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Abstract

We presenta proceduralapproachto authoringlayered,solid mod-
els.Usingasimplescriptinglanguage,wede�ne theinternalstruc-
tureof a volumefrom oneor moreinput meshes.Modelingoper-
ators,which may includesimulationsor sculptingoperations,are
appliedwithin thecontext of thelanguageto shapeandmodify the
model. Our framework treatssimulationas a modelingoperator
rather than simply as a tool for animation,therebysuggestinga
new paradigmfor modelingaswell asanew level of abstractionfor
interactingwith simulationenvironments.

Capturingreal-world effectswith standardmodelingtechniques
is extremely challenging. Our key contribution is a concisepro-
ceduralapproachfor seamlesslybuilding andmodifying complex
solidgeometry. Wedemonstrateour languageusinga�e xible tetra-
hedralrepresentation.Weshow examplesof oursysteminterfacing
with �nite elementandparticlesimulationtoolsto produceavariety
of complex models.
Additional Keywords: volumetric modeling, signed-distance
function,tetrahedralrepresentation.

1 Intr oduction

Geometricmodelsarea fundamentalcomponentin any graphics
system.While therehasbeentremendousprogressin the areaof
renderingover thepastthreedecades,creatingandacquiringhigh
�delity geometricmodelsremainsa challengingand tediouspro-
cess.1 In additionto thegenerationproblem,modelsarealsohard
to modify and manipulate. Another dif�culty is that modelsare
generallydesignedwith high-endrenderingin mind. However, as
animationandsimulationtechniquesbecomeincreasinglysophisti-
catedandwidely available,thereis anincreasingdemandfor mod-
elssuitablefor thesepurposesaswell.

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

In this paper, we introducea proceduralmodelingparadigmfor
authoringlayered,solid models. We are especiallyinterestedin

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

generatingmodelsthataresuitablefor bothrenderingandphysical
simulation.Justascomputergraphicsrenderingsystemsprovide a
framework for light transportsimulation,weenvisionananalogous
framework for physicalprocessesandotheroperatorsthatmodify
andsculptgeometry.

Therearemany reasonsto consideraproceduralapproachto sur-
facecreationandmodi�cation. A concisespeci�cationframework
permitsdifferentsimulationapproaches– e.g. ray tracing,radios-
ity, �nite elementandsimpli�ed spring-massmodels– to beapplied
andcompared.In addition,complicatedprocessescanbedescribed
algorithmicallyandcodi�ed. A proceduralde�nition canbe used
asan intermediateformat for capturing,editing,andreplayingin-
teractive editingsessions.It alsoprovidesa high-level abstraction,
permittinga varietyof differentrepresentations– e.g. meshesand
implicit functions– to coexist in thesameenvironment,regardless
of the underlyingsimulationsystem. Proceduralmodelsarealso
advantageousin that they canbe incrementallyeditedandre�ned
basedon artisticneeds.Finally, powerful simulationtools,suchas
�nite elementor particlesystems,can be embeddedasmodeling
operatorswithin suchaproceduralframework.

1.1 Related Work

Within traditionalmodelingsystems,complex modelsarecreated
by applying a variety of modelingoperations,suchas CSG and
freeform deformations,to a vast array of geometricprimitives.
While in the handsof a talentedartist thesetools areableto pro-
duceintricategeometricmodels,themodel-creationprocessis ex-
tremelylaborintensive. Therangeof toolsavailablefor specifying
andeditingshapesis alsovery limited. Surfacerepresentationscan
be locally deformedby simply modifying surfacecontrol points.
However, tools for shapinggeometryarerarely physicallybased,
andtheunderlyinggeometrygenerallylacksinformationaboutthe
internal physicalpropertiesof the model, which is necessaryfor
creatingcomplex deformations.In addition,suchdeformationscan
createself-intersectionsthataredif�cult to detector prevent. Fur-
thermore,performingtopologicalchangesto the model, suchas
drilling a hole throughit, is challengingusing just a surfacede-
scription.

Anotherapproachto creatingmodelsinvolvesinteractivesculpt-
ing, which is basedon thenotionof sculptinga solid materialwith
a tool. Suchsystemsare typically basedon 3D grids; however,
they canbecostlyto render, sincethey mustbeeitherray tracedor
convertedinto asurfacemeshusingmarchingcubes[Lorensenand
Cline1987].Additionally, deformingagrid-basedrepresentationis
dif�cult sinceit involvesexpensiveshiftingof dataovercell bound-
aries.Oneof themainbene�tsof volumetricrepresentationsis that
they supportrobustsculptingoperationsandsimulations[Wangand
Kaufman1995; Adzhiev et al. 1999; O'Brien andHodgins1999;
Wyvill et al. 1999;Friskenet al. 2000].

Unlikesurfaces,whicharemerelyhollow shells,volumetricrep-
resentationscancapturetheinternalmaterialstructureof themodel.
However, volumetricmodelsoftenlack �delity becausea high res-
olutionvolumeis necessaryto representa complex model.



3D digitizing hasemergedasa populartechniquefor acquiring
complex surfacemodels,suchas sculpturesor mechanicalparts,
which would be dif�cult or impossibleto createwith interactive
techniques.Suchdigitizersareusefulfor acquiringsurfaceshape
and appearanceproperties,but they do not capturethe internal
structureof the geometry, which is often necessaryfor animation
or simulation.

Proceduralmodelingtechniqueshave proven to be valuablein
several speci�c domainsof computergraphics[Ebert et 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 the dif�culties of proceduralmodelingis that the vari-
ous techniquesaredomainspeci�c, which limits their generality.
Additionally it canbe dif�cult to control preciselythe generation
processto createa speci�c model. In our approach,we usea sur-
facemodel,whichmaybeacquiredfrom a widevarietyof sources,
asastartingpointanduseproceduraltechniquesto generateasolid
model.Thisprovidesaframework for thecreationof arich classof
models,which aresuitablefor simulation.

1.2 Overview

Our proceduralframework provides a controlled,systematicway
to specify the geometricandmaterialpropertiesof a solid model
andto vary theseattributesasa functionof 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-
basedsimulationoperations,suchas �nite elementmethodsand
particlesystems.Model initialization is presentedin Section2 and
thede�nition anduseof simulationtoolsis describedin Section3.
In Section4 we presentan implementationof the languageusing
layeredtetrahedralmodelswhich we usedto createthe examples
discussedin Section5.

2 Model Speci�cation

In the following sectionswe describeour languagefor procedu-
rally authoringa volumetricmodel.Througha seriesof examples,
we show that this is a naturalway to constructand edit models.
We have developedthe following grammarfor our language.The
typesof operationsthat canbeappliedto themodelareexplained
in Section3.

script : model operations
model: model = volume

volume: load volume
�

file = string �

�

volume
�

distance field = distance�eld
layers = layers �

�

precedence
�

volume 1 = volume
volume 2 = volume�

distance�eld : surface mesh
�

file = string �

�

from volume surface
�

volume = volume�

�

union
�

distance field 1 = distance�eld
distance field 2 = distance�eld �

Procedurecallsconsistof thefunctionnameanda list of name
= value pairswithin curly braces.Valuescanbe integers,�oat-
ing point numbers,strings,or a list of valueswithin curly braces.
All proceduresin the languagearede�ned with default valuesfor
eachargument.As aconventionin ourexamples,weuseall capital
lettersto indicateuser-de�ned functionsandmaterials

2.1 Layers of Material

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

We will use a simple chocolatecandy model to illustrate the
power of our language.Our �rst exampleillustrateshow we can
de�ne multiple layersboth interior andexterior from the original
surface.SeeFigure1 a andb.

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 �����

Eachlayerhasamaterialtypeandthickness.Thetypeandthick-
nesscanbe uniform or vary procedurally, which we discusslater.
Thekeyword fill canbeusedwith awell-de�ned closedmeshto
describean interior layer that is thick enoughto �ll the remaining
interior space.The keyword nothing canbe usedto describea
layerof air with novolumetricproperties.

2.2 Signed Distance Field

Signeddistance�elds areacommonvolumetypewhicharedirectly
supportedin our proceduralde�nitions. They areuseful for con-
vertingmanifoldsandmeshesinto volumes.They elegantlyhandle
changesin topologyanddo not allow self-intersectionof theinter-
faces. A signeddistance�eld is a continuousscalarfunction de-
�ned over a volume. In mostcases,we constructthedistance�eld
from a surfacemeshusinga methoddescribedin Section4.2. Al-
ternatively, wecancreatethe�eld from animplicit surfaceor other
function.Layersarespeci�edasrangesof distancevalues.

Oftena distance�eld is simply a Euclideanmeasurementfrom
eachpoint to theoriginalsurface.Layersde�nedwithin thistypeof
distance�eld 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 thicknesses,we can de�ne non-
Euclideandistancemetricsusinga modi�ed interfacevelocity. In
Figure1 c andd thedistance�eld interfacevelocity is setby a ran-
domturbulencefunctionresultingin abumpy appearance.Alterna-
tively, the usermay “paint” a patternof increasedvelocity on the
surfacemesh,which will correspondto increasedlayer thickness
in thesigneddistance�eld. A diagonalswirl of increasedvelocity
wasprocedurallyappliedto the surfacein Figure1 e andf. The
velocitycanalsobecomputedusingvisibility, accessibility, etc.

Oftenthedesireddistance�eld is mosteasilydescribedby com-
bining distance�elds usingsimpleoperatorssuchasscale,union
andintersect(minimumandmaximum),andsubtract[Ricci 1973;
PayneandToga1992;Friskenetal. 2000].To demonstratedistance
�eld composition,weunionthecandysurfacemeshwith analmond
meshto producethemodelshown in Figure1 g.



model = volume
�

distance_field = union
�

distance_field_1 = surface_mesh
�

file = almond.obj
scale = 1.25
rotate =

�

0 0 1 -0.5 ���

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 signeddistance�eld, togetherwith its layer list, is calleda vol-
umespeci�cation. Volumespeci�cationscanbe combinedby the
precedenceconstructto yield anothervolumespeci�cation. In the
examplebelow, precedenceis usedto �rst createthevolumefor the
almond,and thende�ne the candyshapeonly within the unused
volume(Figure1 h). Subsequentshapescouldbede�ned to �ll the
remainingunoccupiedvolume.

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 precedenceoperatoris particularly interesting
whenthesurfacemeshesintersect.In Figure1 i thealmondshape
is larger and rotatedso that it protrudesfrom the original candy
surfaceandbeyondtheadditionallayersof material.However, the
usermay insteadwish thoselayersto alsobewrappedaroundthe
protrudingalmondasshown in Figure1 j. To do this,we useavol-
umespeci�cationto createa distance�eld. Theoutermostexterior
interfaceis extractedfrom the volumeandusedasthe initializing
surfacefor a new distance�eld. Below is thescriptthatcreatedthe
model.

model = volume
�

distance_field = from_volume_surface
�

volume = precedence
�

volume_1 = volume
�

distance_field = surface_mesh
�

file = almond.obj
scale = 1.25
rotate =

�

0 0 1 -0.5 ���

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 Section2.2wediscussedhow amodi�ed interfacevelocityof
thesigneddistance�eld canbeusedto vary layerthickness.Mod-
i�ed interfacevelocity is implementedper distance�eld, andall
layerswithin that �eld will have a thicknesspatternbasedon that
velocity. Nestingvolumespeci�cationsallowsusto createamodel
with layershaving different thicknesspatterns. For example,we
could �rst grow a layerof bumpy frosting from a randomvelocity
�eld onourcandy(asin Figure1 c), followedby alayerof uniform
thicknessof white chocolate.This typeof speci�cationis common
enoughto warranta syntacticsugarconstruct,which desugarsve-
locitiesspeci�edperlayerinto 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 equivalentto:

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 becomposedof a uniform material.A procedure
canbeusedto subdivide thelayer into distinctmaterials.Below is
thespeci�cationusedto createthestripedlayerof chocolateon the
candy. Thefunctionbody is C codewhich is compiledandlinked
into thesystem.(Thebrick paving usedin Section5 wasgenerated
with a similarde�nition.)



a) b)

c) d)

e) f)

g) h)

i) j)

Figure1: A samplingof the modelsthat canbe procedurallycre-
atedfrom asimplecandysurfacemesh.By modifyingtheinterface
velocityof thedistance�eld, wecancreatelayerswith non-uniform
thickness,shown in c, d, e,andf. Specifyingtheinteractionof two
meshesallows many otherpossibilities,a few of which areshown
in g, h, i andj.

define material STRIPED_CHOCOLATE
�

input =
�

x y z �

function =
�

if (y < 0.6) return WHITE_CHOCOLATE;
if ((x > -1.35 && x < -1.05) ||

(x > -0.75 && x < -0.45) ||
(x > -0.15 && x < 0.15) ||
(x > 0.45 && x < 0.75) ||
(x > 1.05 && x < 1.35))

return CHOCOLATE;
return WHITE_CHOCOLATE;���

Materialsarede�ned by a list of renderingandsimulationpa-
rameters.We have a small library of built-in materialsandaddi-
tionalmaterialscanbede�nedwithin thescript�le asshown below.
Default valueswill beusedfor any unspeci�edparameters.

define material CHOCOLATE
�

color = 0.31 0.17 0.15
density = 1100 /* kg/mˆ3 */
etc. �

Theusercanalsoprocedurallyde�ne a continuousvariationof
propertieswithin a singlematerialsuchaswoodgrainor concrete
particles.This informationcanbeusedby thesimulationanddur-
ing rendering.

3 Operations

Many simulationtechniqueshave beenresearchedanddeveloped
for sculpting and weathering[Dorsey et al. 1996; Dorsey et al.
1999; O'Brien andHodgins1999]. We have incorporatedimple-
mentationsof afew of thesetechniquesinto oursystemandprovide
usercontrol of thesetools throughour language.Theuseris able
to developadditionaltoolsbasedon thesepackagesor link to other
simulationlibraries.

3.1 Useability thr ough Abstraction

Oneof the main obstaclesthe usermustovercometo useoneof
thesepackagesis determiningpropervaluesfor the numerouspa-
rametersneededto makethesystemrun. Differentimplementations
of thesamesimulationtechniquemayrequiredifferentsetsof pa-
rameters.The�rst goalof our tool languageis to provide abstrac-
tion andstandardizationsotheuserof thetool canapplyoperations
to themodelwithout studyingthedetailsof theimplementation.A
simpleinterfacebetweeneachsimulationpackageandour system
is establishedanda setof sampletoolsis created.Eachtool de�ni-
tion beginswith a list of parametersandtheir default values.Then
the tool calls oneor moreof the simulationpackagesthroughthe
interfacecreatedin the system. Standardtool parametersinclude
position,orientation,size,andaffectedmaterials.Usingthesample
toolsasaguide,theusercancreatenew tools.

We have linked our systemto a �e xible �nite elementmethod
(FEM) simulation. We applya distribution of forcesto our model
and the systemcomputesthe appropriatedeformationsand frac-
tures.We canalsocontrolwhich materialsareaffectedby thesim-
ulation; no other materialswill be modi�ed. Below we de�ne a
simpletool whichappliesa singlehammer-like forceto themodel.

define tool HAMMER
�

position =
�

0 0 0 �

orientation =
�

1 0 0 �

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 De�ning Simulation Behavior

Thepower of a languagefor tool de�nition extendsbeyond copy-
ing andmodifying existing tools. Thelanguageallows us to spec-
ify new typesof behavior for thesimulation.Particlesystemshave
beenusedin many differentapplicationsto createa variety of ef-
fectsthatspantherangeof physicalaccuracy. Thecomplexity and
accuracy of a particlesystemsimulationdependson thede�nition
of particlemotion, interactionandeffects. Below we presentthe
de�nition of a tool 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.particle_life
particle_initialize = vertical_fall
particle_motion = CLINGING
particle_action = REMOVE_DIRT ���

The particlemotion andactionfunctionsde�ned below eachtake
two arguments: the particle to move, and the surfacemeshwith
which it interacts.Motion functionsthat computeinteractionsbe-
tweenparticleswould alsoneedthe list of all particlesasanargu-
ment.

define particle_action REMOVE_DIRT
�

input =
�

p mesh �

action = parameter_modify
�

parameter = color
move_value_towards =

�

1 1 1 �

applied_area = gaussian_sphere
�

center = p.position
radius = 0.1 ��� �

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 thepseudocodefor themotionfunctionabove,smallervalues
for the falling angle result in rain that behaveswith greater
surfacetension.

3.3 Interactive Sculpting

Choosingthe appropriateposition, orientationand radiusfor the
various tools describedabove can be tediousfor complex mod-
els. Our languagecan be usedas an intermediateformat for an
interactivesculptingprogram.A simpli�ed versionof thevolumet-
ric model is sculptedinteractively andthe actionsaresaved. The
loggedactionscanbeeditedby handor simplyappendedto ascript
�le thatis run of�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�csof our implementation.

4.1 Tetrahedral Mesh

Our internalvolumerepresentationconsistsof a setof tetrahedra,
whereeachtetrahedronstorespointersto its four verticesandthe

four neighborssharingits faces.Generally, neighborsaretetrahe-
dra, but thosetetrahedrawith a faceon the visible interfacehave
a triangleneighborthat storesrenderinginformationsuchasver-
tex normalsandtexture coordinates.This list of visible interface
trianglesformsa watertightmeshandis usefulfor interactive dis-
playandof�ine rendering.Eachtetrahedronstoresits materialtype
andany additionalsub-tetrahedronmaterialvariations.Wecanalso
ef�ciently extractthesetof facesthatde�ne theinterior interfaces
betweendifferentmaterials.Thesefacesarenecessaryto accurately
renderrefractionandtranslucency for non-opaquematerials.

We usea tetrahedralmeshbecauseit offersmany advantagesin
this applicationover other volumetric techniques,suchas voxels
or octree-basedvolumes[WangandKaufman1995;Friskenet al.
2000]. With a tetrahedralmesh,we have a simplecorrelationbe-
tweenvolumeandsurface,andthecorrespondingtrianglemeshis
easyto renderon graphicshardware. The visible andinterior in-
terfacescanberepresentedto arbitraryresolutionandmodelsharp
creasesin thegeometryaccurately. Thedatastructureis inherently
adaptive,allowing moretetrahedrain areasof high detail. Tetrahe-
dralmeshesareasimpleextensionof trianglemeshes,andtheirge-
ometricproperties,suchassimpli�cation andsubdivision,arewell
understood.Finally, many popularsimulationtechniquessuchas
the �nite elementmethod(FEM) aredesignedto work on tetrahe-
dralmeshes.Axis-alignedvolumetrictechniquessuchasvoxelsor
octree-baseddistance�elds arepoorly suitedto handleoperations
thatdeformor fracturethemodel.

4.2 Constructing Tetrahedral Models

We synthesizetetrahedralmodelsfrom trianglemeshesby evalu-
ating thesigneddistance�eld (discussedin Section2.2) on a uni-
form 3D grid. The systemdeterminesa default grid basedon the
boundingbox of the functionor surfacemesh,which canbeover-
riddenby theuserin thescript�le. We computethedistancevalue
at eachgrid point usingthe FastMarchingLevel Setmethodde-
scribedby Sethian[Sethian1999]. Level Setsarean elegantway
to avoid self-intersectionswhencomputingisosurfaces.Givensur-
face

�

, a signed-distancefunction ��� is de�ned asfollows: for any
point � in R � , the magnitudeof �

���
�	� is the distancefrom � to

the closestpoint on
�

, andthe sign of ���
�

�	� is negative if � lies
in theinterior volumeof

�

andpositive if it lies outside.First, we
initialize a bandof knownverticeswithin 
�� unitsof the original
surfaceby iteratingover the facesin the surfacemeshandraster-
izing eachface 
 into the volumegrid. For all grid points � near


 , we update���
�

�	� if f � ���
�

�	������� ���
�

�	��� . To compute���
�

�	� , the
signed-distancefrom point � to 
 , we �nd point ��� on 
 closest
to � . Then, � �

���
�	������������� ��� andthesignof �

�!�
��� is obtained

asthesignof
�

�
�

���	�#"%$ , where $ is thesurfacenormalat �
� . To

makethisschemerobust,if � � liesonavertex or edgeof 
 , thenor-
mal $ mustbeobtainedby averagingthenormalsof adjacentfaces.
After all faceshave beenrasterized,the function �

� is de�ned in
theproximity of

�

.2 Wepropagatethedistanceof eachknown ver-
tex to its neighborswhich arethenmarked trial . The trial vertices
arestoredin a priority queueby magnitude,andstartingwith the
smallestdistance,they aremarked known andpropagatedto their
neighbors.

Oncethe �eld hasbeeninitialized, we usea standardmethod
for creatingtetrahedralmeshes— a structuredmethodbasedonan
axis-alignedgrid or octree[YerryandShephard1984;Wyvill etal.
1986; Lorensenand Cline 1987; Bloomenthal1994]. First each
cubicgrid cell is dividedinto � ve tetrahedral cells, alternatingthe
orientationof the central tetrahedronso that diagonalsmatchon

2NooruddinandTurk [NooruddinandTurk 2000]presentanalternative
approachfor obtainingthe signed-distance�eld which doesnot requirea
watertightmesh.



��� � � � �

�

� �

��

�

Figure2: Illustrationof how a cubeis decomposedinto � ve tetra-
hedra.This decompositionmustbealternatedsothatthediagonals
of neighboringcellsalign.

neighboringcubic cells (Figure2). We chosenot to usethe six-
tetrahedrondecompositionbecauseit resultsin moretetrahedraand
requiresinterpolationalong the long diagonalof the cube,which
canleadto additionalartifactsonmaterialinterfaces.

Eachtetrahedralcell is then divided into tetrahedraof the ap-
propriatematerialsusingthesetof casesenumeratedby Nielsonet
al. [1997]. If thedistancevaluesof all four verticesof a tetrahedral
cell arewithin therangefor a singlelayer, onetetrahedronof that
materialis created.If theverticesarewithin differentlayerranges,
we split anedgeof the tetrahedronat an interfacecrossing,which
splits all tetrahedralcells sharingthat edge,and recurse. A sim-
ple orderingof edgesplitsbasedon vertex andinterfaceidenti�ers
guaranteesapropertetrahedralmeshwith noT-junctions.Thealgo-
rithm placesnoconstraintsonthethicknessof layersor thenumber
of interfacecrossingsallowedpertetrahedralcell.

Additionalsubdivision is performedasnecessaryto correctlyas-
signmaterialsfor layerswith proceduralde�nitions (Section2.4).

4.3 Simpli�cation of Models for Simulation

The tetrahedralizationmethoddescribedin Section4.2 is simpler
andmorerobust thanothermethods;however, it producesa large
numberof tetrahedra.Additionally, theaxis-alignedtechniquepro-
ducespoorlyshapedtetrahedra[Shewchuk1998]whenaninterface
passesverycloseto thegrid points.Many simulationtechniquesre-
quire tetrahedrato be well-proportioned,which is often measured
by the minimum solid angle[Fleischmannet al. 1999]. We have
severalmethodsto reducetheoverall numberof tetrahedraandim-
prove 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
approachdramaticallyreducestheinitial numberof tetrahedrapro-
duced,asillustratedin Figure3. Similarly to Friskenetal. [Frisken
etal.2000],wecomputethesigneddistance�eld onauniformgrid,
thencollapsegrid cells thatareaccuratelyrepresentedby interpo-
lation or do not containan interfacecrossing.We restrictthegrid
cell collapses,suchthat cells sharingfacesbe 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 appropriateedgecollapseweighting func-
tion (usedin theProgressive Meshtechniques)thatsimultaneously
solvedour goals.Our solutionis similar to themeshimprovement

Figure3: Themeshontheleft wascreatedfrom auniformdistance
�eld andhas 	 565,000tetrahedra.Themeshon theright wascre-
atedfrom thesamedistance�eld afteradaptivere�nementresulting
in 	 388,000tetrahedra.Themesheshave similar interfacequality.
Simpli�cation canbeusedto furtherreducethesizeof themodel.

strategy 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 theexactrequire-
mentsof thesimulationweplanto run. Theequationsbelow reward
tetrahedrathatarecloseto equilateral(minimumsolidangle	 0.54
steradians)andhave volumecloseto theidealvolume(total model
volume/ desiredtetrahedralcount).
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We targettheremoval or improvementof low-quality tetrahedra
while maintainingvisible andinterior interfaces(usingquadricer-
ror [GarlandandHeckbert1997]or volumepreservation,etc.).Our
simpli�cation strategy is outlinedin thefollowing psuedocode.

for " = � to
�

�

#

= $ all tetrahedra



� Quality
�




�&%'"�(

foreach



in
#

try theseactions:
)

�+* � , �,*-� , and �,* � tetrahedral�ips
) half edgecollapses
) move eachvertex to theaverageof its neighbors

We choosenot to performanactionif the interfaceis unaccept-
ablydegraded,or if theminimumqualityof theaffectedtetrahedra
aftertheactionis lowerthantheminimumqualitybeforetheaction.
If a stoppingcriteria (suchasa desirednumberof tetrahedra)has
notbeenmet,we reducetheinterfacerequirementsandrepeat.

5 Results

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



�

�

�

�

Figure4: The lost wax castingprocessis usedto createa bronze
statue.

5.1 Lost Wax Casting

The lost wax castingprocessis a commontechniquefor creating
bronzestatues(seeFigure4). A roughly-shapedclay coreis cov-
eredwith malleablewax, in which theshapeanddetailsof the�nal
sculptureareformed. Whenthewax 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.

Theoriginalcatsurfacehassharpedgesandareasof highcurva-
ture,but theclay layersdo not containsuchdetail. In thephysical
process,theartistappliesathicker layerof clay to theareasthatare
lessaccessible.To modelthis process,we usethe convex hull of
theoriginal surfaceasa secondmesh.

model = precedence
�

volume_1 = volume
�

distance_field = surface_mesh
�

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 = 2.5 �������

We usedthehammertool to crackoff theouterlayer, by speci-
fying thatonly �red clay tetrahedraareaffected. The tool is used
repeatedlyondifferentportionsof themodel.Wedesignedapolish
tool to cleanandshinethe statue. The tool calls two volumetric
packages.First, the tool performsa Constructive Solid Geometry
(CSG)subtractionoperationto remove clay left on or aroundthe
model. Subtractionis implementedin our systemby subdivision

Figure5: A sequenceof imagesfrom ourbronzestatuesimulation.
Theouterlayerof �red clay is crackedoff usinga hammertool. A
polishtool is usedto cleanandshinethemodel.



Figure 6: The roots for our tree exampleare createdfrom a 2D
image.

andtetrahedronremoval. Thena parametermodify actionlocally
increasesthe shininessof the model. Parametermodify is imple-
mentedby collectingall tetrahedrawithin theappliedarea,andthen
modifyinga valueasindicated.

define tool POLISH
�

position =
�

0 0 0 �

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 	 100,000tetrahedra,and
replayedthe operationson a 	 300,000tetrahedramodel. A se-
quencefrom this simulationis shown in Figure5.

5.2 Displaced Bric k Paving

In ournext example,wemodelatreein anurbansettingsurrounded
by brick paving. As thetreegrows, therootspushupwardshifting
thebrick. Hereis thescriptwe 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 createdanabstracttreemodelusingour language(seeFig-
ure 6). The treetrunk is representedwith an implicit function for
a cylinder plus turbulence.Thetreerootsareprocedurallycreated
from asimple2D sketch.Thesimpli�ed modelhas	 200,000tetra-
hedra.

To displacethe brick paving aroundthe tree,we createda tool
to translateupward the verticesof all tree tetrahedra.The FEM
systemis usedto solve for the staticequilibrium positionsof the
remainingvertices[Müller et al. 2001]. The resultsareshown in
Figure7. The bricks maintaintheir rectilinearshapebecausethe

Figure7: We simulatetreegrowth by translatingall treevertices
upwardanddeformingthedirt andbricksaroundtheroots.

brick materialhasa largevaluefor theYoung's Moduluselasticity
parameter. Thedirt betweenandbeneaththebricksdeformseasily
becauseit hasa smallvaluefor this parameter. Appropriatevalues
for thesematerialscanbe obtainedfrom standardreferences[An-
derson1989].

5.3 Weathered Statue

In Figure8, we show the layeringof weatheringeffectson a gar-
goyle statuemountedon the exterior of a building. Gargoyles
aresubjectedto interesting�o w patternsbecausethey wereorig-
inally usedasdecorative downspoutsto directrainwaterawayfrom
the building foundations. Long term exposurecausesa variety
of effectson exterior architecturaldetailsincluding discoloration,
weakening, erosion, biological growth, and fracture due to the
freeze/thaw cycle. Our model wascreatedfrom a scannedmesh
with onelayerof stone.

We useseveral tools built on our particlesystemthat usepro-
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. TheFEM hammertool is usedto crack
off the earanda cornerof the wing. Next, anerosiontool moves
particlestoward exposedareasof the meshwherea small sphere
of materialis removed. Finally, we applya biologicalgrowth tool
similarto thewashtool,but with minimalparticlemotion,resulting
in lichen-coloreddiscolorationonthetop-facingsurfaces.Below is
thescriptusedto createthemodel,which aftersimpli�cation con-



tained 	 500,000tetrahedra.

DIRT
�

color =
�

0.5 0.5 0.5 ���

WASH
�

num_particles = 200000
particle_life = 1.0 �

HAMMER
�

position =
�

-0.78 1.22 0.77 �

orientation =
�

-0.23 -0.47 0.85 � �

HAMMER
�

position =
�

-2.53 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

Wehavepresentedaproceduralframework for specifyingvolumet-
ric modelsandapplyinga seriesof simulationoperationsto them.
Ourapproachallows complex volumetricmodelsto beconstructed
from existing trianglemeshesaswell asimplicit functionsin three
dimensions,suchasdistance�elds. Thesedifferentmodelingap-
proachesarehandledseamlesslywithin our high-level framework.
Thesemodelscanthenbeeasilymodi�ed usingproceduralsimula-
tion tools.

Ours is oneof the �rst modelingsystemswheresimulationis
treatedasa sculptingtool 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 interactive sculptingoperations.

Our systemhasbeenusedto successfullyconstructmodelsfor
a wide rangeof rendering,simulation,andanimationapplications.
We have built small-scalemodels,with a few hundredtetrahedra,
for usein real-timeanimationresearch,aswell aslarge-scalemod-
els with millions of tetrahedrafor off-line weatheringanderosion
simulations.In fact, consistentmodelsat eitherscalecanbe con-
structedfrom essentiallythesamescript.

In thefuture,weplanto expandour languageto incorporatenew
modelingandsimulationtools.We would like to alternatebetween
the variousphasesof modelingand simulationmore seamlessly.
We would also like to add betterproceduralsupportfor volume
generation,perhapsenablingthemodelingof biologicalgrowth.

Overall, we believe thata proceduralinterfacebetweenmodel-
ing andsimulationis animportantmissingtool in our community.
With our prototypeframework, we have experienceda dramatic
increasein modelingproductivity and�e xibility , smoothedtransi-
tionsof modelsbetweensimulationandrenderingapplications,and
providedaccessto complex simulationsystemsto novice users.
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M ÜLLER, M., DORSEY, J., MCM ILLAN, L., AND JAGNOW, R. 2001. Real-time
simulationof deformationandfractureof stiff materials.In Proceedingsof Euro-
graphicsWorkshopon AnimationandSimulation2001, 113–124.

NIELSON, G. M., AND SUNG, J. 1997. Interval volumetetrahedrization.In IEEE
Visualization'97, 221–228.

NOORUDDIN, F. S., AND TURK , G. 2000.Interior/exteriorclassi�cationof polygonal
models.In IEEE Visualization2000, 415–422.

O' BRIEN, J. F., AND HODGINS, J. K. 1999. Graphicalmodelingandanimation
of brittle fracture. In Proceedingsof ACM SIGGRAPH99, ComputerGraphics
Proceedings,AnnualConferenceSeries,137–146.
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