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Abstract

We present procedurabpproactto authoringlayered solid mod-
els. Usingasimplescriptinglanguagewe de ne theinternalstruc-
ture of a volume from one or moreinput meshes.Sculptingand
simulationoperatorsareappliedwithin the contet of thelanguage
to shapeand modify the model. Our framework treatssimulation
asa modelingoperatoratherthansimply asa tool for animation,
therebysuggestinga new paradigmfor modelingaswell asa new
level of abstractiorfor interactingwith simulationenvironments.

Capturingreal-world effectswith standardnodelingtechniques
is extremely challenging. Our key contritution is a concisepro-
ceduralapproachfor seamlesslyouilding and modifying comple
solid geometry We presentenimplementatiorof our languageus-
ing a e xible tetrahedraftepresentationie shav avariety of com-
plex objectsmodeledin our systemusingtools thatinterfacewith

nite elementmethodandparticlesystemsimulations.

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

1 Introduction

Geometricmodelsare a fundamentakcomponentin ary graphics
system. While therehasbeentremendougprogressn the areaof
renderingover the pastthreedecadesgreatingandacquiringhigh
delity geometricmodelsremainsa challengingand tediouspro-
cess. Modelsare generallydesignedwith high-endrenderingin
mind andcanbe dif cult to modify andmanipulate.Furthermore,
as animationand simulationtechniquesbecomeincreasinglyso-
phisticatedandwidely available,thereis anincreasingdemandor
modelssuitablefor thesepurposesaswell.

Today's model generatiortools are primitive in that they gen-
erally lack a formal speci cation framevork. This standsin stark
contrasto commonlyavailablerenderingsystemssuchasRender
Man, in which lighting, materials,objects,and even shadingare
speci ed procedurallyfHanraharandLawson1990; Upstill 1990].

In this paper we introducea proceduraimodelingapproactfor
authoringlayered,solid models. We are especiallyinterestedin
generatingnodelsthataresuitablefor bothrenderingandphysical

1Thewidespreadiseof the samesmall setof models,suchasthe Stan-
ford bunry andthe Utahteapotattestdo thesedif culties.

simulation. Justascomputergraphicsrenderingsystemsprovide a
framework for light transporsimulation,we ervisionananalogous
framework for physical processesndotheroperatorghat modify
andshapegeometry

Therearemary reasonso consideaproceduraapproacho sur
facecreationandmodi cation. A concisespeci cationframewvork
permitsdifferentsimulationtechniques— for example raytracing,
radiosity nite elemenimethod(FEM), andsimpli ed spring-mass
models— to be appliedand compared.In addition,complicated
processesanbedescribedlgorithmically A proceduratle nition
canbe usedasan intermediateformat for capturing,editing, and
replayinginteractve editing sessionslt alsoprovidesa high-level
abstractionpermittinga variety of differentrepresentations- for
example,meshesandimplicit functions— to coexist in the same
ervironment,regardlessof the underlyingsimulationsystem.Pro-
ceduralmodelsareadvantageoun thatthey canbeincrementally
editedandre ned basedon artistic needs.Finally, powerful simu-
lation tools, suchasFEM or particlesystemscanbe embeddeds
modelingoperatoravithin sucha proceduraframework.

1.1 Related Work

Within traditionalmodelingsystemscomplex modelsare created
by applyinga variety of operationssuchasconstructve solid ge-
ometry(CSGpandfreeformdeformationsto avastarrayof geomet-
ric primitives[Coquillart 1990;PayneandToga 1992;Wyvill etal.
1999; Adzhiev etal. 1999]. In the handsof a talentedartist, these
systemgroduceintricategeometricmodels,but the processs ex-
tremelylaborintensve. Therangeof toolsavailablefor specifying
andeditingshapess alsovery limited. Surfacerepresentationsan
be locally deformedby simply modifying surface control points;
however, tools for shapinggeometryare rarely physically based,
andthe underlyinggeometrygenerallylacksinformationaboutthe
internalphysicalpropertieof themodel,whichwouldbenecessary
for creatingcomplex deformationsin addition,suchdeformations
can createself-intersectionshat are dif cult to detector prevent.
Furthermore performingtopologicalchangego a model, suchas
drilling a hole throughit, canbe challengingusing a surfacede-
scriptionalone.

Anotherapproacho creatingmodelsinvolvesinteracte sculpt-
ing, in which the usermodi es a solid materialwith a tool [Wang
and Kaufman 1995; Mizuno et al. 1998; Raviv and Elber 2000;
Friskenet al. 2000]. Suchsystemsaretypically basedon sampled
volumetricrepresentationg/oxels or octrees)which canbe costly
to storeandrenderinteractively. Additionally, performingdeforma-
tionswithin a grid-basedepresentationequiresshifting dataover
cell boundarieswhich canbeexpensve andlossy Unlike surfaces,
whicharemerelyhollow shells volumetricrepresentationsancap-
ture the internal material structureof a model. One of the main
bene ts of volumetric representationss that they supportrobust
sculptingoperationsandsimulations[Dorsey et al. 1999; O'Brien
andHodgins1999]. However, volumetricmodelsoftenlack visual

delity because high resolutionvolumeis necessaryo represent
acomple model.



3D digitizing hasemegedasa populartechniquefor acquiring
complex models, such as sculpturesor mechanicalparts, which
would be dif cult or impossibleto createwith interactve tech-
nigues.While suchdigitizersareusefulfor acquiringsurfaceshape
andappearancpropertiesthey donotcapturetheinternalstructure
of thegeometrywhich is oftennecessaryor animationor simula-
tion.

Proceduraimodelingtechniqueshave proved to be valuablein
several speci ¢ domainsof computergraphics|Ebertet al. 1998].
Examplesncludeplantmodeling[Prusinkievicz etal. 1988],solid
texturing [Perlin 1985; Perlin and Hoffert 1989], displacement
maps[Cook 1984], cellulartexturing [Legakisetal. 2001],andur-
banmodeling[ParishandMd{iller 2001]. Oneof the dif culties of
proceduramodelingis thatthe varioustechniqguesredomainspe-
ci c. Additionally it canbedif cult to preciselycontrolthegener
ation procesdo createa speci c model. In our approachwe use
a surfacemodelasa startingpoint and useprocedurakechniques
to generatea solid model. This providesa framework for the cre-
ationof arich classof modelswhich aresuitablefor renderingand
simulation.

1.2 Overview

Our proceduralframevork providesa controlled, systematiovay
to specifythe geometricand material propertiesof a solid model
andto vary theseattributesasa function of time. We have devel-
opedasimplescriptinglanguagédor authoringcomplex volumetric
modelsandwe shav examplesof its use. In our languagemodels
are rst initialized andthenmodi ed with a paletteof physically
inspiredsimulationoperations Model initialization is presentedn
Section2 andthede nition anduseof simulationtoolsis described
in Section3. In Section4 we preseneainimplementatiorof thelan-
guageusing layeredtetrahedraimodels,which we usedto create
theexamplesdiscussedn Section5.

2 Model Speci cation

Marny real-world objectsare composedof layers: architectural
framing,insulationandsiding;theskeleton,musclesandskinof an
animal;or the peelof afruit. Building a physically-realisticmodel
of ary of theseobjectsrequiresa descriptionof the boundariede-
tween materialsand the variationswithin eachmaterial. Sucha
modelcouldbecreatedby anartist,but the processvould betime-
consumingThedatacouldbeobtainedhroughtomograply or dis-
sectionapproacheshut this canbe inaccurateor destructve. Our
modelinglanguagés basedn the obserationthatoftentheinter-
nal structureof an objectcanbe inferredfrom a representatioof
its primary interface. Our basicbuilding block is the layered vol-
ume Within our framework, volumescanbe combined.andlayer
compositioncanbe controlledprocedurally

Through a seriesof examplesbasedon a simple model of a
chocolatecandy we show thatour languageprovidesa naturaland
expressve way to constructvolumetric models. We include frag-
mentsof codefrom the scriptsusedto generatehe imagesin this
paper As a conventionin our exampleswe useall capitallettersto
indicateuserde ned functionsand materials. A simpli ed gram-
marfor thelanguageappearsn 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 we begin with asimplecandy-shapedurfacemeshandadd
two layersof materialto the exterior andonelayerto the interior
(Figurel).

Figurel: A chocolatecandycreatedwith two layersexteriorto the
original surfaceand onelayerto Il theinterior. The outermost
layerhasa procedurate 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 =010 ¢
exterior_layer f
material = STRIPED_CHOCOLATE
thickness =005 ggg

Each layer has a material type and thickness. The type and
thicknesscan be uniform or vary procedurally which we discuss
later Thethickneskeywordfill ~ canbeusedwith awell-de ned
closedmeshto describeaninterior layerthatis thick enoughto |l
theremaininginterior space .The materialkeyword nothing  can
beusedto describealayerof air with no volumetricproperties.

2.2 Procedural Layer and Material De nitions

Materialsarede ned by alist of renderingandsimulationparame-
ters.We have a smalllibrary of built-in materials;additionalmate-
rials canbe de ned within the script le asshavn below. Default
valuesareassignedo ary unspeci edparameters.
CHOCOLATE= material f

color =f 031 0.17 015 ¢

density = 1100 /* kg/m'3 */

etc. g

A layer neednot be composedf a uniform material. The user

canprocedurallyde ne a continuousvariationof propertiessuch
aswood grain or concreteparticles,within a singlematerial. This
informationcanbe usedby a simulationandduringrendering.Al-
ternatvely, a procedurecanbe usedto subdvide the layerinto dis-
tinct materials.Below is the speci cationusedto createthe striped
layerof chocolateonthecandy

Material* STRIPED_CHOCOLATE(Vec3f &p) f
it (p.y(Q < 0.2) return  Lookup("WHITE_CHOCOLATE");
it  ((p-x() > -09 && px() < -07) |
(p-x() > -05 && px() < -03) |
(p-x() > -01 &&px() < 01) |
(p-x() > 03 && px() < 05) |
(p.x() > 0.7 && px() < 0.9)

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

Within a script,theusercande ne arbitraryC++ functionswith
default valuesfor optional parameters.Thesefunctionsare com-
piled andlinked at runtimeto interfacewith the coresystem.The
Lookup functiongivesaccesdo script le variableassignments.
Functioncalls consistof the function nameanda list of name =
value pairswithin curly braces.The agumentsmay appearout
of order or beleft unspeci edif optional.



2.3 Volume Speci cation

Marny objectswe would like to modelare more complicatedthan
simply layersof materialconstructedrom a primaryinterface.Of-
tentheseobjectscanbe easilydescribedasa collectionof overlap-
ping shapes.In our languagewe usethe precedenceonstructto
combinevolumes.In theexamplebelow, precedencés usedto rst
createthe volumefor the almond,andthende ne the candyshape
aroundthealmond(Figure2a). Subsequerghapesouldbede ned
to Il 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 ggg
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 =010 ¢
exterior_layer f
material = STRIPED_CHOCOLATE
thickness = 0.05 gggg

The use of the precedenceperatoris particularly interesting
whenthe surfacemeshesntersect.In Figure2b the almondshape
is larger and rotatedso that it protrudesfrom the original candy
surfaceandbeyondthe additionallayersof material. However, the
usermay insteadwish the outerlayersto be wrappedaroundthe
protrudingalmondas shown in Figure 2c. To do this, we usea
volumeastheprimaryshapdor anew volume.First,we useprece-
denceto combinethe almondshapewith the interior layer of the
chocolate.Then,we extractthe outermosinterfaceof the volume
to useastheinitializing surfacefor thesecondsolumethataddsthe
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 ¢
layers = f
interior_layer f
material = NUT
thickness = fill ggg
volume_2 = volume f
distance_field = surface_mesh f
file = candy.obj g
layers = f
interior_layer f
material = CHOCOLATE
thickness = fill gg9gggg
layers = f
exterior_layer f
material = WHITE_CHOCOLATE
thickness =010 ¢
exterior_layer f
material = STRIPED_CHOCOLATE
thickness =005 ggg

2.4 Signed Distance Field

Signeddistanceelds areanaturalchoicefor describingandimple-
mentingthelayersandvolumesin ourlanguageA signeddistance
eld is a continuousscalarfunction de ned throughouta volume,
which canbe usedto computeoffset isosuraceswhile elegantly
handling changesn topology and preventing self-intersectiornof
the interfaces. In mostcaseswe initialize the distanceeld from
a surfacemeshusingthe methoddescribedn Section4.2. Alter-
natively, we cancreatethe eld from animplicit surfaceor other

a) b)

c) d)

Figure 2: Specifyingthe interactionof two meshesallows mary
otherpossibilities:a) simpleprecedencio createthe candyaround
an almond,b) & c) precedencavith intersectingmeshesand d)
unionof thecandyandalmondmeshes.

function. Thelayersof avolumeareimplementedasrangef dis-
tancevalues.

Oftenthedesireddistanceeld is mosteasilydescribedy com-
bining distanceelds usingsimpleoperatorsuchasscaling,union
(minimum), intersection(maximum),andsubtractionRicci 1973;
Friskenetal. 2000]. To demonstratéistanceeld compositionwe
usethe union operatorto combinethe candyand almondsurface
meshego producethe volumeshawvn in Figure2d. The zeroiso-
surfaceof theresultingshapdies betweerthe chocolateandwhite
chocolatdayers.

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 =015 g g g

Usually adistanceeld is simplyaEuclidearmeasuremeritom
eachpointto theoriginal surface.Layersde ned within thistypeof
distanceeld will have uniformthicknesswithin eachlayer How-
ever, it is often naturalto describdayersthatarethicker or thinner
accordingto somepattern.To createinterestinginternalstructures
that have varying layer thicknesseswe cande ne non-Euclidean
distancemetricsby modifying the interfacevelocity The spacing
betweerisosurcesn adistanceeld is greatemwherethevelocity
is higher The usermay de ne a patternof increasedselocity by
paintingon the surfaceas shavn in Figure 3a. Alternatively, the
interfacevelocity canbe de ned procedurally:in Figure3btheve-
locity is setby arandomturbulencefunction, resultingin a bumpy



appearanceandin Figure 3c a shortprocedurecreatesa diagonal
swirl. Thevelocity canalsobe computedusingvisibility, accessi-
bility, etc.

Interfacevelocity is implementecperdistanceeld, andall lay-
erswithin that eld have athicknesgatternbasedon thatvelocity.
Nestingvolumespeci cationsallows usto createamodelwith lay-
ershaving differentthicknesspatterns.For example,in Figure 3d
we build a layer of bumpy frosting from a turbulentvelocity eld
followed by a layer of foil wrapperwith a diagonalpattern. This
typeof speci cationis commonenougho warrantasyntacticsugar
constructwhich desugrsvelocitiesspeci ed perlayerinto nested
volumespeci cations.

LUMPY_CANDY¥= volume f
distance_field = surface_mesh f
file = candy.obj ¢

layers = f

exterior_layer f
material = PINK_FROSTING
thickness =01
velocity = BUMPYg

exterior_layer f
material = FOIL_WRAPPER
thickness = 0.05
velocity = DIAGONALg 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 =01 ggg

velocity = DIAGONAL g

layers = f
exterior_layer f
material = FOIL_WRAPPER
thickness = 0.05 g g g

3 Operations

In the previous sectionwe discussechow our languageis used
to initialize a volumetricmodel. The advantagef thesemodels
becomeapparentwhenvisualizedandmodi ed in complex ways.
Marny simulationtechniqueiave beendevelopedfor sculptingand
weathering[Dorsey et al. 1996; Dorsgy et al. 1999; O'Brien and
Hodgins1999]. We have incorporatedmplementation®f afew of

thesetechniquesnto our systemand provide usercontrol of these
toolsthroughour language.The useris ableto develop additional
toolsbasedn thesepackage®r link to othersimulationlibraries.

3.1 Usability through Abstraction

Oneof the main obstacleghe usermustovercomein usinga sim-
ulation packagds determiningpropervaluesfor the numerougpa-
rametersneededo control the system. Differentimplementations
of the samesimulationtechniquemay requiredifferentsetsof pa-
rameters.The rst goal of our tool interfaceis to provide abstrac-
tion andstandardizatiosothe userof thetool canapplyoperations
to the modelwithout studyingthe detailsof theimplementationA
simpleinterfacebetweeneachsimulationpackageandour system
is establishednda setof sampletoolsis created Eachtool de nes
defaultvaluesfor standargparametersuchasposition,orientation,
size,andaffectedmaterialsandcallsoneor moresimulationpack-
ages. Using the sampletools as a guide, the usercan createnew
tools.

We have linked our systemto a e xible FEM simulation. We
applyadistribution of forcesto our modelandthesystencomputes

a) b)
c) d)
e) f)

Figure3: By modifying theinterfacevelocity of the distanceeld,
we can createlayerswith non-uniformthickness: a) paintedve-
locity, b) turbulentvelocity for abumpy appearance) procedurally
createddiagonaktripes andd) adiagonalayerontop of thebumpy
layer Imagese andf arecross-sectionsef ¢c andd respectiely.

the appropriatedeformationsand fractures. We can also control
which materialsare affectedby the simulation;no othermaterials
will be modi ed. Below we de ne a simpletool which appliesa
singlehammetlik e forceto the model.

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 thistool.

HAMMER
model = BRONZE_CAT

position =f 1.08 079 029 g
orientation =f -032 -026 -091 g
affects = f FIRED_CLAY g ¢

3.2 Dening Simulation Behavior

Thepowerof alanguagdor tool de nition extendsbeyondcopying
andmodifying existing tools. The languagedacilitatesthe speci -



cationof new typesof behaior for thesimulation.Particlesystems
have beenusedin mary differentapplicationgo createa variety of
effectsthatspanawide rangeof physicalaccurag. Thecompleity
of aparticlesystenmsimulationdepend®nthede nition of particle
motion, interaction,andeffects.Below we presenthede nition of
atool usedto washdirt from a statue.

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_patrticles,particle_life,
initialize,motion,action); o]

The particle motion and actionfunctionsde ned belov eachtake
two aguments: the particle to move, and the model with which
it interacts. Motion functionsthat computeinteractionsbetween
particleswould alsoneedthelist 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 (nt i = 0; i < vlist.numElements(); i++) f

Vertex *v = vlist.getElement(i);
v->BlendColor(clean_color,
p->pos(),radius); g9

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

p->Drip(m,Gravity);
else
p->MoveAlongMesh(m,Gravity); g

> cos(p->FallingAngle()))

In the CLINGING motionfunction,smallervaluesfor thefalling
angleresultin o w thatbehaeswith greatersurfacetension.

3.3 Interactive Sculpting

Choosingthe appropriateposition, orientation,and radiusfor the
typesof tools describedabore can be tediousfor complex mod-
els. Ourlanguageanalsobeusedasanintermediatdormatfor an
interactive sculptingprogram.A simpli ed versionof thevolumet-
ric modelcanbe sculptedinteractiely andthe actionssaved. The
loggedactionscanbeeditedby handor simply appendedo a script
le thatis runof ine onthehighresolutionmodel.

4 \olumetric Representation

Our scriptinglanguagewas designedo provide greatfreedomin

modelspeci cation,independenof theunderlyingimplementation
of thevolumedatastructures.In ourimplementatiorwe usetetra-
hedralmeshego represenvolumetricmodels. In this sectionwe

discusssomespeci cs of this implementation. Additionally, the

systemcould maintainandcorvertbetweerothervolumetricrepre-
sentationghataremoreadwantageousor certainoperations.

4.1 Tetrahedral Mesh

Ourvolumetricrepresentationonsistf a setof tetrahedrawhere
eachtetrahedronstorespointersto its four verticesand the four
neighborssharingits faces.Generallyneighborsaretetrahedrabut
thosetetrahedrawith a faceon thevisible interfacehave a triangle
neighborthat storesrenderinginformationsuchasvertex normals
andtexturecoordinatesThelist of visible interfacetrianglesforms
awatertightmeshandis usedfor interactve displayandof ine ren-
dering.Eachtetrahedrorstoresits materialtype andary additional
sub-tetrahedromaterialvariations.We canalsoef ciently extract

the setof facesthatde ne the interfacesbetweendifferentmateri-
als. Thesefacesarenecessaryo accuratelyrenderrefractionand
transluceng for non-opaquénaterials.

We have choseratetrahedrameshbecausé offersmary advan-
tagesin this applicationover othervolumetrictechniquessuchas
voxelsor octree-basedolumesWangandKaufman1995;Frisken
et al. 2000]. With a tetrahedralimesh,we have a simple correla-
tion betweenvolume and surface,andthe correspondingdriangle
meshis easyto renderon graphicshardware. Thevisible andinte-
rior interfacescanberepresentedt variableresolutionsandmodel
sharpcreasesn the geometryaccurately The datastructureis in-
herentlyadaptve, allowing moretetrahedran areasof high detail.
Tetrahedrameshesarea simple extensionof trianglemeshesand
their geometricproperties suchassimpli cation andsubdvision,
arewell understood.Finally, mary popularsimulationtechniques
suchas FEM are designedo work on tetrahedraimeshes.Axis-
alignedvolumetrictechniquesuchasvoxels or octree-basedis-
tance elds are poorly suitedto handleoperationghat deformor
fracturethemodel.

4.2 Evaluating the Signed Distance Field

We synthesizdetrahedramodelsfrom triangle meshesby evalu-

ating the signeddistanceeld (discussedn Section2.4) on a uni-

form 3D grid. The systemdeterminesa default grid basedon the

boundingbox of thefunctionor surfacemesh but it canbeoverrid-

denby theuserin the script le. We computethe distancevalueat

eachgrid pointusingtheFastMarchingLevel Setmethoddescribed
by Sethian[1999], which elegantly avoids self-intersectionsvhen
computingisosurfices.

GivensurfaceS, asigneddistancefunctionf s is de ned asfol-
lows: for ary pointp in R®, themagnitudeof f s (p) is thedistance
from p to theclosespointon S, andthesignof f s (p) is negative if
p liesin theinterior volumeof S andpositive if it lies outside.We
initialize abandof knownverticesnearthe original surfaceby iter-
ating over the facesin the surfacemeshandrasterizingeachface
F into the volumegrid. For all grid pointsp nearF, we update
fs(p) iff jfe (p)j < jfs(p)j. To computef ¢ (p), the signeddis-
tancefrom pointp to F, we nd pointp®onF closesto p. Then,
ife (p)j = kp  p% andthesignof f  (p) is obtainedasthesignof
(° p) n,wheren is thesurfacenormalat p°.

To make this schemeohbust, if p° lies on avertex or edgeof F,
the normaln mustbe obtainedby averagingthe normalsof adja-
centfaces® After all faceshave beenrasterizedthe functionf s is
de ned in the proximity of S. We propagtethe distanceof each
known vertex to its neighborswhich arethenmarkedtrial. The
trial verticesarestoredin a priority queueby magnitudeandstart-
ing with the smallestdistancethey aremarked known andpropa-
gatedto theirneighborauntil thenecessariayerthicknesshasbeen
de ned.

4.3 Tetrahedral Mesh Generation

Oncethe signeddistancefunction hasbeeninitialized, we usea
standardmethodfor creatingtetrahedralmeshes— a structued
methodbasedon an axis-alignedgrid or octree[Yerry and Shep-
hard 1984; Wyvill et al. 1986; Lorensenand Cline 1987; Bloo-
menthal1994]. The octreemethodis robustandsimplerto imple-
mentthanunstructued methodssuchas adwancingfront and De-
launaymethodqLohner1988;Baker 1989]. Unstructurednethods
producea meshindependendf objectorientationand attemptto
matchthe verticesandfacesof the original mesh. In our applica-
tion, we handlelarge scannedneshesand matchingthe surfaceis

2NooruddinandTurk [2000] presen&nalternatve approactor obtain-
ing thesigneddistanceeld which doesnotrequireawatertightmesh.



usuallyunnecessargndevenundesirableBoth structuredcandun-
structuredmeshgeneratiortechniquegreusuallyusedin conjunc-
tion with meshsimpli cation andoptimization,which we discuss
in Sectior4.4.

First eachcubic grid cell is divided into ve tetrahedal cells
alternatingthe orientationof the centraltetrahedrorso that diag-
onalsmatchon neighboringcubic cells. We chosenot to usethe
six-tetrahedrordecompositiorbecauseét resultsin more tetrahe-
draandrequiresinterpolationalongthe long diagonalof the cube,
which canleadto additionalartifactson materialinterfaces. We
illustrateour techniquewith a2D example.

\

Eachtetrahedratell is thendividedinto tetrahedraf theappro-
priatematerials similarto Nielsonetal.[1997]. If thedistanceval-
uesof all four verticesof atetrahedratell arewithin the rangefor
asinglelayer, onetetrahedrorof thatmaterialis createdlf thever
ticesarewithin differentlayerrangeswe split the tetrahedratell
into two cells by splitting one of its edgesat aninterfacecrossing
(neighboringtetrahedraktells sharingthat edgeare also split) and
recurse. A protocolfor orderingedgesplits basedon vertex and
interfaceidenti ers guarantees propermeshwith matchingtetra-
hedralfaces.This algorithmplacesno constraintson the thickness
of layersor the numberof interfacecrossingsallowed pertetrahe-

dralcell.
\“/

Using precedencéo combinevolumedescriptiongSection2.3)
canintroducenon-manifoldinterfacegBloomenthalandFeguson
1995]. If a tetrahedralcell is not assignedmaterial by the rst
volume descriptionin a precedenc@peration,we proceedto the
next volumedescription.Whenwe split a tetrahedratell, we also
splittetrahedrassignedy previousvolumedescriptionghatshare
the edgeto be split. This operationprevents T-junctionsat non-
manifold interfaceintersectionsandis performedef ciently using
ahashtableof all tetrahedrakdges.

i

After thevolumehasbeentetrahedralizedietrahedrdor layers
with procedurablescriptiongSection2.2) aresubdvidedasneces-
saryto correctlyassignmaterials.

4.4 Simpli cation of Models for Simulation

The structuredmeshgeneratiortechniquedescribedn Section4.3
producesa large numberof tetrahedraand poorly shapedtetrahe-
dra [Shenvchuk 1998] when an interface passesvery closeto the
grid points. Many simulationtechniquegequiretetrahedrao be
well-proportionedwhich is often measuredby the minimumsolid
angle[Fleischmanretal. 1999]. We have severalmethodgo reduce
the overall numberof tetrahedrandimprove their shape.

To obtaina high resolutioninterface,we requirea high resolu-
tion grid; however, if a materiallayeris thick relative to the grid,
this leadsto extraneougtetrahedrawithin the layer An adaptve
octreeapproachdramaticallyreducesthe initial numberof tetra-
hedraproducedasillustratedin Figure4. Similarly to Frisken et

Figure4: Themeshontheleft wascreatedrom auniformdistance
eld. The meshon the right was createdfrom the samedistance
eld afteradaptve re nement,resultingin lessthanhalf asmary
tetrahedra.The meshesave similar interfacequality. Simpli ca-
tion canbeusedto furtherreducethe sizeof themodel.

al. [2000], we computethe signeddistanceeld onauniformgrid,
thencollapsegrid cellsthat areaccuratelyrepresentedy interpo-
lation or do not containaninterfacecrossing.We restrictthe grid
cell collapsessuchthat cells sharingfacesare no more thanone
level differentin the octree. This restrictionboundsthe minimum
solid angleof intermediatdetrahedratells. Additionally, the user
canspecifythat certaininterfacesmustbe representeat a higher
resolutionandwith moreaccurag.

After theinitial tetrahedralizatiorywe usea combinationof sim-
pli cation andmeshimprovementtechniquegHoppe1996;Staadt
andGross1998; Trottsetal. 1999;Cignonietal. 2000]. We found
it dif cult to de ne an appropriateedgecollapseweighting func-
tion (usedin the Progressie Meshtechniquesjhatsimultaneously
solved our goals. Our solutionis similar to the meshimprovement
stratgyy describedby Freitagand Ollivier-Gooch[1997] and has
beenefcient andeffective in practice.

First, we computea quality metric (rangingfrom 0 to 10) for
eachtetrahedron, which canvary dependingn the exactrequire-
mentsof thesimulationwe planto run. Theequationdelon reward
tetrahedrdhatarecloseto equilateralminimumsolidangle 0.55
steradiansandhave volumecloseto theideal volume(total model
volume/ desiredtetrahedratount).Weuse =0.7.

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

A(t) = 10 min 1; 2 minsolidanglgt)
V(t) = 10 min 1; M
idealvolume

We target the removal or improvementof low-quality tetrahedra
while maintainingthe visible and interior interfaces(using, e.g.,
quadric error [Garland and Heckbert1997] or volume presera-
tion). Our simpli cation stratey is outlinedin the following psue-
docode.

forq=0to10
T =f all tetrahedravith Quality(t) qg
foreacht in T
try theseactions:
3! 2,2! 3,and2! 2 tetrahedralips
half edgecollapses
move eachvertex to the averageof its neighbors

We choosenotto performanactionif theinterfaceis unacceptably
degradedor if theminimumquality of the affectedtetrahedrafter
theactionis lower thanthe minimumquality beforetheaction.If a



Figure5: Lostwax casting.Adaptedfrom Hodgeq1970].

stoppingcriterion (suchasa desirednumberof tetrahedrajasnot
beenmet,theinterfacerequirementsarereducedandthe processs
repeated.

5 Results

In this sectionwe presenthreeillustrative examplesfrom our sys-
tem. We describeour artisticintentionsfor eachmodelbasednits
ernvironmentandhistory.

5.1 Lost Wax Casting

The lost wax castingprocessis a commontechniquefor creating
bronzestatuegFigure5). A roughly-shapedlay coreis covered
with malleablewax, in which the shapeand details of the nal
sculptureareformed. Whenthe wax sculptureis nished, athick
layerof clay is spreadover thewax. Themodelis slowly heatedo
allow thewaxto drip from the clay mold andthenthemoldis red
in akiln. Molten bronzeis pouredinto the hardenedcclay mold.
Finally, when cool, the brittle clay is chippedaway to reveal the
bronzestatue.

The original cat surfacehassharpedgesand areasof high cur
vature, but the outer clay layer doesnot containsuchdetail. In
the physical processthe artistappliesa thicker layer of clay to the
concae portionsof the model. To modelthis processwe usethe
corvex hull of the original surfaceasa secondmesh.

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 =19

interior_layer f
material = FIRED_CLAY
thickness = fill ggg9g

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 =25 gggg

Figure6: A sequencef imagesrom our bronzestatuesimulation.
Theouterlayerof red clay is broken awvay usinga hammertool.
A polishtool is usedto cleanandshinethe model.



We usedthe hammertool to breakaway the outerlayer of clay,
by specifyingthatonly red clay tetrahedraareaffected. Thetool
is usedrepeatedlyon differentportionsof the model. We alsode-
signedapolishtool to cleanandshinethestatue Thistool performs
a CSG subtractionoperationto remove clay left on or aroundthe
model. Subtractionis implementedn our systemby subdvision
andtetrahedromemoval. The polishtool alsoincreaseshe shini-
nessof nearbytetrahedrapy 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*> Ist;
model->CollectTetras(Ist,position,size);
for (nt i = 0; i < Ist.numElements(); i++) f

Tetra *t = Ist.getElement(i);
t->BlendMaterial(Lookup("SHINY_BRONZE"),
position,size); gg

We interactively sculpteda model of approximately100,000
tetrahedraand replayedthe operationson a modelwith 300,000
tetrahedrgM uller etal. 2001]. A sequencdrom this simulationis
shavn in Figure6.

5.2 Displaced Brick Paving

In our next example we modelatreein anurbansettingsurrounded
by brick paving. As thetreegrows, therootspushupward, shifting
thebricks. Hereis the scriptwe usedto 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 ggg
volume_2 = volume f
distance_field = GROUND_PLANE

layers = f
interior_layer f
material = BRICK_PAVING
thickness = 0.075 ¢
interior_layer f
material = DIRT
thickness = 1.00 gggg

We createdan abstractreemodelusingour languagethetrunk
is representedavith animplicit function for a cylinder plus turbu-
lence, and the roots are procedurallycreatedfrom a simple 2D
sketch.

The brick paving is createdwith a proceduralde nition similar to
thestripedchocolatale nition in Section2.2. Thesimpli ed model
hasapproximately200,000tetrahedra.

To displacethebrick paving aroundthetree,we createdatool to
translataipwardtheverticesof all treetetrahedraThe FEM system
is usedto solwve for the staticequilibriumpositionsof theremaining
vertices. The resultsare shovn in Figure 7. The bricks maintain
their rectilinearshapebecausehe brick materialhasa large value

Figure 7: We simulatetree growth by translatingall tree vertices
upwardanddeformingthedirt andbricksaroundtheroots.

for theelasticityparameterthedirt betweerandbeneaththebricks
deformseasilybecausef its relatively smallervalue. Appropriate
valuesfor thesematerialscanbe obtainedrom standardeferences
[Anderson1989].

5.3 Weathered Statue

In Figure 8, we shaw the layering of weatheringeffectson a gar-
goyle statuemountedon the exterior of a building. Galgoyles are
subjectedo interesting o w patternsbhecausehey wereoriginally
usedasdecoratve dovnspoutdo directrainwateraway from build-
ing foundations. Long term exposurecausesa variety of effects
onexteriorarchitecturatietailsincludingdiscolorationwealening,
erosion biological growth, andfracturedueto the freeze/tha cy-
cle. The modelshavn herewas createdfrom a scannedneshas
onelayerof stone.

We useseveraltoolsbuilt on our particlesystemthatusediffer-
ent proceduredor particle motion andaction. First, we apply an
even layer of dirt to the model and usethe washtool to remove
dirt accordingto rain o w. The FEM hammetrtool is usedto break
off the earanda cornerof the wing. Next, an erosiontool moves
particlestoward exposedareasof the meshwherea small sphere
of materialis removed. Finally, we apply a biological growth tool
similarto thewashtool, but with minimal particlemotion,resulting
in lichen-colorediscoloratioron thetop-facingsurfaces Below is
thescriptusedto modify themodel,which aftersimpli cation con-
tainedapproximately500,000tetrahedra.



DIRT f

model = GARGOYLE

color =f 05 05 05 gg
WASHf

model = GARGOYLE

num_particles = 200000

particle_life =10 ¢
HAMMER

model = GARGOYLE

position =f -078 122 0.77

orientation =f -023 -047 085 g g
HAMMER

model = GARGOYLE

position =f -253 1.03 1.06 g¢g

orientation =f 056 -019 -080 gg
ERODETf

model = GARGOYLE

num_particles = 2000 g
LICHEN f

model = GARGOYLE

num_particles = 40000 g

6 Discussion and Future Work

We have presentedh proceduraframenork for specifyinglayered
solidmodelsandapplyingaseriesof simulationoperationgo them.
Ourapproacteallows complex volumetricmodelsto be constructed
from existing triangle meshesas well asfrom implicit functions
anddistanceelds. Thesedifferentmodelingapproachesrehan-
dled seamlesslywithin our high-level framewvork. Thesemodels
canthenbeeasilymodi ed usingprocedurakimulationtools.

Oursis one of the rst modelingsystemswhere simulationis
treatedasa sculptingtool ratherthanmerelyfor animation,andwe
think this approachhastremendougotential. In general,it pro-
videsbotha higherlevel of abstractiorfor, anda corvenientinter
faceto, existing simulationenvironments. Our scriptinglanguage
is alsovaluableasanintermediatele representatiofor capturing
the history of interactve sculptingoperations.

Our systemhasbeenusedto successfullyconstructmodelsfor
awide rangeof rendering simulation,andanimationapplications.
We have built smallmodelswith afew hundredtetrahedrafor use
in real-timeanimationresearchM tller etal. 2001],aswell aslarge
modelswith millions of tetrahedrdor off-line weatheringandero-
sion simulations. In fact, modelsat eitherresolutioncanbe con-
structedfrom essentiallythe samescript.

In thefuture,we planto expandourlanguageo incorporatenen
modelingandsimulationtools. We would lik e to alternatebetween
the variousphasef modelingand simulationmorereadily We
would alsolik e to addbetterprocedurakupportfor volumegenes
ation, perhapsncorporatingsupportfor materials suchascement-
basedoroductswhich have intricateinternalstructures.

Overall, we believe thata procedurainterfacebetweenmodel-
ing andsimulationis animportanttool for ourcommunity With our
prototypeframenork, we have experienceda dramaticincreasen
modelingproductvity and e xibility, smoothedransitionsof mod-
els betweensimulationand renderingapplications,and provided
accesso complex simulationsystemdo novice users.
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Figure8: A sequencef renderingsrom the gargayle simulation:
theinitial modelmadeof freshwhite stone;alayerof dirt is applied
andpartially washedaway by rain; fractureremovesthe gargoyle's
earandwing, erosionaffectstop surfacespiologicalgrowth.



A Modeling Language

Type grammar

script: ( assignment opemtion)*
assignmentidentier = value
opemtion: functionf assignmeritg
value: integer j oat j string j material j layer j distance eld
j volumej functionj 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 ( distanceeld distance _field _1,
distance eld distance _field _2,

velocity velocity =10 )
distance eld from _volume _surface  ( volume volume,
velocity velocity = 1.0);

volumeload ( stringfile);
volumevolume ( distance eld distance _field, layers layers);
volume precedence  ( volumevolume _1, volumevolume _2);
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