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Abstract

We present procedurabpproacto authoringlayered,solid mod-
els.Usingasimplescriptinglanguagewe de ne theinternalstruc-
ture of a volumefrom oneor moreinput meshesModeling oper
ators,which may include simulationsor sculptingoperationsare
appliedwithin the contet of thelanguageo shapeandmodify the
model. Our frameavork treatssimulationas a modelingoperator
ratherthan simply as a tool for animation,therebysuggestinga
new paradignmfor modelingaswell asanew level of abstractiorfor
interactingwith simulationenvironments.

Capturingreal-world effectswith standardnodelingtechniques
is extremely challenging. Our key contritution is a concisepro-
ceduralapproachfor seamlesslyuilding and modifying comple
solidgeometry We demonstrateurlanguagaisinga e xible tetra-
hedralrepresentationVe shav examplesof our systeminterfacing
with nite elemenandparticlesimulationtoolsto produceavariety
of complex models.

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

1 Introduction

Geometricmodelsare a fundamentakomponentin ary graphics
system. While therehasbeentremendougprogressn the areaof
renderingover the pastthreedecadesgreatingandacquiringhigh
delity geometricmodelsremainsa challengingand tediouspro-
cess. In additionto the generatiorproblem,modelsarealsohard
to modify and manipulate. Another dif culty is that modelsare
generallydesignedwith high-endrenderingin mind. However, as
animationandsimulationtechniqguedecomencreasinglysophisti-
catedandwidely available,thereis anincreasingdemandor mod-
elssuitablefor thesepurposegaswell.

Todays modelgeneratiortools are primitive in thatthey gen-
erally lack a formal speci cationframevork. This standsin stark
contrasto commonlyavailablerenderingsystemssuchasRender
Man, in which lighting, materials,objectsand even shading,are
speci ed procedurallyfHanraharandLawson1990;Upstill 1990].

In this paper we introducea proceduraimodelingparadigmfor
authoringlayered,solid models. We are especiallyinterestedn

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

generatingnodelsthataresuitablefor bothrenderingandphysical
simulation. Justascomputergraphicsrenderingsystemsprovide a
frameawork for light transporsimulation,we ernvision ananalogous
framework for physicalprocessesndotheroperatorghat modify
andsculptgeometry

Therearemary reasonso considemprocedurabpproacho sur
facecreationandmodi cation. A concisespeci cationframewvork
permitsdifferentsimulationapproaches- e.g. ray tracing, radios-
ity, nite elemenandsimpli ed spring-massnodels-to beapplied
andcomparedIn addition,complicatedprocessesanbedescribed
algorithmicallyandcodi ed. A proceduralde nition canbe used
asanintermediatdformatfor capturing,editing, andreplayingin-
teractive editing sessionslt alsoprovidesa high-level abstraction,
permittinga variety of differentrepresentations e.g. meshesand
implicit functions— to coeist in the sameernvironment,regardless
of the underlyingsimulationsystem. Proceduraimodelsare also
adwantageousn thatthey canbe incrementallyeditedandre ned
basedon artistic needs.Finally, powerful simulationtools, suchas
nite elementor particle systems,canbe embeddedhs modeling
operatorsvithin sucha proceduraframework.

1.1 Related Work

Within traditionalmodelingsystemsgcomplex modelsare created
by applying a variety of modeling operations,suchas CSG and
freeform deformations,to a vast array of geometricprimitives.
While in the handsof a talentedartistthesetools are ableto pro-

duceintricategeometricmodels,the model-creatiorprocesss ex-

tremelylaborintensve. Therangeof tools availablefor specifying
andeditingshapess alsovery limited. Surfacerepresentationsan
be locally deformedby simply modifying surface control points.
However, tools for shapinggeometryare rarely physically based,
andtheunderlyinggeometrygenerallylacksinformationaboutthe
internal physical propertiesof the model, which is necessarjor

creatingcomplex deformationsin addition,suchdeformationsan
createself-intersectionshataredif cult to detector prevent. Fur-

thermore,performing topological changego the model, suchas
drilling a hole throughit, is challengingusing just a surface de-
scription.

Anotherapproacho creatingmodelsinvolvesinteractve sculpt-
ing, which is basedon the notion of sculptinga solid materialwith
atool. Suchsystemsare typically basedon 3D grids; however,
they canbe costlyto rendey sincethey mustbeeitherray tracedor
corvertedinto a surfacemeshusingmarchingcubegLorenserand
Cline 1987]. Additionally, deforminga grid-basedepresentatiois
dif cult sinceit involvesexpensve shifting of dataover cell bound-
aries.Oneof themainbene tsof volumetricrepresentationis that
they supportrobustsculptingoperationandsimulationgwWangand
Kaufman1995; Adzhiev et al. 1999; O'Brien and Hodgins1999;
Whyvill etal. 1999;Friskenetal. 2000].

Unlike surfaceswhich aremerelyhollow shells,volumetricrep-
resentationsancaptureheinternalmaterialstructureof themodel.
However, volumetricmodelsoftenlack delity because highres-
olution volumeis necessaryo represena complex model.



3D digitizing hasemepgedasa populartechniquefor acquiring
complex surfacemodels,suchas sculpturesor mechanicabarts,
which would be dif cult or impossibleto createwith interactve
technigues.Suchdigitizers are usefulfor acquiringsurfaceshape
and appearanceroperties,but they do not capturethe internal
structureof the geometry which is often necessaryor animation
or simulation.

Proceduraimodelingtechniqueshave proven to be valuablein
several speci c domainsof computergraphics[Ebertet al. 1998].
Examplesncludeplantmodeling[Prusinkiavicz etal. 1988],solid
texturing [Perlin 1985; Perlin and Hoffert 1989], displacement
maps[Cook 1984], cellulartexturing [Legakisetal. 2001],andur-
banmodeling[ParishandMiiller 2001].

One of the dif culties of proceduraimodelingis that the vari-
oustechniqguesare domainspeci c, which limits their generality
Additionally it canbe dif cult to control preciselythe generation
procesdo createa speci ¢ model. In our approachwe usea sur
facemodel,which maybeacquiredrom awide variety of sources,
asastartingpointanduseproceduratechniqueso generate solid
model. This providesaframeawork for the creationof arich classof
modelswhich aresuitablefor simulation.

1.2 Overview

Our proceduralframevork provides a controlled, systematiovay

to specifythe geometricand materialpropertiesof a solid model
andto vary theseattributesasa function of time. We have devel-

opedasimplescriptinglanguagedor authoringcomplex volumetric
modelsandwe shav examplesof its use. In our languagemodels
are rst initialized andthenmodi ed with a paletteof physically-
basedsimulationoperations suchas nite elementmethodsand
particlesystemsModel initialization is presentedn Section2 and
the de nition anduseof simulationtoolsis describedn Section3.

In Section4 we presentan implementatiorof the languageusing
layeredtetrahedraimodelswhich we usedto createthe examples
discussedn Section5.

2 Model Speci cation

In the following sectionswe describeour languagefor procedu-
rally authoringa volumetricmodel. Througha seriesof examples,
we shaw that this is a naturalway to constructand edit models.
We have developedthe following grammarfor our language.The
typesof operationghat canbe appliedto the modelare explained
in Section3.

script: model operations
model: model = volume
volume: load _volume file = string
volume distance field = distanceeld
layers = layers
volume _.1 = volume
volume .2 = volume
distance eld : surface _mesh file = string
from _volume _surface volume = volume
union distance _field _1 = distanceeld
distance field 2 = distanceeld

precedence

Procedurealls consistof the functionnameandalist of name
= value pairswithin curly braces.Valuescanbeintegers, oat-
ing point numbers strings,or a list of valueswithin curly braces.
All proceduresn thelanguagearede ned with default valuesfor
eachargument.As acorventionin ourexampleswe useall capital
lettersto indicateuserde ned functionsandmaterials

2.1 Layers of Material

Marny real-world objectsare composedof layers: architectural
framing, insulationandsiding; the skeleton,muscles,andskin of
ananimal;or eventhepeelof afruit. Building aphysically-realistic
modelof ary of theseobjectsrequiresde nition of the boundaries
betweenmaterialsand the variationswithin eachmaterial. Such
a model could be createdby an artist, but the processis time-
consuming. The datacould be obtainedthroughdissectionor to-
mographyapproacheshut this is alsotime-consuming.Our mod-
eling languageis basedon the obsenration that often the internal
structureof an objectcanbe inferredfrom a representationf its
primaryinterface.

We will usea simple chocolatecandy modelto illustrate the
power of our language.Our rst exampleillustrateshow we can
de ne multiple layersboth interior and exterior from the original
surface.SeeFigurel aandb.

model = volume
distance_field = surface_mesh
file = candy.obj
layers =
interior_layer
material = CHOCOLATE
thickness = fill
exterior_layer
material = WHITE_CHOCOLATE
thickness = 0.10
exterior_layer
material = STRIPED_CHOCOLATE
thickness = 0.05

EachlayerhasamaterialtypeandthicknessThetypeandthick-
nesscan be uniform or vary procedurally which we discusdater
Thekeywordfill  canbeusedwith awell-de ned closedmeshto
describeaninterior layerthatis thick enoughto Il the remaining
interior space.The keyword nothing canbe usedto describea
layerof air with no volumetricproperties.

2.2 Signed Distance Field

Signeddistanceelds areacommonvolumetypewhicharedirectly
supportedn our proceduralde nitions. They are useful for con-
vertingmanifoldsandmeshesnto volumes.They elegantlyhandle
changesn topologyanddo not allow self-intersectiorof theinter-
faces. A signeddistanceeld is a continuousscalarfunction de-
ned over avolume. In mostcasesyve constructhe distanceeld
from a surlacemeshusinga methoddescribedn Section4.2. Al-
ternatiely, we cancreatethe eld from animplicit surfaceor other
function. Layersarespeci ed asrangesf distancevalues.

Oftenadistanceeld is simply a Euclideanmeasuremerfrom
eachpointto theoriginal surface.Layersde nedwithin thistypeof
distanceeld will have uniform thicknesswithin eachlayer How-
ever, it is often naturalto describelayersthat are thicker or thin-
neraccordingto somepattern.To createinterestinginternalstruc-
tures, which have varying layer thicknessesye can de ne non-
Euclideandistancemetricsusinga modi ed interfacevelocity In
Figurel c andd thedistanceeld interfacevelocityis setby aran-
domturbulencefunctionresultingin abumpy appearancéAlterna-
tively, the usermay “paint” a patternof increasedrelocity on the
surfacemesh,which will correspondo increasedayer thickness
in the signeddistanceeld. A diagonalswirl of increasedelocity
was procedurallyappliedto the surfacein Figure1 e andf. The
velocity canalsobe computedusingvisibility, accessibilityetc.

Oftenthedesireddistanceeld is mosteasilydescribedy com-
bining distance elds using simple operatorssuchasscale,union
andintersect(minimum andmaximum),andsubtracfRicci 1973;
PayneandTogal992;Friskenetal. 2000]. To demonstratelistance
eld compositionwe unionthecandysurfacemeshwith analmond
meshto producethe modelshavn in Figurel g.



model = volume
distance_field = union
distance_field_1 = surface_mesh
file = almond.obj
scale = 1.25
rotate = 001-05
distance_field_2 = surface_mesh
file = candy.obj
layers =
interior_layer
material = CHOCOLATE
thickness = 0.2
interior_layer
material = PINK_FROSTING
thickness = fill
exterior_layer
material = WHITE_CHOCOLATE
thickness =0.1

2.3 Volume Speci cation

A signeddistanceeld, togethemwith its layerlist, is calleda vol-

umespeci cation Volumespeci cationscanbe combinedby the

precedenceonstructto yield anothervolumespeci cation. In the
examplebelow, precedences usedto rst createthevolumefor the
almond,andthen de ne the candyshapeonly within the unused
volume(Figurel h). Subsequerdhapeouldbede nedto Il the
remainingunoccupied/olume.

model = precedence
volume_1 = volume
distance_field = surface_mesh
file = almond.obj
layers =
interior_layer
material = NUT
thickness = fill
volume_2 = volume
distance_field = surface_mesh
file = candy.obj
layers =
interior_layer
material = CHOCOLATE
thickness = fill
exterior_layer
material = WHITE_CHOCOLATE
thickness = 0.10
exterior_layer
material = STRIPED_CHOCOLATE
thickness = 0.05

The use of the precedenceperatoris particularly interesting
whenthe surfacemeshesntersect.In Figurel i thealmondshape
is larger and rotatedso that it protrudesfrom the original candy
surfaceandbeyondthe additionallayersof material. However, the
usermay insteadwish thoselayersto alsobe wrappedaroundthe
protrudingalmondasshavn in Figurelj. To dothis,we useavol-
umespeci cationto createa distanceeld. The outermosexterior
interfaceis extractedfrom the volumeandusedasthe initializing
surfacefor anew distanceeld. Below is thescriptthatcreatedhe
model.

model = volume
distance_field = from_volume_surface
volume = precedence
volume_1 = volume

distance_field = surface_mesh
file = almond.obj
scale = 1.25
rotate = 001-05
layers =
interior_layer
material = NUT
thickness = fill
volume_2 = volume
distance_field = surface_mesh
file = candy.obj
layers =
interior_layer
material = CHOCOLATE
thickness = fill
layers =
exterior_layer
material = WHITE_CHOCOLATE
thickness = 0.10
exterior_layer
material = STRIPED_CHOCOLATE
thickness = 0.05

In Section2.2we discussedhov amodi ed interfacevelocity of
thesigneddistanceeld canbeusedto vary layerthickness.Mod-
i ed interfacevelocity is implementedper distance eld, andall
layerswithin that eld will have a thicknesgpatternbasedon that
velocity. Nestingvolumespeci cationsallows usto createa model
with layershaving differentthicknesspatterns. For example,we
could rst grow alayerof bumpy frosting from a randomvelocity
eld onourcandy(asin Figurel c), followedby alayerof uniform
thicknesof white chocolate This type of speci cationis common
enoughto warranta syntacticsugarconstructwhich desugarve-
locitiesspeci ed perlayerinto nestedvolumespeci cations.

model = volume
distance_field = surface_mesh
file = candy.obj

layers =
exterior_layer
material = PINK_FROSTING
thickness = 0.2
velocity = BUMPY
exterior_layer
material = WHITE_CHOCOLATE
thickness = 0.1
is equialentto:
model = volume

distance_field = from_volume_surface
volume = volume
distance_field = surface_mesh
file = candy.obj

velocity = BUMPY
layers =
exterior_layer
material = PINK_FROSTING
thickness = 0.2
layers =
exterior_layer
material = WHITE_CHOCOLATE
thickness = 0.1

2.4 Procedural Layer and Material De nitions

A layerneednot be composedf a uniform material. A procedure
canbeusedto subdvide thelayerinto distinctmaterials.Below is
thespeci cationusedto createthestripedlayerof chocolateonthe
candy Thefunctionbodyis C codewhich is compiledandlinked
into the system.(Thebrick paving usedin Section5 wasgenerated
with asimilar de nition.)



Figurel: A samplingof the modelsthatcanbe procedurallycre-
atedfrom a simplecandysurfacemesh.By modifyingtheinterface
velocity of thedistanceeld, we cancreatdayerswith non-uniform
thicknessshawvn in ¢, d, e, andf. Specifyingtheinteractionof two
meshesllows mary otherpossibilities,a few of which areshavn
in g, h,i and;.

define  material STRIPED_CHOCOLATE
input = xvyz
function =

it (y <06) return WHITE_CHOCOLATE;

it (x >-135 &&x < -1.05) ||
(x > -075 && x < -0.45) ||
(x > -015 && x < 0.15) ||
(x > 045 && x < 0.75) ||
(x > 105 && x < 1.35))

return  CHOCOLATE;
return  WHITE_CHOCOLATE;

Materialsare de ned by a list of renderingand simulationpa-
rameters.We have a small library of built-in materialsand addi-
tionalmaterialscanbede nedwithin thescript le asshavn belaw.
Defaultvalueswill beusedfor ary unspeci edparameters.

define  material CHOCOLATE
color = 0.31 0.17 0.15
density = 1100 /* kg/m'3 */
etc.

The usercanalsoprocedurallyde ne a continuousvariation of
propertieswithin a singlematerialsuchaswood grain or concrete
particles. This informationcanbe usedby the simulationanddur
ing rendering.

3 Operations

Mary simulationtechniqueshave beenresearche@nd developed
for sculpting and weathering[Dorsey et al. 1996; Dorsey et al.
1999; O'Brien andHodgins1999]. We have incorporatedmple-
mentation®of afew of thesetechniquednto our systemandprovide
usercontrol of thesetools throughour language.The useris able
to developadditionaltools basedon thesepackagesr link to other
simulationlibraries.

3.1 Useability through Abstraction

One of the main obstacleghe usermustovercometo useone of
thesepackagess determiningpropervaluesfor the numerouga-
rametersieededo make thesystenrun. Differentimplementations
of the samesimulationtechniquemay requiredifferentsetsof pa-
rameters.The rst goalof our tool languagss to provide abstrac-
tion andstandardizatiosothe userof thetool canapplyoperations
to themodelwithout studyingthe detailsof theimplementationA
simpleinterfacebetweeneachsimulationpackageandour system
is establishednda setof sampletoolsis created Eachtool de ni-
tion beginswith alist of parametersindtheir default values.Then
thetool calls one or more of the simulationpackageshroughthe
interfacecreatedin the system. Standardool parameterénclude
position,orientation size,andaffectedmaterials.Usingthe sample
toolsasaguide,theusercancreatenew tools.

We have linked our systemto a e xible nite elementmethod
(FEM) simulation. We apply a distribution of forcesto our model
and the systemcomputesthe appropriatedeformationsand frac-
tures.We canalsocontrolwhich materialsareaffectedby the sim-
ulation; no other materialswill be modi ed. Below we de ne a
simpletool which appliesa singlehammedlik e force to the model.

define tool HAMMER

position = 000

orientation = 100

magnitude = 1

size =1

affects = everything

action = fem
affects = HAMMER.affects
force = HAMMER.magnitude *

HAMMER:.orientation

applied_area = gaussian_sphere

center = HAMMER.position
radius = HAMMER.size



3.2 Dening Simulation Behavior

The power of alanguagédor tool de nition extendsbeyond copy-

ing andmodifying existing tools. Thelanguageallows usto spec-
ify new typesof behaior for the simulation.Particle systemdave
beenusedin mary differentapplicationsto createa variety of ef-
fectsthatspantherangeof physicalaccurag. The compleity and
accurag of a particlesystemsimulationdependsn the de nition

of particle motion, interactionand effects. Below we presentthe
de nition of atool usedto washdirt from a statue.

define tool WASH

num_particles = 10000

particle_life =1

action = particles
affects = everything
num_particles = WASH.num_particles
particle_strength =1
particle_life = WASH.patrticle_life
particle_initialize = vertical_fall
particle_motion = CLINGING
particle_action = REMOVE_DIRT

The particle motion and actionfunctionsde ned belov eachtake
two arguments: the particle to move, and the surface meshwith
which it interacts.Motion functionsthat computeinteractionsbe-
tweenparticleswould alsoneedthe list of all particlesasanargu-
ment.

define  particle_action
input = p mesh
action = parameter_modify
parameter = color
move_value_towards = 111
applied_area = gaussian_sphere
center = p.position
radius = 0.1

REMOVE_DIRT

define  particle_motion CLINGING
input = p mesh
function =

n = mesh normal at p.position

if  dot(n,gravity) > cos(p.falling_angle)

drip

else
move along mesh in the
direction of gravity

In the pseudocodéor the motionfunctionabove, smallervalues
for thefalling  _angle resultin rain thatbehaeswith greater
surfacetension.

3.3 Interactive Sculpting

Choosingthe appropriateposition, orientationand radiusfor the
various tools describedabore can be tediousfor complex mod-
els. Our languagecan be usedas an intermediateformat for an
interactive sculptingprogram.A simpli ed versionof thevolumet-
ric modelis sculptedinteractvely andthe actionsaresaved. The
loggedactionscanbeeditedby handor simply appendedo ascript
le thatis runofine onthehighresolutionmodel.

4 Volumetric Representation

Our scriptinglanguagewas designedo provide greatfreedomin
modelspeci cation,independentf theunderlyingimplementation
of thevolumedatastructures.In ourimplementationwe usetetra-
hedralmeshego represenvolumetricmodels. In this sectionwe
discusssomespeci csof ourimplementation.

4.1 Tetrahedral Mesh

Our internalvolumerepresentatioconsistsof a setof tetrahedra,
whereeachtetrahedrorstorespointersto its four verticesandthe

four neighborssharingits faces. Generally neighborsaretetrahe-
dra, but thosetetrahedrawith a faceon the visible interfacehave

a triangle neighborthat storesrenderinginformation suchas ver

tex normalsandtexture coordinates.This list of visible interface
trianglesforms a watertightmeshandis usefulfor interactive dis-

playandof ine rendering.Eachtetrahedrorstorests materialtype

andary additionalsub-tetrahedromaterialvariations.We canalso
efciently extractthesetof facesthatde ne theinterior interfaces
betweertifferentmaterials. Thesefacesarenecessarjo accurately
renderrefractionandtransluceng for non-opaguenaterials.

We usea tetrahedrameshbecausét offersmary adwantagesn
this applicationover other volumetric techniquessuchas voxels
or octree-basegolumes[WangandKaufman1995; Frisken et al.
2000]. With a tetrahedramesh,we have a simple correlationbe-
tweenvolumeandsurface,andthe correspondindriangle meshis
easyto renderon graphicshardware. The visible andinterior in-
terfacescanberepresentetb arbitraryresolutionandmodelsharp
creasesn thegeometryaccurately Thedatastructureis inherently
adaptve, allowing moretetrahedran areaof high detail. Tetrahe-
dralmeshesreasimpleextensionof trianglemeshesandtheirge-
ometricpropertiessuchassimpli cation andsubdvision, arewell
understood.Finally, mary popularsimulationtechniquesuchas
the nite elementmethod(FEM) aredesignedo work on tetrahe-
dralmeshesAxis-alignedvolumetrictechniquesuchasvoxels or
octree-basedistance elds arepoorly suitedto handleoperations
thatdeformor fracturethe model.

4.2 Constructing Tetrahedral Models

We synthesizdetrahedramodelsfrom triangle mesheshy evalu-
atingthe signeddistanceeld (discussedn Section2.2) on a uni-
form 3D grid. The systemdeterminesa default grid basedon the
boundingbox of the function or surfacemesh,which canbe over
riddenby theuserin thescript le. We computethe distancevalue
at eachgrid point usingthe FastMarching Level Setmethodde-
scribedby Sethian[Sethian1999]. Level Setsarean elegantway
to avoid self-intersectionsvhencomputingisosurfices.Givensur
face , asigned-distanc&unction s de ned asfollows: for ary
point in R , the magnitudeof is the distancefrom to
the closestpointon , andthe sign of is negative if  lies
in theinteriorvolumeof andpositive if it lies outside.First, we
initialize a bandof knownverticeswithin units of the original
surfaceby iteratingover the facesin the suracemeshandraster
izing eachface into thevolumegrid. For all grid points near

, We update iff . To compute , the
signed-distancérom point to , we nd point on closest
to . Then, andthe sign of is obtained

asthesign of , where isthesurfacenormalat . To
malethisschemeohust,if liesonavertec oredgeof ,thenor
mal mustbeobtainedby averagingthenormalsof adjacenfaces.
After all faceshave beenrasterizedthe function  is de ned in
theproximity of .2 We propagatethedistanceof eachknown ver-
tex to its neighborswhich arethenmarkedtrial. Thetrial vertices
arestoredin a priority queueby magnitude andstartingwith the
smallestdistance they are marked known andpropagatedo their
neighbors.

Oncethe eld hasbeeninitialized, we usea standardmethod
for creatingtetrahedraimeshes— a structuled methodbasedn an
axis-alignedgrid or octree[Y erry andShephard 984;Wyvill etal.
1986; Lorensenand Cline 1987; Bloomenthal1994]. First each
cubicgrid cellis dividedinto vetetrahedal cells alternatingthe
orientationof the centraltetrahedrorso that diagonalsmatchon

2Nooruddinand Turk [Nooruddinand Turk 2000] preseninalternatve
approachfor obtainingthe signed-distanceeld which doesnot requirea
watertightmesh.



Figure2: lllustration of how a cubeis decomposeihto ve tetra-
hedra.This decompositiormustbe alternatedsothatthediagonals
of neighboringcellsalign.

neighboringcubic cells (Figure 2). We chosenot to usethe six-
tetrahedromlecompositiobecausé resultsin moretetrahedrand
requiresinterpolationalongthe long diagonalof the cube,which
canleadto additionalartifactson materialinterfaces.

Eachtetrahedrakell is thendivided into tetrahedreof the ap-
propriatematerialsusingthe setof casesnumeratedby Nielsonet
al. [1997]. If thedistancevaluesof all four verticesof atetrahedral
cell arewithin therangefor a singlelayer, onetetrahedrorof that
materialis created If theverticesarewithin differentlayerranges,
we split an edgeof the tetrahedrorat aninterfacecrossingwhich
splits all tetrahedrakells sharingthat edge,and recurse. A sim-
ple orderingof edgesplits basedon vertex andinterfaceidenti ers
guaranteeaproperetrahedraimeshwith no T-junctions.Thealgo-
rithm placesno constraint®on thethicknesof layersor thenumber
of interfacecrossingsllowedpertetrahedratell.

Additional subdvisionis performedasnecessario correctlyas-
signmaterialsfor layerswith procedurable nitions (Section2.4).

4.3 Simpli cation of Models for Simulation

The tetrahedralizatiomethoddescribedn Section4.2 is simpler
andmorerobust thanothermethods;however, it producesa large
numberof tetrahedraAdditionally, the axis-alignedechniquepro-
ducesoorly shapedetrahedrgShevchuk1998]whenaninterface
passesery closeto thegrid points.Many simulationtechniquese-
quire tetrahedrao be well-proportionedwhich is often measured
by the minimum solid angle[Fleischmanret al. 1999]. We have
severalmethodgo reducethe overall numberof tetrahedrandim-
prove their shape.

To obtaina high resolutioninterface,we requirea high resolu-
tion grid; however, if a materiallayeris thick relative to the grid,
this leadsto extraneoustetrahedrawithin the layer An adaptve
approachdramaticallyreducegheinitial numberof tetrahedragro-
duced asillustratedin Figure3. Similarly to Friskenetal. [Frisken
etal. 2000],we computehesigneddistanceeld onauniformgrid,
thencollapsegrid cellsthatareaccuratelyrepresentetby interpo-
lation or do not containan interfacecrossing.We restrictthe grid
cell collapses suchthat cells sharingfaceshe no more thanone
level differentin the octree. This restrictionboundsthe minimum
solid angleof intermediateetrahedratells. Additionally, the user
canspecifythat certaininterfacesmustbe representeat a higher
resolutionandwith moreaccurag.

After theinitial tetrahedralizationye 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 Meshtechniques}hatsimultaneously
solved our goals. Our solutionis similar to the meshimprovement
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Figure3: Themeshontheleft wascreatedrom auniformdistance
eld andhas 565,000tetrahedraThe meshon theright wascre-
atedfromthesamedistanceeld afteradaptve re nementresulting
in  388,000tetrahedraThe mesheshave similar interfacequality.
Simpli cation canbe usedto furtherreducethe sizeof themodel.

strat@y describedby Freitag et al. [Freitag and Ollivier-Gooch
1997]andhasbeenef cient andeffective in practice.

First, we computea quality metric (rangingfrom 0 to 10) for
eachtetrahedron, which canvary dependingon the exactrequire-
mentsof thesimulationwe planto run. Theequationdelov reward
tetrahedrdhatarecloseto equilateralminimumsolidangle 0.54
steradiansandhave volumecloseto theideal volume(total model
volume/ desiredtetrahedratount).

Quality A \%

A min min solid angle

. volume
\% min —_—
idealvolume
We targettheremoval or improvementof low-quality tetrahedra
while maintainingvisible andinterior interfaces(usingquadricer-
ror [GarlandandHeckbertl997]or volumepreseration,etc.). Our
simpli cation strateyy is outlinedin thefollowing psuedocode.

for = to
= alltetrahedra Quality
foreach in
try theseactions:
,and tetrahedralips

half edgecollapses
move eachvertex to the averageof its neighbors

We choosenot to performanactionif theinterfaceis unaccept-
ably degraded or if the minimum quality of the affectedtetrahedra
aftertheactionis lowerthantheminimumquality beforetheaction.
If a stoppingcriteria (suchasa desirednumberof tetrahedrahas
notbeenmet,we reducetheinterfacerequirementandrepeat.

5 Results

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



Figure4: Thelost wax castingprocesss usedto createa bronze
statue.

5.1 Lost Wax Casting

The lost wax castingprocessis a commontechniquefor creating
bronzestatuegseeFigure4). A roughly-shapedlay coreis cov-
eredwith malleablewax, in whichthe shapeanddetailsof the nal

sculptureareformed. Whenthe wax sculptureis nished, athick
layerof clayis spreadverthewax. Themodelis slowly heatedo
allow thewaxto drip from the clay mold andthenthemoldis red

in a kiln. Molten bronzeis pouredinto the hardenectlay mold.
Finally, when cool, the brittle clay is chippedaway to reveal the
bronzestatue.

Theoriginal catsurfacehassharpedgesandareasof high cuna-
ture, but the clay layersdo not containsuchdetail. In the physical
processtheartistappliesathicker layerof clayto theareaghatare
lessaccessible.To modelthis processwe usethe corvex hull of
theoriginal surfaceasa secondnesh.

model = precedence
volume_1 = volume
distance_field
file = cat.obj
layers =
interior_layer
material = BRONZE
thickness =1
interior_layer
material = FIRED_CLAY
thickness = fill
volume_2 = volume
distance_field = surface_mesh
file = cat_hull.obj
layers =
interior_layer
material = FIRED_CLAY
thickness = fill
exterior_layer
material = FIRED_CLAY
thickness =25

= surface_mesh

We usedthe hammertool to crackoff the outerlayer, by speci-
fying thatonly red clay tetrahedraare affected. Thetool is used
repeatediypndifferentportionsof themodel. We designed polish
tool to cleanand shinethe statue. The tool calls two volumetric
packagesFirst, the tool performsa Constructve Solid Geometry
(CSG) subtractionoperationto remove clay left on or aroundthe
model. Subtractionis implementedn our systemby subdvision

Figure5: A sequencef imagesfrom our bronzestatuesimulation.
Theouterlayerof red clayis cracledoff usingahammertool. A
polishtool is usedto cleanandshinethemodel.



Figure 6: The rootsfor our tree example are createdfrom a 2D
image.

andtetrahedrorremoval. Thena parametemodify actionlocally
increaseghe shininessof the model. Parametemodify is imple-
menteddy collectingall tetrahedravithin theappliedareaandthen
modifying avalueasindicated.

define tool POLISH
position = 000
size =1
action = csg
affects = FIRED_CLAY
action = subtract
applied_area = sphere
center = POLISH.position
radius = POLISH.size
action = parameter_modify
affects = BRONZE
applied_area = gaussian_sphere
center = POLISH.position
radius = POLISH.size
parameter = shininess
move_value_towards = 100

We interactively sculpteda modelof 100,000tetrahedraand
replayedthe operationson a  300,000tetrahedramodel. A se-
guencdrom this simulationis shovn in Figure5.

5.2 Displaced Brick Paving

In our next example we modelatreein anurbansettingsurrounded
by brick paving. As thetreegrows, the rootspushupward shifting
thebrick. Hereis the scriptwe usedto produceour initial model.

model = precedence
volume_1 = volume
distance_field = union
distance_field_1 = TRUNK
distance_field_2 = 2D_EXTRUDE
file = roots.ppm
layers =
interior_layer
material = TREE
thickness = fill
volume_2 = volume
distance_field = GROUND_PLANE
layers =
interior_layer
material = BRICK_PAVING
thickness = 0.075
interior_layer
material = DIRT
thickness = 1.00

We createdan abstractreemodelusingour languaggseeFig-
ure 6). Thetreetrunk is representedavith animplicit function for
acylinder plusturbulence.The treerootsare procedurallycreated
fromasimple2D sketch.Thesimpli ed modelhas 200,00Qetra-
hedra.

To displacethe brick paving aroundthe tree, we createda tool
to translateupward the verticesof all tree tetrahedra. The FEM
systemis usedto solve for the static equilibrium positionsof the
remainingvertices[M Uller et al. 2001]. The resultsare shavn in
Figure7. The bricks maintaintheir rectilinearshapebecausehe

Figure7: We simulatetree growth by translatingall tree vertices
upward anddeformingthedirt andbricksaroundtheroots.

brick materialhasa large valuefor the Youngs Moduluselasticity
parameterThedirt betweerandbeneattthe bricks deformseasily
becausét hasa smallvaluefor this parameterAppropriatevalues
for thesematerialscanbe obtainedfrom standardeferencegAn-
derson1989].

5.3 Weathered Statue

In Figure 8, we shaw the layering of weatheringeffectson a gar

goyle statuemountedon the exterior of a building. Gamgoyles
are subjectedo interesting o w patternsbecausehey were orig-

inally usedasdecoratve dowvnspoutgo directrainwateravay from

the building foundations. Long term exposurecausesa variety
of effectson exterior architecturaldetailsincluding discoloration,
wealening, erosion, biological growth, and fracture due to the
freeze/thw cycle. Our modelwas createdfrom a scannednesh
with onelayerof stone.

We useseveral tools built on our particle systemthat use pro-
ceduresfor particle motion and action. First, we apply an even
layer of dirt to the model and then usethe washtool to remove
dirt accordingto rain o w. The FEM hammertool is usedto crack
off the earanda cornerof the wing. Next, anerosiontool 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-coloredliscolorationonthetop-facingsurfaces Below is
the scriptusedto createthe model,which after simpli cation con-



tained 500,000tetrahedra.

DIRT
color = 05 05 05
WASH
num_particles = 200000
particle_life =10
HAMMER
position = -0.78 122 0.77
orientation = -0.23 -0.47 0.85
HAMMER
position = -253 1.03 1.06
orientation = 0.56 -0.19 -0.80
ERODE
num_particles = 2000
particle_life = 0.01
LICHEN
num_particles = 40000
particle_life = 0.1

6 Discussion and Future Work

We have presentea proceduraframenork for specifyingvolumet-

ric modelsandapplyinga seriesof simulationoperationgo them.

Ourapproactallows complex volumetricmodelsto be constructed
from existing trianglemeshesaswell asimplicit functionsin three
dimensionssuchasdistanceelds. Thesedifferentmodelingap-

proachesrehandledseamlesslyvithin our high-level framevork.

Thesemodelscanthenbeeasilymodi ed usingprocedurakimula-

tion tools.

Oursis oneof the rst modeling systemswhere 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 small-scalemodels,with a few hundredtetrahedra,
for usein real-timeanimationresearchaswell aslarge-scalenod-
elswith millions of tetrahedrdor off-line weatheringanderosion
simulations. In fact, consistentmodelsat eitherscalecan be con-
structedirom essentiallythe samescript.

In thefuture,we planto expandour languageo incorporatenen
modelingandsimulationtools. We would lik e to alternatebetween
the various phasesof modelingand simulationmore seamlessly
We would also like to add better proceduralsupportfor volume
generationperhapsnablingthe modelingof biologicalgronth.

Overall, we believe thata procedurainterfacebetweenmodel-
ing andsimulationis animportantmissingtool in our community
With our prototypeframewvork, we have experienceda dramatic
increasen modelingproductvity and e xibility, smoothedransi-
tionsof modelshetweersimulationandrenderingapplicationsand
providedaccesdo comple simulationsystemgo novice users.
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