume 1, volume volume 2);
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