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Figurel: Surfaceseditedwith level setoperatorsLeft: A damagedsreekbustmodelis repairedwith a new nose chin andsharpenedhair.
Right: A new modelis constructedrom modelsof a griffin anddragon(smallfigures),producinga two-headedwingeddragon.

Abstract

We presenta level setframavork for implementingediting oper
atorsfor surfaces. Level setmodelsare deformableimplicit sur
faceswherethe deformatiorof the surfaceis controlledby a speed
functionin the level setpartial differentialequation.In this paper
we definea collectionof speedunctionsthatproducea setof sur
faceediting operators. The speedfunctionsdescribethe velocity
at eachpoint on the evolving surfacein the direction of the sur
facenormal. All of the information neededto deforma surface
is encapsulateth the speedfunction, providing a simple, unified
computationaframevork. Theusercombinegpre-defineduilding
blocksto createthe desiredspeedunction. The surfaceeditingop-
eratorsare quickly computedand may be appliedboth regionally
andglobally. Thelevel setframework offers severaladvantages1)
By construction self-intersectiorcannotoccur which guarantees
the generatiorof physically-realizablesimple,closedsurfaces.2)
Level setmodelseasily changetopologicalgenus,and 3) arefree
of theedgeconnectiity andmeshquality problemsassociategvith
meshmodels. We presentfive examplesof surfaceediting opera-
tors: blending,smoothing sharpeningppenings/closingandem-
bossing We demonstrat¢heir effectivenesson severalscanneab-
jectsandscan-cowertedmodels.
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1 Introduction

The creationof complex modelsfor such applicationsas movie
specialeffects, graphicarts, and computeraideddesigncan be a
time-consumingtedious,anderrorproneprocess.Oneof the so-
lutionsto the modelcreationproblemis 3D photographyBouguet
andPeronal999],i.e. scanninga 3D objectdirectly into a digital
representationHowever, the scannednodelis rarelyin afinal de-
siredform. Thescanningprocesss imperfectandintroduceserrors
andartifacts,or the objectitself maybe flawed.

3D scanscanbe corvertedto polygonalandparametricsurface
meshegEdelsbrunneandMicke 1994;Bajaj etal. 1995;Amenta
etal. 1998]. Mary algorithmsandsystemdor editingthesepolyg-
onal and parametricsurfaceshave beendeveloped[Cohenet al.
2001], but surface meshediting hasits limitations and must ad-
dressseveral difficult issues. For example, it is difficult to guar
anteethata meshmodelwill not self-intersectvhenperforminga
local editing operationbasedon the movementof verticesor con-
trol points, producingnon-physicaljnvalid results. SeeFigure2.
If self-intersectioroccurs,it mustbefixedasa post-processAlso,
whenmeging two meshmodelsthe procesof clipping individual
polygonsand patchesmay produceerrorswhenthe elementsare
smalland/orthin, or if theelementsarealmostparallel.In addition
while it is not impossibleto changethe genusof a surfacemesh
model[Biermannet al. 2001}, it is certainlydifficult andrequires
significanteffort to maintainthe consisteng/validity of the under
lying vertex/edgeconnectiity structure.

1.1 New Surface Editing Operator s

In orderto overcomethesedifficulties we presenta level setap-
proachto implementingoperatorsor locally andglobally editing
closedsurfaces.Level setmodelsaredeformablemplicit surfaces
that have a volumetric representatiofiOsherand Sethian1988].
They are definedas an iso-surfice,i.e. a level set, of someim-
plicit function¢. The surfaceis deformedby solving a partial dif-
ferential equation(PDE) on a regular samplingof ¢, i.e. a vol-
umedatasetTo datelevel setmethodshave notbeendevelopedfor
adaptve grids, a limitation of currentimplementationsbut not of
the mathematics.It shouldbe emphasizedhat level setmethods
do not manipulatean explicit closedform representatioof ¢, but
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Figure2: (left) A cross-sectionf the teapotmodelnearthe spout.
(middle) No self-intersectioroccurs,by construction,when per
forming a level set(LS) offset, i.e. dilation, of the surface. (right)
Self-intersectionsnay occurwhenoffsettinga meshmodel.

only a samplingof it. Level setmethodsprovide the techniques
neededo changethe voxel valuesof the volumein a way thatde-
formsthe embeddedso-suraceto meeta userdefinedgoal. The
usercontrolsthe deformationof the level setsurfaceby defininga
speedfunction F(z, . . .), the speedof the level setat point z in
the direction of the normalto the surfaceat . Thereforeall the
informationneededo deforma level setmodelmay be encapsu-
latedin a single speedfunction F(), providing a simple, unified
computationaframework.

We have developeda numberof surfaceeditingoperatorswithin
the level setframework by defining a collection of new level set
speedunctions.Thecut-and-pasteperator(Section5.1) givesthe
userthe ability to copy, remove andmeige level setmodels(using
volumetricCSGoperationsandautomaticallyblendstheintersec-
tion regions (SeeSection5.2). Our smoothingoperatorallows a
userto definearegion of interestandsmoothghe enclosedurface
to auserdefinedcunaturevalue. SeeSections.3. We have alsode-
velopedapoint-attractioroperator SeeSections.4. Here,aregion-
ally constrainegbortionof alevel setsurfaceis attractedo asingle
point. By defining line segments,curnes, polygons,patchesand
3D objectsasdenselysampledboint sets the singlepointattraction
operatomay be combinedto producea moregeneralsurfaceem-
bossingoperator As notedby others theopeningandclosingmor
phologicaloperatorsnaybeimplementedn alevel setframevork
[Sapiroetal. 1993;Maragosl 996]. We have alsofoundthemuseful
for performingglobal blending(closing)andsmoothing(opening)
on level setmodels. Sinceall of the operatorsacceptandproduce
thesamevolumetricrepresentationf closedsurfacestheoperators
maybeappliedrepeatedIlyo producea seriesof surfaceeditingop-
erations.SeeFigurell.

1.2 Benefits and Issues

Performingsurfaceediting operationswithin alevel setframevork
providesseveral advantagesand benefits. Many typesof surfaces
may beimportedinto the framewvork asa distancevolume,a vol-
ume datasethat storesthe sighedshortestistanceto the surface
ateachvoxel. This allows a numberof differenttypesof surfaces
to be modified with a single, powerful procedure. By construc-
tion, theframeawork alwaysproducesion-self-intersectingurfaces
that represenphysically-realizablebjects,an importantissuein
computeraideddesign. Level setmodelseasily changetopologi-
cal genus,andarefree of the edgeconnectiity and meshquality
problemsassociatedvith deformingand modifying meshmodels.
Additionally, somereconstructioralgorithmsproducevolumetric
modelgCurlessandLevoy 1996;Whitaker 1998;Zhaoetal. 2001]
andvolumetricscanningsystemsareincreasinglybeingemplo/ed
in anumberof diversefields. Thereforevolumetricmodelsarebe-
comingmoreprevalentandthereis aneedo developpowerful edit-
ing operatorghatacton thesetypesof modelsdirectly.

There are implementationissuesto be addressedvhen using
level setmodels. Given their volumetricrepresentationpne may
be concernedaboutthe amountof computationtime and memory

331

neededo procesdevel setmodels. Techniquehave beendevel-

opedto limit level setcomputationgo only a narraw bandaround
thelevel setof interesfAdalsteinssorand Sethian1995; Whitaker

1998;Penget al. 1999] makingthe computationatompleity pro-

portionalto the surfaceareaof the model. We have alsodeveloped
computationatechniqueshatallow usto performthe narrav band
calculationsonly in a portion of the volumewherethe level setis

actuallymoving. Additionally, fastmarchingmethodshave been
developedto rapidly evaluatethe level setequationundercertain
circumstanceg§Tsitsiklis 1995; Sethian1996]. Memory usagehas
not beenan issuewhen generatinghe resultsin this paper The

memoryneededor our results(512 MB) is availableon standard
workstationsand PCs. We have implementecdur operatorsn an

interactive ervironmentthat allows us to easily edit a numberof

compl surfaces. Additionally, concernshave beenraisedthat
volume-basednodelscannotrepresenfine or sharpfeatures.Re-

centadwancedFriskenetal. 2000;Kobbeltetal. 2001]have shavn

thatis is possibleto modelthesekinds of structureswith volume
datasetswithout excessiely samplingthe whole volume. These
adwanceswill alsobeavailablefor ouroperatoronceadaptve level

setmethodsanactive researctareaaredeveloped.

1.3 Contrib utions
Themajorcontributionsof ourwork arethefollowing.

e The introduction of a unified approachto surface editing
within alevel setframework.

— Editing operatorglefinedby speedunctions.
— Resultsproduceddy solvinga PDE.

e The definition of level set speedfunctionsthat implement
blending smoothingandembossingurfaceeditingoperators.

— Blendingis automaticandis constrainedo only occur
within a userspecifieddistanceto an arbitrarily com-
plex intersectiorcurve.

— Smoothingand embossingare constrainedto occur
within a userspecifiedregion.

— Theuserspecifieghelocal geometrigpropertiesof the
resultingsurfacemodifications.

— The userspecifiesif materialshouldbe addedand/or
removedduringeditingoperations.

e Thenew techniquesisedto localizelevel setcalculations.

e In Appendix B we presenta numerically-stablecunature
measurdor level setsurfaces.

2 Previous Work

Three areasof researchare closely relatedto our level set sur
faceediting work; volumetric sculpting,mesh-basedurfaceedit-
ing/fairing and implicit modeling. Volumetric sculptingprovides
methoddor directly manipulatinghevoxelsof avolumetricmodel.
CSG Booleanoperations[Hoffmann 1989; Wang and Kaufman
1994]arecommonlyfoundin volumesculptingsystemsproviding
astraightforvardwayto createcomplex solid objectsby combining
simplerprimitives.Oneof thefirst volumesculptingsystemss pre-
sentedn [GalyeanandHughes1991]. [WangandKaufman1995]
improved on this work by introducingtools for carvingand saw-
ing. More recently[Perry andFrisken 2001]implementeda volu-
metric sculptingsystembasedon Adaptive DistanceFields (ADF)
[Friskenetal. 2000],allowing for volumetricmodelswith adaptve
resolution.

PerformingCSG operationoon meshmodelsis a long-standing
areaof researcliRequichaandVoelcker 1985;Laidlaw etal. 1986].



Figure 3: Our level set surface editing operators(red) fit into a
larger editing framevork. The pipeline consistsof: input models
(blue), pre-processingyellow), CSGoperationgorange)jocal LS
operatorgred),globalLS operatorgpurple)andrenderingigreen).

RecentlyCSGoperationsveredevelopedfor multi-resolutionsub-
division surfacesby [Biermannet al. 2001], but this work did not
addressheproblemof blendingor smoothinghesharpfeaturef-
tenproducedy theoperationsHowever, the smoothingof meshes
hasbeenstudiedon several occasiongWelch and Witkin 1994;
Taubin1995;Kobbeltet al. 1998]. [Desbrunet al. 1999] have de-
velopeda methodfor fairing irregular meshesusingdiffusionand
cunatureflow, demonstratinghat mean-curaturebasedlow pro-
duceghebestresultsfor smoothing.

Thereexists a large body of surfaceeditingwork basedon im-
plicit models[Bloomenthalet al. 1997]. This approachusesim-
plicit surfacerepresentationsf analytic primitivesor skeletal off-
sets. The implicit modelingwork mostcloselyrelatedto oursis
foundin [Wyvill etal. 1999]. They describetechniquedor per
forming blending,warpingandbooleanoperationson skeletalim-
plicit surfaces.[Desbrunand Gascuell995] addresghe cornverse
problemof preventingunwantedblendingbetweenmplicit primi-
tives,aswell asmaintaininga constanvolumeduringdeformation.

Level setmethodshave beensuccessfullyappliedin computer
graphics,computervision andvisualization[Sethian1999; Sapiro
2001], for example medicalimage segmentation[Malladi et al.
1995; Whitaker et al. 2001], shapemorphing[Desbrunand Cani
1998; Breen and Whitaker 2001], 3D reconstructionfWhitaker
1998; Zhaoet al. 2001], andrecentlyfor the animationof liquids
[FosterandFedkiw2001].

Our work standsapartfrom previouswork in severalways. We
have not developedvolumetricmodelingtools. Our editing opera-
tors acton surfacesthat happernto have an underlyingvolumetric
representatiorhut arebasedon the mathematic®f deformingim-
plicit surfaces.Our editing operatorsshareseveral of the capabil-
ities of mesh-basetbols, but are not hamperedy the difficulties
of maintainingvertex/edgeinformation. Sincelevel setmodelsare
nottiedto any specificimplicit basisfunctions they easilyrepresent
complex modelsto within the resolutionof the sampling.Ourwork
is the first to utilize level setmethodsto performusercontrolled
editingof complex geometriomodels.

3 Overview of the Editing Pipeline

The level setsurface editing operatorsshouldbe viewed as com-
ponentsof a larger modeling framavork. The pipeline for this
framawork is presentedn Figure3. The red componentgontain
the level setspeedunctionsthatwe have developedfor localized
surfaceediting. The remainingcomponentgontainthe dataand
operationsieededor level setmodeling,input models(blue), pre-
processindyellow), CSGoperationgorange)globalLS operators
(purple)andrendering(green). The pipeline providesthe context
for thedetailsof our speedunctions.
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3.1 Input and Output Models

We are ableto import a wide variety of closedgeometricmodels
into the level setervironment. We represent level setmodelas
aniso-surhceembeddedh a distancevolume.Frequentlywe only

storedistanceinformationin a narrav bandof voxels surround-
ing the level setsurface. As illustratedin Figure3 we have devel-

opedandcollecteda suiteof scancorversionmethoddor corvert-

ing polygonalmeshesCSG models[Breenet al. 2000], implicit

primitives,andNURBS surfacesinto distancevolumes.Addition-

ally mary typesof scanningorocessegproducevolumetricmodels
directly, e.g. MRI, CT andlaserrangescanreconstruction.These
modelsmay be broughtinto our level setervironmentasis or with

minimal pre-processingiVe frequentlysegmentthesemodelswith

anotherevel settechniqueWhitaker et al. 2001], andthenapply
Sethians FastMarchingMethod[Sethian1996]to corvert there-

sultsinto distancevolumes. The modelsutilized in this paperand
theiroriginal form arelistedin Tablel.

Tablel: Native representationsf theinputmodelsanddimensions
of thecorrespondingcancorverteddistancevolumes.

Model | Representation | Dimensions

Dragon volumetricreconstruction| 356 x 161 x 251
Griffin volumetricreconstruction| 312 x 148 x 294
Greekbust polygonalreconstruction | 221 x 221 x 161
Humanhead | polygonalreconstruction | 256 x 246 x 193
Utahteapot | NURBSsurface 156 x 232 x 124

Supertoroid | implicit primitive 91 x 91 x 31

In the final stageof the pipeline we can either volume render
the surfacedirectly or rendera polygonalmeshextractedfrom the
volume. While thereare numerougechniquesvailable for both
approacheswye found extracting and renderingMarching Cubes

meshegLorensenandCline 1987]to be satishctory

4 Level Set Surface Modeling

TheLevel SetMethod,first presentedh [OsherandSethianl988],
is a mathematicatool for modelingsurfacedeformations.A de-
formable(i.e. time-dependenturfaceis implicitly representeds
aniso-surficeof atime-varyingscalarfunction,¢(x, t). A detailed
descriptiorof level setmodelsis presentedh AppendixA.

4.1 LS Speed Function Building Blocks
Giventhedefinition

o
dt’

thefundamentalevel setequationEq. (12), canberewritten as

9 _
ot

wheredz/dt andn = —V¢/|V¢| arethe velocity and normal
vectorsatx on the surface. We assumea positive-inside/ngative-

outsidesigncornventionfor ¢(z,t), i.e. n points outwards. Eq. (1)

introducesthe speedfunction F, which is a userdefinedscalar
functionthat candependon ary numberof variablesincluding z,

n, ¢ andits derivatives evaluatedat x, aswell asa variety of ex-

ternaldatainputs. F() is a signed scalarfunction thatdefinesthe
motion (i.e. speed)of the level setsurfacein the direction of the
localnormaln ata.

The speedunctionis usuallybasedon a setof geometricmea-
suresof the implicit level setsurfaceand datainputs. The chal-
lengewhenworking with level setmethodss determininghow to
combinethe building blocksto producea local motionthatcreates
a desiredglobal or regional behaior of the surface. The general

Flz,n,¢,...)=n 1)

V¢l F(z,n, 6,...) @)
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(a) Building-block, P(3), for
the ROI functions,cf. Eq. (4).

(b) Function, Ds(d), of dis-
tanceto asurface,cf. Eq. (6b).
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(c) Function, Dy(d), of dis-
tanceto pointset,cf. Eq. (6a).

(d) FunctionC(+y), of geomet-
ric measurey, cf. Eq. (7).

Figure4: Graphof region-of-influencgROI) functionsusedto de-
finethespeedunctionsfor ourlocallevel setoperationscf. Eq. (3).

structurefor the speedunctionsusedin our surfaceeditingopera-
torsis

F(@,m,¢) = De(d)C(7)G(7) (©)

whereD, (d) is a distance-basedut-off function thatdependson
a distancemeasurel to a geometricstructureg. C(vy) is a cut-off

function that controlsthe contritution of G(-y) to the speedfunc-
tion. G(vy) is afunctionthatdepend®n geometrianeasures de-
rived from the level setsurface,e.g.cunature. Thus, D, (d) acts
asa region-of-influencefunction that regionally constrainghe LS

calculation.C(vy) is afilter of thegeometrianeasurandg(vy) pro-
videsthe geometriccontritution of thelevel setsurface.In general
~ is definedaszero,first, or secondordermeasuresf the LS sur

face.

4.2 Regionall y Constraining LS Deformations

Most of our surface operatorsmay be appliedlocally in a small
userdefinedregion on theeditedsurface.In orderto regionally re-
strictthedeformationduringthelevel setcomputationatechnique
is neededor driving thevalueof () to zerooutsideof theregion.
Thisis accomplishedh threesteps. Thefirst stepinvolvesdefining
theregion of influence(ROI), i.e. theregion whereF() shouldbe
non-zero.Thisis doneby eithertheuserinteractively placinga 3D
objectaroundthe region, or by automaticallycalculatinga region
from propertiesof the surface. Both casesnvolve defininga ge-
ometricstructurethat we refer to asa “region-of-influence(ROI)
primitive”. The natureof theseprimitiveswill vary for the differ-
entLS operationsaandwill be explicitly definedin Section5. The
secondstepconsistsof calculatinga distancemeasureo the ROI
primitive. Thefinal stepinvolvesdefininga functionthatsmoothly
approachegeroat the boundaryof the ROI.

We definearegion-of-influencdunctionD, (d) in Eq.(3), where
d is adistancemeasurdrom a point on the level setsurfaceto the
ROI primitive g. Thefunctionalbehaior of D, (d) clearlydepends
onthespecificROI primitive, ¢, but we foundthefollowing piece-
wise polynomialfunctionto be usefulasacommonspeedunction
building block:

0 for3<0
) 2p? for0 < 3<0.5
P(p) = 1-2(8—1)% for05<8<1 @
1 forg > 1.
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P(p) andits derivativesarecontinuousandrelatively inexpensve
to compute.SeeFigure4(a). Othercontinuousequationswith the
samebasicshapewould alsobe satishctory We thendefine

P(d; dmin, dmaz) = P (M> (5)

dmam - dmin

whered i, andd,,q. areuserdefinedparametershatdefinethe
limits andsharpnessf thecut-off. Let usfinally definethefollow-
ing region-of-influencdunctions

Dp (d) =1- P(d; dmin7 dma:c) (6a)
Ds (d) = P(d, 0, dmaac) (6b)

for apointset,p, anda closedsurface,s.

In Eq. (6a)d denoteghe distancefrom a point on the level set
surfaceto the closestpointin the pointsetp. In Eq. (6b)d denotes
a signeddistancemeasurdrom a point on the level setsurfaceto
the implicit surfaces. The signeddistancemeasuraloesnot nec-
essarilyhave to be Euclideandistance- just a monotonicdistance
measurdollowing the positive-inside/ngative-outsidecorvention.
Notethat D, (d) is onewhenthe shortesdistanced, to the point
setis smallerthand,;», anddecaysmoothlyto zeroasd increases
t0 dmqe, afterwhichit is zero. Ds(d), on the otherhand,is zero
everywhereoutside,aswell ason, the surfaces (d < 0), but one
insidewhenthedistancemeasurel is largerthand .. -

An additionalbenefitof the region-of-influenceunctionsis that
they definethe portion of the volume where the surface cannot
move. We usethis informationto determinewhat voxels should
be updatedduringthe level setdeformation significantlylowering
theamountof computatiomeededvhenperformingeditingopera-
tions. This techniqueallows our operatorgo be rapidly computed
whenmodifying largemodels.

4.3 Limiting Geometric Property Values

We calculatea numberof geometricpropertiesirom the level set
surface.The zeroordergeometrigpropertythatwe utilize is short-
estdistancefrom the level setsurfaceto someROI primitive. The
firstorderpropertyis thesurfacenormal,n = —V¢/|Vé|. Second
orderinformationincludesa variety of curvaturemeasuresf the
LS surface. In AppendixB we outline a nev numericalapproach
to deriving the mean,Gaussiarandprinciple cunaturesof a level
setsurface. Our schemehasnumericaladwantagegelative to tra-
ditional centralfinite differenceschemegor computingthe second
orderderwatives. We found meancunatureto be the mostuseful
secondrdermeasurgEvansandSpruck1991]for ourapplication.

Anotherdesirablefeatureof our operatorss thatthey allow the
userto controlthegeometrigpropertiesof surfacein theregion be-
ing edited. This featureis implementedvith anothercut-off func-
tion, C(), within the level setspeedfunction. C() allows the user
to slow andthenstopthe level setdeformationasa particularsur
facepropertyapproaches userspecifiedvalue. We reusethe cut-
off function, Eq. (5), definedin the previous section,asa building
blockfor C(). We define

o {7’(7; Vintns Vi fory <7 @
Y) = . )
L= P (s v s Yise) fory >

wherey = (y/2%, + v"") /2. Thefour parameters’s,, ylo¥,,
yligh “and~righ definerespectiely theupperandlower boundsof
thecut-of function,seeFigure4(d).

4.4 Constraining the Direction of LS Motions

Anotherimportantfeatureof the level setframework is its ability
to control the directionof the level setdeformation. We are able



Figure5: Left: Positioningthe (red) wing modelon the dragonmodel. Middle: The modelsare pastedtogether(CSG union operation),
producingsharp undesirablereasesa portionof whichis expandedn thebox. Right: Sameregion afterautomatidlendingbasecbn mean
cunature. The blendingis constrainedo only move outwards. The modelsare renderedwith flat-shadingto highlight the detailsof the

surfacestructure.

to restrictthe motion of the surfaceto only addor remove material
during the level setediting operations.At ary point the level set
surfacecanonly move in thedirectionof thelocal surfacenormal.
Hence,we cansimply redefinethe speedunctionasmin(g, 0) to

remove material(inward motiononly) andmax(g, 0) to addmate-
rial (outward motion only). In the caseof cunaturedriven speed
functionsthis produceamin/maxflows [Sethian1999]. Of course
no restrictiononthe directionof themotionneedbeimposed.

5 Definition of Surface Editing Operator s

Given the building blocks describedin the previous section,the
level setsurfaceediting operatorsoutlinedin Figure3 may be de-
fined. We bagin by definingthe well-knovn CSG operationghat
areessentiato mostediting systemsWe thendefinethe new level
setspeedunctionsthatimplementour surfaceeditingoperatorsy
combiningthegeometrianeasurewith theregion-of-influenceand
cut-off functions.

5.1 CSG Operations

Sincelevel setmodelsarevolumetric,the constructie solid geom-
etry (CSG) [Hoffmann 1989] operationsof union, differenceand
intersectionmay be appliedto them. This provides a straightfor

ward approactto implementingcopy, cut andpasteoperationon
level set surfaces. In our level setframevork, with a positive-
inside/ngative-outsidesign corvention for the distancevolumes,
theseare implementedas min/max operationgfWang and Kauf-

man 1994] on the voxel valuesas summarizedn Table 2. Any

two closedsurfacesrepresentedssigneddistancevolumescanbe
usedaseitherthe main editedmodelor the cut/copy primitive. In

our editingsystenthe useris ableto arbitrarily scale translateand
rotatethe modelsbeforea CSGoperationis performed.

Table2: Implementatiorof CSGoperationon two level setmod-
els, A and B, representedby distancevolumesV, and Vg with
positive insideandnegative outsidevalues.

Action | CSGOperation | Implementation

Copy IntersectionAN B | Min(Va, Vg)
Paste | Union,AU B Max(Va, Vs)
Cut Difference A — B | Min(Va, —VB)

5.2 Automatic Localiz ed LS Blending

The surfacemodelsproducedy the CSGpasteoperatiortypically
containsharpand sometimegaggedcreasest the intersectionof
the two surfaces. We candramaticallyimprove this region of the
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surfaceby applyingan automatidocalizedblending. The method
is automatichbecausét only requiresthe userto specifya few pa-

rametewalues.lt is localizedbecaus¢he blendingoperatoiis only

appliednearthe surfaceintersectiorregion. Onepossiblesolution

to localizingthe blendingis to performthe deformationin regions
nearbothof theinputsurfaces However, thisnave approactwould

resultin blendingthe two surfacesin all regions of spacewhere
the surfacescomewithin a userspecifieddistanceof eachother

creatingunwantedblends. A bettersolution,andthe onewe use,
involvesdefiningthe region of influencebasedon the distanceto

the intersection curve sharedby both input surfaces. A sampled
representationf this cune is the setof voxelsthatcontainsa zero

distancevalue (within somesub-woxel value ¢) to both surfaces.
We have foundthis approximateepresentationf the intersection
curve asa point setto be sufficient for defininga shortestdistance
d for the region-of-influencefunction, D, (d), cf. Eq. (3). Repre-
sentingtheintersectiorcurve by a pointsetallowsthecurve to take

anarbitraryform - it canevenbe composedf multiple curve seg-

mentswithoutintroducingarny complicationgo the computational
scheme.

Theblendingoperatormavesthesurfacein adirectionthatmin-
imizes a curvature measure/C, on the level setsurface. This is
obtainedby makingthe speedunction, G, Eq. (3), proportionalo
K, leadingto thefollowing blendingspeedunction:

fblend(w, n, ¢) =« Dp(d) C(’C) K (8)

wherea is a userdefinedpositive scalarthat controlsthe rate of

corvergenceof the LS calculation, D, (d) is definedin Eq. (6a)

whered is the shortestdistancefrom the level setsurfaceto the

intersectiorcurve pointset,andC(K) is givenby Eq.(7) whereK is

oneof the curvaturesdefinein AppendixB. Throughthe functions
D, andC the userhasfull control over the region of influenceof

the blending(d;i» andd...;) andthe upperandlower curvature
valuesof the blend (2%, 4%¢%, and~/"s" 4highy Furthermore
we cancontrol if the blendaddsor remores material,or both as
describedn Sectiond.4.

Automaticblendingis demonstrateéh Figure5. A wing model
is positionedrelative to adragonmodel. Thetwo modelsarepasted
togethermndautomatianeancunature-basetllendingis appliedto
smooththecreasedntersectiorregion.

5.3 Localiz ed LS Smoothing/Sharpening

The smoothingoperatorsmoothsthe level set suriacein a user
specifiedregion. Thisis accomplishedy enclosingthe region of
interestby a geometricprimitive. The “region-of-influenceprim-



Figure6: Regionally constrainedsmoothing.Left: Laserscanre-
constructionwith unwanted,pointedartifactsin the eye. Middle:
Defining the region to be smoothedwith a (red) superellipsoid.
Right: Smoothingthe surfacewithin the superellipsoid.The sur
faceis constrainedo only move inwards.

itive” can be ary closedsurface for which we have signedin-
side/outsidénformation,e.g.alevel setsurfaceor animplicit prim-
itive. We usesuperellipsoidfBarr 1981]asacorvenientROl prim-
itive, aflexible implicit primitive definedby two shapeparameters.
Thesurfaceis locally smoothedy applyingmotionsin adirection
thatreduceghe local cunature. This is accomplishedy moving
thelevel setsurfacein thedirectionof thelocalnormalwith aspeed
thatis proportionalto the cunature. Thereforethe speedunction
for thesmoothingoperatoris

Fsmooth(my n, ¢) = aDs (d)c(’C)’C 9)

Here d denotegthe signedvalue of the monotonicinside/outside
functionof theROI primitive s evaluatedatz. Asbefore,D;s(d) en-
sureghatthespeedunctionsmoothly goesto zeroasx approaches
the boundaryof the ROI primitive. C(K) limits the value of the
surfaces curvaturewithin the ROI primitive.

Figure6 demonstratesur smoothingoperatorappliedto alaser
scanreconstruction.Unwantedartifactsareremoved from an eye
by first placing a red superellipsoidaroundthe region of interest.
A smoothingoperatorconstrainedo only remove materialis ap-
plied andthe spiky artifactsareremoved. Figure 7 demonstrates
our smoothingoperatorappliedto a preliminary 3D scanconver-
sion of the Utah teapot. Unwantedartifactsareremoved from the
region wherethe spoutmeetshe body of theteapotby first placing
a superellipsoidaroundthe region of interest. A smoothingoper
ator constrainedo only add materialis appliedand the crevices
areremoved. In our final, artificial smoothingexamplein Figure
8 acomplex structures completelysmoothedway. This example
illustratesthatchange®f topologicalgenusandnumberof discon-
nectedcomponentsreeasilyhandledwithin alevel setframevork
duringsmoothing.

Figure8: Changesn topologicalgenusandthe numberof discon-
nectedcomponentareeasilyhandledwithin alevel setframevork
during smoothing. The superellipsoiddefinesthe portion of the
surfaceto be smoothed.The surfaceis constrainedo move only
inwards.
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Figure9: Left: Threetypesof single point attractions/repulsions
using differentROI primitives and v values. Right: Utah teapot
embossewvith 7862pointssamplingthe”SIGGRAPH2002"logo.

We obtaina sharpeningperatorby simply inverting the sign of
ain Eqg.(9) andapplyinganuppercut-of to thecunaturein C() in
orderto maintainnumericalstability. The sharpeningperatothas
beenappliedto the hair of the Greekbustin Figurel.

5.4 Point Set Attraction and Embossing

We have developedan operatorthat attractsandrepelsthe surface
towardsandaway from a point set. Thesepoint setscanbe sam-
plesof lines, curves, planes,patchesand othergeometricshapes,
e.g. text. By placingthe point setsnearthe surface,we areableto
embosghe surfacewith the shapeof the point set. Similar to the
smoothingoperatoy the userencloseghe region to be embossed
with a ROI primitive e.g. a superellipsoid.The region-of-interest
functionfor this operatoiis D;(d), Eq. (6b).

First, assumehatall of the attractionpointsarelocatedoutside
theLS surface.p, denoteshe closestattractionpointto , a point
onthelS surface.Ouroperatoonly allowstheLS surfaceto move
towardsp; if theunitvector u; = (p, —)/|p; — |, is pointingin
thesamedirectionasthelocal surfacenormaln. Hence the speed
functionshouldonly benon-zerowhen0 < n - u; < 1. Sincethe
signof n - u; is reversedf p;, is insteadocatedinsidetheLS sur
facewe simplyrequirey = —signé(p;, t)In - u; to bepositive for
ary closestattractionpoint p,. This amountsto having only posi-
tive cut-off valuesfor C(v). Finally weletG = —ag(p;,t) since
thiswill guarante¢hatthe LS surfacewill stoponceit reached;.
The following speedfunction implementsthe point setattraction
operator:

Fpoint(®, 1, ) = —aDs(d)C(=Sigrp(p;, t)In - wi)(p;, 1),
(10)

whered is asigneddistanceneasuré¢o aROI primitive evaluatedat
x onthelS surface,andp; is theclosestpointin thesetto . The
shapeof the primitive andthevaluesof thefour positive parameters
in Eq. (7) definethefootprintandsharpnessf theembossingSee
Figure9, left. Pointrepulsionis obtainedby makinga negative.
NotethatEq. (10) is just one exampleof mary possiblepoint set
attractionspeedunctions.

In Figure9, right, the Utahteapotis embossedvith 7862points
thathave beenacquiredby scanninganimageof the SIGGRAPH
2002logo andwarpingthe pointsto fit the shapeof theteapot.

5.5 Global Morphological Operator s

The new level setoperatorgresentedbore weredesignedo lo-
cally deform a level setsurface. However, if the userwishesto
performa global smoothingof a level setsurface, it is preferable
to useanoperatorotherthan F00:r. FOr aglobalsmoothingthe
level setpropagatioris computedbn the whole volume,which can
be slow for large volumes. However, in this casemorphological
openingandclosingoperator§Serral982] offer fasteralternatves



Figure7: (left) Scancorversionerrorsneartheteapotspout.(middle) Placinga (red) superellipsoicaroundthe errors. (right) The errorsare
smoothedaway in 15 secondsThesurfaceis constrainedo only move outwards.

to globalsmoothingof level setsurfaces.While we arenotthefirst
to explore morphologicaloperatorswithin a level setframevork
[Sapiroetal. 1993;Maragosl996],we have implementedhemand
find themuseful. Morphologicalopeningsand closingsconsistof
two fundamentabperatorsdilationsD,, anderosions,, . Dilation

createsan offset surfacea distancew outwardsfrom the original
surface,anderosioncreatesan offset surfacea distancev inwards
from theoriginal surface. ThemorphologicabpeningoperatorO,,

is an erosionfollowed by a dilation, i.e. O, = D, o E,, which
removes small piecesor thin appendagesA closingis definedas
C. = E, 0D, andclosesmallgapsor holeswithin objects.Mor-

phologicaloperatorsnaybeimplementedy solvingaspeciaform

of the level setequation the Eikonal equation,d¢/dt = +|V4|,

up to a certaintime ¢, utilizing Sethians FastMarching Method
[Sethian1996]. The value of ¢ controlsthe offset distancefrom

the original surface,¢(t = 0). Figure10 containsa modelfrom a
laserscanreconstructiorthathasbeensmoothedwith an opening
operatomwith w equalto 3.

Figure10: Applying amorphologicabpeningo alaserscanrecon-
structionof a humanhead. The openingperformsglobal smooth-
ing by remaving protrudingstructuressmallerthana userdefined
value.

5.6 Editing Session Details

Figure 11 containsa seriesof screenshotstaken of our level
setmodelingprogramwhile constructingthe two-headedvinged
dragon. Thefirst shaws the original dragonmodelloadedinto the
system.A cylindrical primitive is placedaroundits headandit is
cut off. The model of the headis duplicatedand the two heads
arepositionedrelative to eachother Oncethe useris satisfiedwith
theirorientationthey arepastedogethemandanautomatidlending
is performedat the intersectionrseam. The combineddoublehead
modelis positionedover the croppedheckof thedragonbody The
doubleheadis pastecandblendedontothebody Thegriffin model
isloadedntothelLS modelingsystem A primitiveis placedaround
oneof its wings. The portion of the modelwithin the primitive is
copied,beingstoredin abuffer. Severalcuttingoperationsareused
to trim the wing model (not shavn). The double-headedragon
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modelis loaded,and the wing is positioned,pastedand blended
ontoit. A mirror copy of thewing modelis createdlt is alsoposi-
tioned,pastedandblendedontotheothersideof thedouble-headed
dragon.Wethenaddedaloopontothedragons backasif designing
abracelecharm.Thisis accomplishedby positioning pasting and
blendinga scan-cowerted supertoroid,producingthe final model
seenin thebottomright.

The Greekbust modelwas repairedby copying the nosefrom
the humanheadmodelof Figure10, andpastingandblendingthe
copiedmodelontothe broken nose.A piecefrom theright sideof
thebustwascopied,mirrored,pastedandblendedontotheleft side
of herface.Local smoothingoperatorsvereappliedto variouspor
tions of her cheeksto cleanminor cracks. Finally, the sharpening
operatomwasappliedwithin auserdefinedregionaroundherhair.

Table 3: Typical operatorexecutiontimes on a R10K 250MHz
MIPS processor

Operation| Objects | sub-wlume | Time

Paste wingondragon| 316 x 172 x 215 | 33sec.
Blend wingondragon| 82 x 48 x 63 98sec.
Smooth teapotspout 60 x 55 x 31 15sec.
Opening | humanhead 256 x 246 x 193 | 22sec.
Emboss | singlepoint 21 x 29 x 29 1.5sec.
Table4: Parametersisedin examples.y9" and~"9" areonly

usedduring sharpening.Their valuesare 0.8 and0.9. No upper
limit is placedon+ in theotherexamples.

Example | dmin | dmaz | '7513% | %ggz
Wing Blending 7 9 0.04 | 0.06
Eye Smoothing 0.9 1 0.04 | 0.07
SpoutSmoothing | 0.9 1 0.1 0.13
Hair Sharpening 0.9 1 0.01 | 0.013
TeapotEmbossing| 0.9 1 0.8 0.9

6 Conclusion and Future Work

We have presentecan approachto implementingsurface editing
operatorswithin a level setframevork. By developinga new set
of level setspeedunctionsautomaticblending,localizedsmooth-
ing and embossingnay be performedon level setmodels. Addi-

tionally we have implementednorphologicalndvolumetricCSG
operatorgo fill out our modelingervironment. All of the infor-

mationneededo deforma level setsurfaceis encapsulateh the
speedfunction, providing a simple, unified computationaframe-
work. Thelevel setframeawvork offers several advantages By con-
struction,self-intersectiortannotoccur which guaranteethegen-
erationof physically-realizablesimple,closedsuriaces.Addition-

ally, level setmodelseasilychangeopologicalgenusandarefree



of theedgeconnectiity andmeshquality problemsassociategvith
meshmodels.

Severalissuesstill mustbeaddressetb improve ourwork. Cur-
rently level setimplementationarebasedn uniform samplingsof
spaceafactthateffectively limits theresolutionof the objectsthat
canbe modeled. The developmentof adaptve level setmethods
would allow our operatorgo be appliedto adaptve distancdfields.
It is possibleto shortenthe time neededo edit level setsurfaces.
Incrementallyupdatingthe meshusedto view the editedsurface,
utilizing directvolumerenderinghardware, parallelizingthe level
setcomputationsand exploring multiresolutionvolumetricrepre-
sentationsvill leadto editingoperationghatrequireonly afraction
of asecondjnsteadof tensof seconds.

We have presentedive examplelevel setsurfaceediting oper
ators. Given the generalityandflexibility of our framewvork mary
more can be developed. We intendto explore operatorghat uti-
lize Gaussiarand principal cunature, extend embossingo work
directly with lines, curvesandsolid objects,andonesthatmay be
utilized for generakurfacemanipulationssuchasdraggingwarp-
ing, andsweeping.
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A Level Set Models

A deformable(i.e. time-dependenBurface,S(t), is implicitly represented
asaniso-surbceof a time-varying scalarfunction, ¢(«, t), embeddedn
3D,i.e

S(t) = {=(t) | o(z(t),t) =k}, 11)
wherek € R istheiso-value,t € R istime,andz(t) € R? isapointin
spaceon theiso-surfce. It might seeminefficient to implicitly represent
surfacewith a 3D scalarfunction; however the higherdimensionalityof the
representatioprovidesoneof the majoradwantage®f the LS method:the
flexible handlingof changesn thetopologyof thedeformablesurface. This
impliesthatLS surfacescaneasilyrepresentomplicatedsurfaceshapeshat
can,form holes,split to form multiple objects,or meige with otherobjects
to form asinglestructure.

The fundamentalevel setequationof motionfor ¢(x(t), t) is derved
by differentiatingbothsidesof Eq. (11) with respecto time ¢, andapplying
thechainrule giving:

¢ de

FTEREAANPTE
wheredz/dt denoteshe speedvectorsof the level setsurface. A number
of numericaltechniquesy [Osherand Sethian1988; Adalsteinssorand
Sethian1995] male theinitial value problemof Eq. (12) computationally
feasible. A completediscussionof the detailsof the level setmethodis
beyond the scopeof this paper We insteadrefer the interestedreaderto
[Sethian1999;OsherandFedkiw2001]. However, we will briefly mention
two of the mostimportanttechniques:the first is the so called “up-wind
scheme’which addressethe problemof overshootingvhentrying to solve
Eq.(12) by asimplefinite forwarddifferenceschemeTheseconds related
tothefactthatoneis typically only interestedn asinglesolutionto Eq.(12),
saythek = 0 level set. This impliesthatthe evaluationof ¢ is important
only in thevicinity of thatlevel set. This formsthebasisfor “narrowv-band”
schemeg§AdalsteinssomndSethiarl 995;Whitaker 1998;Pengetal. 1999]
thatsolve Eg. (12) in a narrav bandof voxels containingthe surface. The
“up-wind scheme’malesthe level setmethodnumericallyrobust,andthe
“narrov-bandscheme’malesits computationatompleity proportionalto
thelevel sets surfacearearatherthanthe sizeof the volumein whichit is
embedded.

(12

B Curvature of Level Set Surfaces

The principle curnvaturesand principle directionsare the eigewvaluesand
eigemvectorsof the shape matrix [do Carmo1976]. For animplicit surface,
the shapematrix is the deriative of the normalizedgradient(surfacenor-

mals)projectedontothe tangentplaneof the surface. If we let thenormals
ben = V¢/|V¢|, thedervative of thisis the3 x 3 matrix

T
N (on n om)T @)
or Oy 0z
The projectionof this derivative matrix onto the tangentplane gives the
shapematrix [do Carmo1976] B = N(I — n ® n), where® is theex-
terior product. The eigevaluesof the matrix B areki, k2 andzero,and
the eigemvectorsare the principle directionsand the normal, respectiely.
Becausehe third eigevalue is zero,we cancomputeks, k2 andvarious
differentialinvariantsdirectly from theinvariantsof B. Thusthe weighted
cunature flow is computingfrom B using the identities D = || Bl||2,
H = Tr(B)/2, andK = 2H? — D? /2. Theprinciplecunaturesarecal-
culatedby solvingthequadratick1,» = H ++/D?/2 — H?. In mary cir-
cumstanceghecunatureterm,whichis akind of directionaldiffusionthat
doesnotsuffer from overshootingcanbe computediirectly from first- and
second-ordedervatives of ¢ usingcentraldifferenceschemesHowever,
we have foundthatcentraldifferencesio introduceinstabilitieswhencom-
putingflowsthatrely on quantitiesotherthanthemeancunature.Therefore
we usethe methodof differences of normals [Rudin etal. 1992; Whitaker
andXue 2001]in lieu of centraldifferencesThestrat@y is to computenor-
malizedgradientsat staggeredyrid pointsandtake the differenceof these
staggeredhormalsto getcentrallylocatedapproximationso IN. Theshape
matrix B is computedvith gradientestimatesrom centraldifferencesThe
resultingcunaturesaretreatedasspeedunctions(motionin thenormaldi-
rection),andthe associatedjradientmagnitudeis computedusingthe up-

wind scheme.



