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Abstract

In this paper, we proposethe use of the Level-%t
Methodas the underlying techndogy of a volumesculpt-
ing systemThemainmotivationis that this leadsto a very
generictechnicue for deformdion of volumetricsolids. In
addtion, our methodpreserves distane field volumerep-
resentation A scalingwindowis usedto adag the Level—
SetMethodto local deformatiols andto allow the userto
cortrol theintensityof thetool. Level-Sebasedoolshawe
beenimplementd in an interactive sculptingsystem,and
we showsculptuescreatedusingthe system.

1. Intr oduction

Interactve mocklling of 3D shape®nacomputershould
beassimpleandintuitive asdooding 2D shapesisingpen-
cil andpaper Simpler in fact,sinceon aconputerchangs
canalwaysbe undme,andthe useris morefreeto explore
andexpelment.

Volume sculptingis a methodthat seemsto hold the
promiseof powerful andintuitive 3D shapemodelling, and
althowghit appearsthatvolume sculptingis notyetawidely
usedtechniqee, the methodhasproven to be effective for
sculptingobjectsof complex topdogy andorganic appear
ance.

The pastten yearshave seena numter of publicatiors
pertainng to volumesculpting[3, 14, 24, 9, 31, 25,5, 2, 23,
13] aswell asa commecial systemfrom SensAbleTech-
nologies. The proposalsare diverse,anda numter of the
systemssuppat advenced 3D input and output facilities.
However, the systemsare similar with respecto the tools
they suppat. Thisis trueatleastif we focusonthesystems
basedon the grey—level volume representatio (see next
section) In this caseall manipuationsare block manip-
lationswherea region of thevolumeis traversedandsome
opeation perfamedon eachvoxe therein. This modeof
opeation hassomedravbacks. In particdar, it doesnot
leadto geneit technique for deformations,andit is impos-
sibleto assigna precisesignificanceo avoxe.

As aremedy we proposeto usethe Level-SetMethod
(LSM) asthe basictechnolay of a sculptingsystem.This
appoachlendsitself well to ary sort of defamative ma-
nipuation of volumetricsolids,andit maintairs a“cleaner”
volume representationwherevoxels have (andretain) the
property that their valueis the signedshortestdistanceto
thebourdaryof therepresentedolid.

2.Background

Existing volume sculptingsystemscan, rouchly, be di-
vided into three catagories: Systemsthat employ the bi-
nary volumerepresetation, e.g. [24, 9, 25|, and systems
which emplg the grey—level or scalarvolumerepesenta-
tion [3, 14, 31, 5, 23 13. In additiona numter of sys-
temsarerelatedto volume sculptingsystemshut differ in
significantways: For instance someauthos have investi-
gatedAdaptiveDistanceFields[17, 22] or volumeswhere
thevoxelsarelinked[16].

In thispaperwefocus onthesystem$asednthescalar
volume representationsincethe binaly repesentatiordoes
not lend itself well to the sculptingof solidswith smooth
surfaces. The alternatve appoachessolve certain prab-
lems,but they alsointrodwce new difficulties. For instance,
Adaptive DistanceFields allow for highe resolutin fea-
tures,but seemto be suitableonly for volumeric CSGand
notmanipuationsthatdefomm the solid. Thelinkedvolume
representationis an augnentedbinary volume repesenta-
tion, andlik e binary volumesprobably not suitablefor the
sculptingof solidswith smoothsurfaces.

In the caseof thescalarvolumerepresetation, it is gen-
erally assumedhat voxels are placedat the points of an
isotropc 3D lattice. The distancebetweentwo adjacent
voxels (onevoxd unit — vu) is oftena corvenientunit. A
scalarvalueis associatedvith eachvoxel. We canseethis
valueasasampleof aV-modckl [30] alsocalledacharacer-
istic function A V—madelis, essentiallyanimplicit surface
representationof a solid. More precisely givena solid S,
anassociatetV—madel

V(S) : B — [a,b] C R



shoud have the property thatV(S)(p) > r if p is outsice
thesolid, V(S)(p) = 7 if p € 8S andp < 7 if p isinside
the solid. Theiso—valuer is arbitray, andin the follow-
ing we alwaysassumehatr = 0. In the context of scalar
volumes, the processof samplinga V—-mockl is calledvox-
elization In otherwords,in the context of scalarvolume,
voxelizationdendesthe corversionfrom somerepesenta-
tion to thevolumeric by way of a V—-mocatl representation.

It is known thatV(.S) shoud be smoothandvary slowly
with respecto the voxd grid. It would seemlogical to use
aV—-madel thatjumpsfrom, say zeroto oneonthe bourd-
ary of a solid. However, sucha functionis, of course,rich
in high frequancy compmnentsandwhenit is sampled(at
thevoxel positions) the recorstruction(the valueis recon-
structedusinginterpolation betweernvoxel values)will ex-
hibit artefacts.Seealso[15, 20, 7].

In the following, we will assumethat the V-madel is
simply the signedshortestdistanceto the boundary of the
solid clampedo a certainrangej.e.

V(5)(p) = min(max(—r,ds(p)),r) (1)

wherer is thewidth of thetransitionregion and
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Voxels in the transitionregion are calledtransitionvoxels
andvoxels outsidethe transitionregion are calledinterior
or exterior depeiding on their sign. To avoid artefactsin
recastruction|t is bestif r is abaut 2.5vu or larger[7, 30].
Thisvaluehasbeenusedin thework presentedhere.

The scalarvolumerepresetationwill be calledthe dis-
tancefield volumerepresetation (DFV) whenvoxels are
sampledfrom a function of the type (1). Distancefield
volumeshold a numter of advartages.First of all, finding
the distanceto a solid is a comnon operdion in computer
graghics. HenceDFVs canbe generatd using techndo-
giesalsousedfor e.g. collision detection. Secoully, the
value of a transitionvoxel now hasa cleargeometricsig-
nificane. Finally, certainopeationsaresimplified. In this
pager, we shallseethatit is easieto computecunatue and
find pointsonthebouwndaryof asolidif thevolumeis aDFV
thanit is in geneal for scalarvolumes.

Sculptingsystemsasedon the scalarvolume repiesen-
tationaregeneally similarin the way manipulationswork
(a notableexception beingthe methal proposedby Arata
etal. in [2] wherevoxes represencellular autonatathat
exchangematerial.) The userpositiors a tool someavheie
insidethevolume, andthetool affectsa box shapedregion
of Influence(ROI). For eachvoxd of valuev andposition
p in the ROI, a simple operatim is carriedout. Typically
either

dS(p) — { _lanQEBS ||p - q|| P € S

1. visreplaedby aweightedaverageof v andthevalues
of neigtbouiing voxels.

Figure 1. Volume sculptures. Normal models
are on the left, dilated on the right, old system
on top, new system below.

2. v is replace by a comhbnation of v and the value
of a V—mockl evaluded at the voxel position v +
(v, Vool (P)) WhereVy,o1 is the V—modelof atool.

1. is the simplestto explain. The averadng correspads
to convolving the volume with a blurring kernel, and the
resultis thatthe representedolid becanessmoothe 2. is
reallyvolumetricCSG.Many implenentationsarepossible.
If thevolumeis a DFV, g(a,b) = min(a,b) is sometimes
usedsincefor most(but notall!) voxels the correctsigned
shortestdistanceis the minimum of the shortestdistance
[6, 21]. However, mary other pervoxel operatims have
beenpropcsed.

The motivation for the work presentd hereis twofold.
First of all, the two operatims above allow for smootling
andvolumetric CSG but do not provide a geneal metha
for defaming volumeric solids. Secondly the above
methal doesnot presere the distancefield representation.
This easilyleadsto noiseat otheriso—aluesthanT = 0 as
illustratedin Figurel. The modelon topis sculptedusing
the systemdiscussedn [5] wheresthe method presented
in this paperareusedfor the modé below. Dilated mocels
areon theright. Notice thatthe dilatedversionof the top
mocel exhibits consideablenoisewhereagshemodel below
doesnot.



In thefollowing, we will discussthe Level-SetMethod
which hasbeenadaptedto volume sculpting Using this
methal it is possibleto perfam more geneal defoma-
tions. Moreover, the Level-SetMethod preseresthe dis-
tancefield repesentationin practicalterms,we rekuild the
transitionregion for eachmanipulationto ensurethatvoxel
valuescorrespadto distancesvith reasonhle predsion.

ThelLevel-SetMethodis aflexible tool which hasfound
diverse applicatims. In the context of volume graphcs,
LSM hasrecently beenusedfor sggmentéion problens
[32], andthe metamophosisof volumetic solids[4].

3. The Level-SetMethod

The Level-Setmethal [27] is a techniqie for tracking
the evolution of a defoming interfaceor surface. Theaim
of this sectionis to inform the readerabait how it works
andhow it is implemerted. For thefiner detailson e.g. up-
winding, stability and corvergence,the reackr is refered
to [27, 19]. Assumethat we are dealingwith a surface
X(t) C R wheret is the time paraneterization. X is
assumedo chame accoding to somespeedfunctionthat
pustes X in thenormal direction

Themotionof X is expressedhrougharelatiorshipwith
anembeding function® : R? x Rt — R. For all points
on X thevalueof ® mustbezero.Thisleadsto theequation

(X (t),1) =0 ®3)

whereX (t) denotsthesetof pointsbelongngto X attime
t. (3) simply saysthat X (¢) is anisosurfce(here calleda
level-set) of ®(-,t). Becausethis holdsfor ary poirt in

time,both X and® may evolve but the Level-Setequation
cortinuesto hold implying that

d®(X (t),t)/dt =0 (4)

To seehow thechargeof ® and X arecouged,wecompue
thederwative usingthe chainrule

o dX

d(X = — d. — 5
whereV® = [g—fg—jg—f . Becauseall motionis in the

nomal direction we canwrite thechangeof X in termsof

aspeedunction F' timesthenormal %

ax(t) _ V@
@~ Tve ©

Thus F(p) wherep € X is a voxd positionis literally
the speedat which that point on X moves in the normal
directin. Plugdng (6) backinto (5), we obtainthe Level—

Setequation
oP
5+F||V<I>|| =0 @)

The Level-Set Methodworks on a discretegrid repre-
sentatiorof @, thatis (assumig below thatunit time stepis
usedandthatthegrid spacings alsounit)

DI, j, k] = ®(iAz, jAy, kAz,nAt)

Thisis a4D discretefunction but, in generalpnly onetime
stepis stored In otherwords, ® is really repesentedy a
3D voxel grid. Moreover, theinitial value,®? is typically a
distancsdfield. In otherwords,the voxel gridsthatareused
throughou this pape are preciselythe sametype of rep-
resentatiorasthe discretizedembedling function & which
theLevel-SetMethodworkson. Thetime derivative of ® is
appoximatedusing

0®
ot

andif thatestimateof thederiative is pluggedinto (7), we
obtaina metha for compuing onetime step:

~ DV® = ", 5 k] — ®"[i, 4, K] (8)

®"i, j, k] = ®"[i, 4, k] — F||[V®"|| (9)

wherethe gradent ||V®"|| mustbe computed using one
sidedderwativesin the upwinddirection[27]. Thereason
is thatthe solutionothemwise hasatendenyg to becone un-

stablein thepresencef discontinuitiesin the evolving sur

face. However, basedon the obserdtion that||V®|| = 1

evetywhere(except at singulaities) in a distancefield, we

have simplifiedthe formulato

®" i, j,k] = ®"[i,j, k] — F (10)

It might be thought that this could introdwce nunrerical
prodems,but we have notobsevedill effects.

An important questionis how to define F'. Adalsteins-
sonet al. have shawvn thatif the speedfundion fulfills
VF -V® = 0 then® remairs adistancdfield [1]. In other
words,thespeedunction shouldbe constantlongthegra-
dientdirection. To achieve this, F' is alwaysevaluatedatthe
closestsurfacepoint—i.e. the point we reachby following
thegradent towardsthe surface Sincewe aredealingwith
distancdfields, it is easyto find the closestsurfacepoint to
apointp usingthebowundarymappng

B(p) =p — V2®(p) (11)

In thefollowing, it is understoodthatto evaluae the speed
fundion, thebowndarymappngis first usecto find theclos-
estsurfacepoirt (thefoot point), andthenthe speediunc-
tion is evaluaedthere.

3.1 Alter native Technique: CIR

The CIR (Couran IsaacsorRees)schemehasrecently
beenusedto solve the Level-Setequatim by JohnStrain



[29]. Saywe arefollowing thecharateristiccurve s(t) de-
finedby

s'(t) = FV® s(0)=p (12)
for somepointp, then

%(I)(s(t),t) %—f+v¢ %—T+F||vq>|| —0 (13)
In otherwords, ® is corstantalongs. At ary given point,
we canapprximate a stepalongs by the speedfunction
timesthe gradent, andthatleadsto the CIR schemawhich
is, essentiallyto trackthe charateristic curve from a voxel
positiononetime—steackandthenassigrthevalue atthat
poirt.

The algorithm as implemerted by Strain consistsof
three stepscarried out for all grid points. Let the grid
poirt be p. First we evaluatethe speedfundion F(p).
A step back along the charactastic is appioximatedby
s = p — F(p)V® where(asusual)unit time stepis as-
sumed The valueof ® ats is compued. Strainusesthe
so—calledENO schemd19] to find thevalue ats (whichis
notin geneal a grid point) — we usetrilinear interpdation.
Finally, the interpdatedvalue ®(s) is assignedo the grid
poirt p.

3.2 Mean Curvature Flow

Meancurvature [10] constitutesa very useful,geonetry
dependentspeedunction

Fcurv(p) = —Km (14)

wherex,,, dendesthemeancunatue. Thesignof thecur
vature is definedto be positive at a corvex pointandnega-
tive ataconcae poirt. Theresultis thatall regionsof high
cunatureare madesmootter, protrusionsshrink andcavi-
tiesarefilled in. This procesds known asmeancunature
flow andit is a well knowvn andexploredapplicationof the
Level-SetMethad [11].

The formua typically (seee.g. [27]) usedto compue
meancurvetureis

(Byy + <I>zz)<1>2
+(®zw + (I)zz) g
+(Pyy + Dy ) P;
1\ —2(2,8,%,, +$,9.0,, +3,5.9,.)
2 (@2 + ®2 + 92)3/2

Km =

(15)
but, basedon the obserationthat ® is a distancefield, we
canusea muchsimplerformula[18]

trace(H) @0 + Oy + ..
2 h 2

Km = (16)

where H is the Hessian(i.e. the matrix of secondorder
derivatives.) of ®. A comnon way of compuing the sec-
ondorderpartialderivativesis usingthe following discrete
opestor
2
?97? —1,y,2) — 2®8(z,y, 2)

However, we storegradentsin the volumeandit is simple
to computethesecondrder derivativesby applying central
differencesto the gradients. This methodis a bit unwsual,
but it is fastandvery stable.

~ Bz +1,y,2) + (o

3.3 Reluilding the Transiti on Region

The Level-SetMethodis atechniqie for compuing the
evolution of surfacesthat may expand andcontact. If we
assumehat the speedfunction is always positive, the so—
calledFastMarchirg Method[26] maybeusednstead Ap-
pliedto avoxel grid, theFMM compuesthearrival time of
anevolving front. If thefront evolvesat unit speedthere-
sultis adistancedield. TheFMM requresthatasetof vox-
els, whosedistancevaluesare known, are frozeninitially.
By solving a qualratic polynomial, the distancesare then
computedat theneighboursof thefrozenvoxels.

After that,aloop ensuesFor eachiterationof theloop,
the non-frozen voxel having the smallestdistancevalueis
frozen, anddistancesare computedat its neightours. The
distancevalueof afrozenvoxel is never reconputed.Thus,
we canseethe FMM asanexparding front. A bandof vox-
elsalongthefront arebeirg reconputed,andvoxels belind
thefront areknown andtheirvaluesfrozen

Because the FMM can be usedto compute distance
fields, it canbe usedto build or retuild the transitionre-
gionof aDFV —providedthatwe know thedistancevalues
of a thin bandof voxels. A secondorder versionof the
algoithm is possible. This versionis calledthe High Ac-
curagy FastMarchingMethod(FMMHA), andthis methal
hasbeenusedin thework preseted here.For moredetails
abou how theFastMarching Methods areimplemerted,the
readeris referedto [27, 26, 8].

3.4. Implementation

The volume s storedin a two level hierarclical grid.
More predsely, an N x N x N grid is represeted by
anN' x N’ x N' supergrid whereeachcell cortainsan
M x M x M sub—gid sothatN = M N'. Becausd¢heV—
mockl is clampedo the[—r, r] rangeonly transitionvoxels
needto have anexplicit voxel valuestored.Interior andex-
teriorvoxelsall have values of —r andr, respectiely. Con-
sequetly, asub—gid is storedonly if it cortainsatleastone
transitionvoxels. Otherwiseall its voxelsmustbeeitherin-
terior or exterior, andonly thisinformationis storedfor the
entiresub-gid.



In its simplestform, the Level-SetMethod consistsof
visiting all transitionvoxels andreplacing eachvoxel with
theresultof (10):

®[p] « @[p] - F(Proot) (17)

where F' is the speedfunction evaluatedat the foot point
Proot = P — @V ®. Notethat(17)is really thesameas(10)
with a slight chang of notation. The updatirg procedire
canquite easilybe changedo updatethe voxes usingthe
CIR appoachsuggstedby Strain[29]

®[p] + (p — gF (Proot)) (18)

where®(-) dendesthe valueof the volume interpolatel at
agivenlocation.Exactlythesamefundamentaloopis used
in corjunctionwith both(17) and(18). Theonly difference
liesin how thevoxes areupdated.

The basicappoachis to updateall voxels in the tran-
sition region using either (17) or (18). However, it is not
enaighto simplyupdatehevoxes. As thesurfacedefams,
somevoxels shouldbe addedto the transitionregion, and
othervoxels shouldbe removed. Recallthat voxes arein
thetransitionregionif theirdistancevaluesfall in therange
] — r,7[ wherer is thewidth of thetransitionregion. If the
distancevalueafter updating falls outsidethis range,it be-
comes an interior/exterior voxel asapprd@riate. This does
not posea prodem, but it alsohappgensthatvoxels outsice
the transitionregion come closerto the surfacethanr. In
this casethe distanceneedsto be reconputed. This prob-
lem could be solved by freezingall transitionvoxels and
thenrunring thefastmarding method However, ourexpe-
rienceis thatevenwhenevaluatingthe speedunction only
at foot poirts, the voxels in the outerlayersof the transi-
tion region have atendemy to becone lessprecise.Conse-
quently, abetterideaseemso beto retainonly thevoxelsin
theimmedate neigtbourtoodof thesurfaceandretuild the
restusingtheFastMarching Method To concetize“imme-
diateneigtbourtood” only voxels at1/2vu distanceor less
from the surfaceareretainedandtherestarerehuilt. Thisis
illustratedin Figure2.

Thecomplde procedireis asfollows:

1. Compue new distancevalue for all transitionvoxels
using(17)or (18).

2. Freezaall voxelsat1/2 vu distancerom thesurface.
3. Rehuild transitionregion usingthe high accurag Fast
Marching Method

4. Sculpting Tools

Sculpting tools differ only by their associatedspeed
functions. The simplestpossiblespeedfunction is a con-
stantspeedunction. A constanspeedunction

Feonst (P) =k (19)

L] Exterior/interior voxel
[ Transition region voxel

[ ]voxel exiting transition region
A voxel entering transition region
B voxels at 1/2 vu distance

Figure 2. Level-Set Method

pusheghebourdaryuniformly outwards andthusresultsin
adilation. A speedfunction which may be usedto adda
smallpratrusion(or dent)to the surfaceis the 3D Gaulian

2
Fbump(p) = eXp*||P*P0||/2a' (20)

The alreadymenticned meancurvatue speedfunction is
usedto smoothe thesurface.

Fcurv(p) = —Km

An important pieceis missing. We wantthe userto be
ableto make local changs. Locality meanghatthe entire
Level-SetMethodis usedonly in a ROl arownd the centre
of the tool, andthe value of the speedfunction shoud be
0 on the bowndary of the ROI. To achieve this, a radially
symmetic windowing fundion is used. This function can
be seenas a speedfunction thatis contrdled by four pa-
rametes: A scalingfactora, awindow radius r, awindow
transitionregionthicknessk, acentrepoint po, andanotter
speedunction F'. Thedefinitionis

FarkpoF(p) = aF(p)wrk(”p - pO“) (21)

where
1 0<t<r
wep(t) =4 1=3(555) —2(FF)° r<t<r+k
0 t>r+k

(22)
Noticethatw,, isaC* function. Thisensureshatthespeed
fundion decreasessmootlty to 0. The scalingfactora is
usedto scalethe effect of thetool.

Thefollowing conaetesculptingtoolshave beenimple-

mented
1. Add blob: Fy,ump usedin conjunctionwith the scaling—
windowing speedunction. Thistoolis local only. 2. Re-
move blob: Sameasabore, but with negative scaling.
3. Smooth F,,., usedeitherin corjunction with the
scaling—vindowing speedfunction or without, depading



onwhetheraglobalor alocal smootting is desired.Scaling
is usedto determire the degreeof smootling.

4. Un—snooth: Sameasabove but with a negative scaling.
5. Dilate: Fionst Usedwith scalingbut usuallynotwindow-
ing sincea dilation of apartof anobjectis rarelydesirable.
6. Eraode: Sameasabove but with negaive scaling.

5. Visualization

A fastmethal for visualizingvolume datais veryimpor-
tantin volume sculpting. The methalstypically emplored
areeitherray casting[31, 3, 5] or a variationof the well—
known Marching Cubesalgaithm [14, 13, 23] by Lorensen
etal. [12].

Two method have beenimplemened: Marchirg Cubes
anda pointrendeing methal inspiredby [28]. Both meth-
odswere implemened using OpenGL,andin the follow-
ing, we briefly discussthe point rencering methal. For
eachtransitionvoxe within a given distanceof the bourd-
ary, the boundary mapping(11) is usedto produce a foot
poirt. Togethemith thenormal, this pointcanberencered
using the OpenGL point primitive. To facilitate perspec-
tive projectian, pointsare scaledaccoding to the distance
to the surface. Not all surfacepointsarerecomputedeach
timethevolumeis changedA point-bin is associateavith
eachsub—gid of thehierarclical grid. Whenthevolumeis
chamged,the pointsof a sub—gid arerecanputedonly if at
leastonevoxel hasheenchanged

Thestrengttof thepoint rendeing methodiesin its sim-
plicity, andourtestsindicae thatpointrenceringis between
two andfour timesfasterthanMC bothwhenit comesto
primitive (point or polygon) generatio and visualization.
Theweakressis thatatlow resoldionsor whenzoomirg in
close,pointsbecomevisible andthe quality of MC visual-
izationis betterin thesecases.Figure5 (right) (seecolour
section)illustratesbothmethod.

6. The Interacti ve System

The Level-Settools describedin Section4 have been
incomporatedin aninteractve system. The systemwill be
descritedbriefly in the following.

Onstart-uptheuseris presentedvith agrapticswindow
anda contrd pané. All sculptingoperatimstake placein
thegraghicswindow, andthe contrd panelis usedto select
various visualization parametes, the tool, andtool param-
eters. For instance the usercanselectthe smootling tool,
the amour of smootling andthe size of the smoothe re-
gionin thecontiol panelandthenapplythe smoothingool
in the graphis window. Apart from sculptingopeations,
thegraplics window alsoallows theuserto zoomin onthe
mockl, panor rotatetheview.

The systemdoesnot only suppot the Level-Setbased
tools discussedn this paperbut alsotools basedon volu-
metricCSG[6]. Thesystemhasbeenwrittenin C++ using
FLTK asthe GUI toolkit andit runs on Linux and Win-
dows. For the timings below, an 800 MHz Athlon based
system(ruming Linux) equppedwith 256 MB RAM anda
GeForce2 GTSgraphics cardwasemployed.

7.Results

Theinteractize systemhasbeenusedto createa numkber
of sculptues. The effects of someof the sculptingtools
areshawn isolatedin Figure3. The addandremove blob
toolswereusedto bore a hole through andcreatea handle
on the cube,respectrdy. The smootling tool wasusedto
smootlenonecornerof the cube.

Y X

Figure 3. Effect of add/remove blob and
smoothing (left), a “marzipan pig” (centre),
and marzipan pig after open with a sphere or
radius 3 (right)
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Figure 4. Volume Sculpture of a “marzipan
pig” under mean curvature flow.




ROI Tool Applications Ave.time/s
10x10x10  Add blob 612 0.044
Smoothing 1674 0.047
20x20X20  Add blob 654 0.134
Smoothing 738 0.153
30x30X30 Add blob 192 0.307
Smoothing 250 0.352
40x40x40  Add blob 128 0.703
Smoothing 132 0.878
50x5060 Add blob 110 0.973
Smoothing 138 1.109
60x60x60 Add blob 65 1.246
Smoothing 140 1.293
70x70%X70  Add blob 43 1.744
Smoothing 64 1.453

Table 1. Timings for the add blob and smooth-
ing tools.

More elabaate sculpturesare shavn in Figure5 (see
colou section).Thebeamodelis a256 x 256 x 256 volume
wherasthe headis storedin 1024 x 1024 x 1024 volume
(which would take up far too much storageexcept for the
hierachical grid). The LSM basedtools discussedn this
pager arethe primaly tools that have beenusedto create
the models.However, two othertechnigeshave alsobeen
used: For the eyes of the head(Figure5 left), volumetic
CSG was usedto createthe eyebdls. Second), the res-
olution waschangedduiing sculpting In the caseof both
mocels,verycruderesolutins(e.g.32 x 32 x 32) wereused
during the initial work. Theresolutionwasthenincreased
by afactorof two while finer detailswereadded DouHing
theresoldion entailsaninterpolation of the valuesof new
voxelswhichturnedoutto introdwce slightartefacts. These
wereeasilyremovedusingglobal smootling.

Theaddblobandsmoothimg toolshave beenseenn pre-
vious sculpting systems. However, using the LSM, new
possibilitiesemege. The un-smoothtool which wasused
to createthe hair imitation on the bearis oneexanple. A
more practicallyusefulexamge is shawvn in Figure3: The
marzipan pig mockel on the left hasbeeneroded andthen
dilatedwith a ball of radiusthreevu prodwcing a morpho-
logical openimg.

The figuresdiscussedabove give an idea of the scope
andeffectivenessof the sculptingtools. Another importart
corcernis speed Thespeedchasbeertestedby auserexper
iment. Theaddblobandlocalsmodhingtoolswereapplied
by asculptorusingROlIsrangng from 10 x 10 x 10 voxels
to 70 x 70 x 70 voxels. For eachtool andeachsizeof ROI
thetool wasapplieda numberof timesin arandmfashion.
Theresultsareshovnin Tablel. As thetableindicatesthe
methal is easilyinteractive for smalltools. Large toolsare
clearlymuchslower, but thedefaut tool sizeis 20 x 20 x 20
whichis reasoably fastat abou 0.15secondgerapplica-

tion.

It hasbeenmenticedsereraltimesthatour methal pre-
senesthe distancefield represetation. Thisis ensuredy
theway the speedunctionis extenced andby the factthat
distancesarereconputedfor all voxels at morethan.5vu
distancefrom the boundary However, it is hardto prove
that the volumeremainsa distancefield. Also, somenu-
mericalerra mustbe allowed for. The besttestseemso
beto verify thatthelengthof thegradiett is unit, sincethe
gradent of a distancefield mustbe unit-lergth exceptat
critical pointsof the distancdfield [15].

An expaiment was carriedout. The experimentcon-
sistedof 400 applications of the addblob tool interspersed
with 400applicatims of thesmootling tool. Thetoolswere
appliedto randm points on the side of the cube. After-
wards,gradentswerecompuedfor voxelsincidert oncells
intersectedy thebourdary. As onewould expecttheerror
is quite low — nowherehigher than0.07vu. Moreover, the
greateserroris neartheedgesvherecunatureis animpor-
tantsourceof error.

Notealsothatthe pointrendeing reliesonthebourdary
mappng whichworksonly for distancdields. Inacairacies
wouldtranslatento errorsin thevisualization.

8. Discussion

We have shawn thatit is feasibleto usethe Level-Set
Methodastheundelying techndogy of avolume sculpting
system.

The methdl is geneic. Any deformation which canbe
expressedthroudh a speedfunction can be implemerted
usingthe Level-SetMethod By introdicing the scaling—
window in the cortext of the LSM, we have provided a
way of usingthe Level-SetMethodalsofor local manip-
ulatiors. This hasled to very effedive tools for smooth-
ing andfor addirg or subtrating blobsof materialfrom the
mockl. Moreover, tools that were not previously possible
have beenimplemened. For instance the un-smoothtool
usedin the bearvolume. Morphologcal operatios have
alsobeenshawn.

Anotheradwentageof our methadal lies in thefactthatthe
LSM maintairs a cleanervolume represetation than pre-
vious methals. The factthat a signeddistancevolume is
maintaired hasbeenexploited to simplify the compuation
of cunatureandthevisualization

For somesculptues,theLSM basedoolssufice. How-
ever, in geneal, CSGtools [6] are alsoimportart, and it
turnel out to be very valuable to be ableto begin sculpt-
ing at low resolutios andthengradially increasethe res-
olution. Thus,the LSM basedools shouldbe seenasjust
one compmnentof a comgete sculptingsystem,albeit an
importantcompaent. Moreover, thetoolswe have imple-
mentedareprobaly only the beginning, andothes areen-



visionead. For instancejt would be possibleto createshear
ing or warpingspeedunctions.

Finally, the systemis not heaiily optimized and al-
thowhit is sufficiently fastfor interacte sculpting,we be-
lieve thatthereis a potertial for greaterspeedon existing
hardvare.
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