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Fig. 1. Topolagy changesof sphek createdby sweepingdori throughit: octreecells (left), resultingmesh(middle)

andhigh-qualityrenderingusingernvironmentmapping

Abstract—This paperdescribesan appmoad for the parametrizationand
modelingof objectsrepresentedy adaptivedistance elds (ADFs). ADFs
supportthe constructionof powerful solid modelingtools. They canrep-
resentsurfacesof arbitrary and evenchangingtopolayy, while providing
a more intuitive user interface than contol-point basedstructues suc
as B-splines. Using the octree structue, an adaptivelyre ned quadrilat-
eral meshis constructedthat is topolayically equivalentto the surface
Themeshis thenprojectedonto the surfaceusingmultiple projectionand
smoothingsteps.Theresultingmeshservesasthe“interface” for interac-
tive modelingopertionsand high-qualityrendering
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I. Intr oduction

In recentyears,theindustrialdesignprocesshasmovedto-
wardcomputeraidedvirtual realitybasedlesign.Theuseof
computeraidedgeometricdesign(CAGD) techniqueddra-
maticallydecreasethedevelopmentime for productproto-
types.However, dueto severalfactors thedesignprocesss
still notfully virtual. Creatingntricate(spline)modelsfrom
scratchis still complicated.Therefore designeroften rst
createa modelin clay or a similar materialthatis scanned
and corvertedto analyticalform. ADFs, as describedby
PerryandFrisken[1] promiseto adwvancethis process.For
example,usingthe ADF approacha very powerful virtual
toolkit can be constructedo model clay quite intuitively
and accuratelyin a fully virtual ervironment. Compared
to othervolumetric modelingtechniquessuchas a voxel-
based?2] or constructvesolidgeometry(CSG)[3] represen-
tation,ADFs canprovideimprovedimagequality. However,
this ADF-based/olumemodelingis only usefulif modeling
canbe performedinteractvely andif theresultcanbe con-

vertedto traditional CAD modelrepresentationsuchasB-
splines.

We describeafastandsimpleapproachhatcreatesaquadri-
lateralmeshof a surfacein ADF representationThis mesh
canbe usedfor renderingandsubsequerdpproximatiorof

thesurfaceby splines.After discussingelatedwork in Sec-
tion I, advancedmodelingoperationswill be presentedn

Sectionlll, alongwith methodsguaranteeingiserde ned

error bounds. In SectionlV, afastmethodfor modelren-

deringis described. The methodprovides a quadrilateral
meshon the surfaceof the modelthatis a startingpoint for

corversionto B-splinerepresentation.

Il. RelatedWork

Several paperswere publishedon volume-basednodeling.
GalyeanandHughes[2] describeda voxel-basedapproach
to volumesculptingthatusesmarchingcubed4], [5] to dis-

play the model. Later work includes[6], [7], [8]. The ap-

proacheslescribedn thesepapersare limited by low res-

olution dueto the datasize of the volume andexhibit high

triangle countsfor the displayedsurface. Adaptively sam-
pleddistanceelds cansolve someof thesedif culties.

ADFs were describedby Frisken et al. [9], basedon ear
lier work by Gibson[10]. In an ADF approachdiscretize
distancefunctions(“ elds”) areusedto represensurfaces.
A distance eld is a discretevolumetric data set, where
eachsamplepoint hasan associatedeld value, the mini-
mal signeddistanceto the surface. This representatioof-
fersthesamee xibility asavoxel-basedepresentatiorhut



requires,in there ned adaptve version,muchlessstorage
space Sincedistancevaluesinsidevoxelsarecomputedis-
ing trilinear approximation,smoothfeaturescanbe repre-
sentedusinga lower resolutionof the modelingspacethan
in a voxel-basedmethod. Frisken et al. storethe distance
eld valuesin an adaptvely re ned octreeto reducedata
sizeandincreasdocal accurag of the distanceeld. With

thesere nements,ADFs can provide the framework for a
powerful modelingengine. In [1], Perry and Frisken de-
scribe a methodfor creatinga surface mesh; this will be
discussed@ndcomparedo our approachn SectionlV.

In principle,geometrianodelingis doneusinga solid mod-
eling or surface modeling approach. Solid modeling is
mostlybasedn a directvoxel representatiof2]. Themod-
eling spaceis divided into voxels that are sggmentedinto
two categories: Voxelslie insideor outsidethe model. The
adwantageof this methodis its e xibility. Arbitrary topol-
ogy canbemodeled andtopologicalchangesequireno ad-
ditionalwork. However, sincethemanageabldatasize,and
thereforeresolution,is limited, imagequality remainspoor
andprecisionlimited.

On the otherhand, surface-baseanodelingtechniquesare
usedextensiely in industry Extensve researchdescribing
virtual modelingusing surfacedeformationshasbeencon-
ducted[11], [12], [13]. However, mostof theseapproaches
sharetwo fundamentalproblems: (1) Surface modelsare
control-pointbasedandthemodelingprocesss in its nature
indirect. Eventhoughmuchwork on direct free-formde-
formations(FDDs) [14] hasbeendone,thesemethodsstill
modify control points. (2) The initial topology of control-
point-basedstructuregemainsa problem. For all practical
purposesthis structurecannotbe changedasily andthere-
fore thetopologyof themodelitself cannotchange.

Our work combinessolid modelingwith surfacemodeling
approaches ADFs are usedto model objectswithout ary
topologicalconstrains. A fastandsimple methodto gener
ate a surfacemeshfor ary given objectis provided. This
approachallows us to achiese interactive renderingrates
and high imagequality. A benet of a mesh-basedepre-
sentationis that the resultingmeshprovides a good start-
ing point for corverting a quadrilateralmeshto a (tensof
product)spline-basedepresentation.

Ill. Modeling

A primaryadwantageof ADFsis their e xibility. Thisis es-
pecially true for the implementatiorof Booleanoperations.
For example thedifferencebetweerthedistanceeld of an
object andthedistanceeld of atool canbe com-
putedby , seeFigure2. All otherBoolean
operationgunion,intersectionand ADF toolscanbe com-
putedin the samefashion[9]. In generalmodelingis done
asfollows: Dependingon thetool size,a smalllocal neigh-
borhoodof the octreearoundthetool is updated.The spe-
ci ¢ updaterulesarede ned by theoperationg.g.,carving,
adding,etc. Thefollowing criterionis used: An octreecell
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Fig. 2. Isolinesof a distanceeld befoe (a) andaftercarv-
ing opefation (b).

is split if the local trilinear approximationof the distance
eld in the cell differs by more than a userde ned error
boundfromthedistanceeld givenbythetool. In thesame
mannereightchildrenarememgedwhenthe parentnodeap-
proximateghedistanceeld within theerrorbound.During
modelingoperationsye areinterestedn theisosuraiceof a
distanceeld f(x,y,z). Theisosurficef=0 representthesur
faceto be modeled.Thereforetheerrorintroducedby only
updatingthe octreelocally is not signi cant in our applica-
tion. Booleanoperationsalsointroducean inherenterror,
asdescribedby Breenetal. [15], for pointsnot closeto the
surface. However, techniquesxist that cancorrectthis er
ror if necessarysee[16], [15]. For surfacemodelingand
renderingonly values‘closeto” the surfaceneedto be cor
rect. Sincegreatererrorsareintroducedwhereonemoves
away from the surface,it is reasonabléo apply anadaptve
error bound: If the userde ned error boundis , we want
this boundto be effective for cells whosecentersare less
than away from the surface(where is a userde ned
constant). From thereon, we want the error boundto de-
cline quadraticallywith increasingdistanceto the surface,
shavn in Figure3. Accordingto the desiredpropertieswe

error bound
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Fig. 3. Adaptiveerror bound.

de ne theadaptve errorbound as: , if , or

—, otherwise.The parameter de-
notesthe distanceof a cell centerto the surface,and is
anotheruserde ned constant.For an evenlessprecisebut
fasterto-calculatesrrorbound,onecanignoreall cellswith
distancevalues greaterthansomeconstantsee[1]. An



adaptve errorboundhastwo advantages(1) It reduceshe
numberof octreecells(Dependingon ,  andthe sizeof
theoctree we have obsenedsarings by morethananorder
of magnitude) (2) It solvesthe problemof critical pointsin
thedistanceeld.

Our methodof enforcingthe errorbounddepend®nthelo-
calderivativesof thedistanceeld. Distanceelds cancon-
tain critical pointswherethe gradientis ill-de ned. An ex-
ampleis shaovn in Figure4. Thesecritical pointsde ne the
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Fig. 4. Part of medialaxisof anobject.

medialaxis see[17], [18] for details. Suchcritical points
aregenerallyfar avay from the surfaceandarenot of inter-
est. However, dueto ill-de ned gradientscells aroundthe
critical pointsareusuallysubdvidedfurtherthancellsclose
to thesurface.An adaptve errorboundsolvesthis problem.

IV. Mesh Creation

To renderan ADF at interactve rates, polygon rendering
techniquesnustbe applied. Perryand Frisken [1] usethe
centerof whatthey call “boundaryleafcells” (called“data-
leaf cells” by us) asverticesfor a triangulation. Basedon

thelocal neighborhoof theseleaf cells, certainedgesare
choserandtrianglesareconstructedaroundthem. Thever

ticesarethenprojectedontothesurfaceandthetrianglesare
relaxedto improvetrianglequality. Thedisadantageof this

approachs thatit cancreatecracks. However, crackscan
bedetectedandeliminatedby locally re ning the octree.

We usea differentapproach. Sincea primary goal is the
eventual corversionto a spline representationywe prefer
dealingwith quadrilateralelements.If a “nice” quadrilat-
eralmeshcanbe constructedexisting methodscanbe used
to corvertthemeshedo splinese.qg.,hierarchicaB-splines
[19]. A methodthatautomaticallydisplaysthecorrecttopol-
ogy of thedistanceeld is alsopreferable.

Our methodworks as follows: Throughoutthe modeling
processgachoctreenodeupdatesa data ag. This ag is
truewhenthenodeor oneof its childrencontainsor touches
partsof the surface. An octreenode“touches” a surface
whenthedistancevaluesateachof its cornershavethesame
sign but one or moredistancevaluesare zero( or closeto
zerowithin auserde ned errorbound.) A node“contains”
partsof a surfacewhenatleasttwo of the distancevaluesat
eachcornerhave a differentsign, seeFigure5. All leaves

~ cells touching
N surface
L cells containing
~ surface

Fig.5. Cellstoudhing/containingsurface

that containor touch the surfaceare called “data leaves’”
Figure6 shavsthe dataleavesof a bowl.

Fig. 6. Dataleavesof a bowl.

The union of all dataleavesde nes a setthatis topologi-
cally equivalentto the surface,(within a userde ned error
bound.) Consideringan orientabletwo-manifold surface,
eachdataleaf hasat leastonefaceneighborthatis alsoa
dataleaf. A leafis a data-leafwhenit containsthe surface
or touchesit. If the leaf containsthe surface, the dataat
cornersof atleastonefacewill have a differentsign. How-

ever, sincethereis an octreenodethat shareghis face, it

would alsobe chosenas a dataleaf. Thereforeleaf A in

Figure7 would have a dataleaf asfaceneighbor If adata
leaftoucheghe surface thereis atleastonecornerthathas
adistancevalueof zero. Sincethis corneris sharedoy eight
octreenodesall eightnodesaredataleaves. Therefore the
rst leaf hasat leastthreefaceneighborghatarealsodata
leaves,seeFigure? (b).

isosurface

(a)

Fig. 7. Faceneighbosfor nodecontainingsurface(a) and
nodetouchingsurface(b). Verticesmarked“+” areout-
sidethe object,theonesmarked“-" areinside

We now considerthe setF of all facesof all dataleaves:
Data leaves are divided into three cateyories: (1) outside



faces;(2) insidefaces and(3) partnerfaces A face
is calledpartnerfacewhena face exists suchthat
and containthe sameverticesin oppositeorientation.
All otherfaceslie eitheron the insideor the outsideof the
surfaceand are namedaccordingly The subsetof all out-
sidefacesde ne a quadrilateralmeshthatis topologically
equivalentto the surface. By connectingall faces,project-
ing the verticesonto the surfaceandrelaxingthe mesh,we
can createa meshwhoseverticeslie exactly on the sur
face. The specialcasewherefacesof differentlevelsshare
an edgecanbe detectedeasily In the octree,neighboring
cellsareallowedto be onelevel apart. Therefore the only
specialcasethatcanoccuris depictedin Figure8. For the

(a) (b)

Fig. 8. Avoiding cradks betweerlevels: befole connection
(a) andafter connection(b).

projectionof verticeswe rst calculatean approximatesur
facenormal.(Onecaneitherusethe volumetricinformation
containedin the octreeof the surfacenormalsof the cur
rentmesh.)The ADF providesa distance-to-closest-sare
valuefor eachvertex amdwe move the vertex by this dis-
tancealongits normal. Theresultingmeshis smoothedre-
laxed) to distribute the verticesmore evenly, usingfor ex-
amplea Laplaciansmoothing. If necessarythe procedure
is repeatedUsusallyat mostthreeproject/smoottstepsare
necessaryo move all meshverticesonto the surface. Our
approachavoids cracksandmaintainsa quadrilaterabtruc-
ture. To selectaall outsidefacesonemustconsiderdor each
dataleaf which of its six facesmustbe created.This deci-
sionis basedon the distancevaluesat the cornersandthe
leaf' sresolutionlevel relative to that of its neighbors.

Severall specialcasesanoccurfor whichthe connectiorof
facess notstraightforvard. In Figure9, four facessharean
edge andtheconnectvity is notnecessarilyphvious. Many
more complicatedspecialcasesexist, but will not be de-
scribedn thispaper For displaypurposesit doesnotmatter
how theseedgesareconnected.

Fig. 9. Fourfacessharingedge (bold).

V. Results

Figure 1 shaws threeviews of the samemodel. The model
wascreatey sweepingatorussuccessiely alongthethree
coordinateaxesthrougha sphere. This resultsin multiple
topology changes. Not only can our algorithm createthe
nal meshbutit canalsocreateopologicallycorrectmeshes
atary time duringthe carvingprocessFigure10 shavsthe
UC Davis mascotasa 3D model.Onenoticesthatthemodel
is represente@sa closed -D surface. Figure12 shows a
sphereawith four rectanglesaredout andtwo holesdrilled
intoit. In the close-upview of themesh(Figure13) onecan
seethe highly adaptedneshthat capturesghe sharpedges.
In Figure 11 we show a cuberotatedaroundonediagonal.
Both edgesandcornersarepresered.

The smallermodels,like the cube,consistof about10000
faceswith a level-7 octree, while the mascothas about
155000facesand a level 11 octree. The smallermeshes
requiredlessthan one secondto generatepnly the Davis
mascotmeshrequiredthreeto four seconds.However, we
are usingour prototypeimplementatiornwhich is not opti-
mized.

Fig. 10. Three-dimensionahodelof the UC Davismascot.



Fig. 11. Cubepartially “r otated” aroundits diagonal.

VI. Conclusions

We have describedan algorithm that corverts objectsin
ADF representatioto a two-dimensionabkurfacerepresen-
tationconsistingof quadrilateralsWithin auserde ned er-
ror bound, this quadrilateralmeshis topologically equia-
lent to the objects surface. The creationof the meshis
numericallystableand canbe usedfor ef cient rendering.
This approachcombineshe modelingtechniquesprovided
by ADFs with fastpolygon-basedendering. We are able
to model objectsof ary topology, aslong astheir surface
is an orientabletwo-manifold. More importantly changes
in topology are easily obtainedas “byproducts” of simple
operationon anunderlyingADF representation.

VIl. FutureReseach

Our methodhasproducedpromisingresults. Someissues
needto be studiedin moredetail. We arecurrentlyworking

on several methodsto improve meshcreationand appear

ance. To furtherincreaserenderingspeedthe meshshould
only changein a certainneighborhoodor local modeling
operations Additional work alsoneedshe doneconcerning
theuserinterface especiallyfor virtual ervironments.

Several researchdirectionsare possible. As of now, our
mesh still containsmary extraordinary vertices (vertices
with valencesunequalfour). We are investigatingalgo-
rithms to topologically “clean up” the meshto reducethe
numberof suchextraordinaryerticessubstantiallywithout
distortingthe meshtoo much. Furthermoreyserstudiesare
neededo determinewhat type of modelingtools are suit-
ablefor which typesof modelingapplications.Especially
it shouldbe clearly de ned what kind of modelingwill be
performedbestusingstandardCAGD techniquesaandwhat
typecouldbene t mostfrom ADF techniques.

Fig. 12. Sphericalsolid manipulatedby multiple carving
operations.

Fig. 13. Magni ed view of a hole of geometryfrom Figure
12.
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