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Abstract

A systemfor interactive modelling of 3D shapesn a
computeris presented The systemis intuitive andhas
aflat learningcurve. It is especiallywell suitedto the
creationof organicshapesndshape®f complectopol-
ogy. Theinteractionis simple;the usercaneitheradd
new shapefeaturesor smoothanddeformexisting fea-
tures.

1 Introduction

Interactive modelling of 3D shapeson a computer
shouldbeassimpleandintuitive asdoodling2D shapes
usingpencilandpaper Simpler in fact,sinceonacom-
puter changescan always be undone,and the useris
morefreeto exploreandexperiment.

Thefactthatsimpleandintuitive 3D shapemodelling
is not quite “here” yet, we attribute to the factthatthe
presensystemdor modelling(or sculpting)3D objects
arebasedn shapeaepresentationghichimposeunde-
sirableconstrainton boththe userinterfaceandon the
rangeof shapeghatarepossible.

In this paperwe presentnintuitive sculptingsystem
thatis beingdevelopedatIMM. Thesystenis basedn
thevolumetricrepresentationatherthanthetraditional
surfaceorientedrepresentationsThe volumetricrepre-
sentationand volume visualizationare normally asso-
ciatedwith medicaldataandvisualizationbut the vol-
umetricrepresentatiois alsovery well suitedto solid
modelling. Thereareseveralreasongor this:

First of all, in volume graphics,operationswhich
changethe genus(i.e. changethe numberof holes)of
thesolid aretrivially supported.

Likewiseit is easyto supportmanipulationghatmay
divide a modelinto separateparts. This is notewvor-
thy, becausen surfacebasedrepresentationkeeping

track of topologyincreasegshe complexity of the sys-
tem. Thatis why somesystemslik efor instancethere-
cent,gesturdasedandveryintuitive system;Teddy[1],
supportonly shapeshatcanbedeformedo a sphere.

Anothersalientpointaboutvolumegraphicds thatit
seemdo lenditself quite well to the sculptingof com-
plex andorganicshapes.

Finally, two technologieshave provento be very ef-
fectivein the context of volumegraphics:

e Constructve Solid Geometry(CSG).
e Level Settechniqueg?]

CSGis a paradigmthat hasbeenusedfor mary years
in the context of solid modelling. Intuitively, CSGis
aboutaddingandsubtractingshapedrom othershapes.
For instanceaheusermayaddor subtracta spherdrom
thesolid heis working on. CSGis easilyimplemented
in the context of volumegraphics.

Level settechniquesarevery usefulfor both global
and local deformationsof shapes. In the sculpting
systemdiscussedn this paper level set techniques
have beenusedto implementlocal smoothing,global
smoothingtoolsfor addingandremaoving material&c.
Level settechniquesalso meshwell with the volume
representation.

1.1 Outline

Thenext sectionis anintroductionto thevolumerepre-
sentation.Section3 is aboutvolumetricCSGandSec-
tion 4 is aboutdeformatietoolsusingthelevel settech-
nigues.Section5 is aboutthe actualuserinteraction.

In the threefinal sectionswe discusssomemodels
createdvith thesystemthesoftwareandhardwareplat-
forms,andfinally someconclusionsaredravn together
with suggestion$or furtherreading.
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2 TheVolume Representation

Perhapshesimplestwayto understandhevolumerep-
resentationis that a volume is a stack of imagesas
shavn in Figurel. Eachimagecorresponds$o a single

slice of therepresentedbiject.In the volumerepresen-

Image = Volume slice

Figurel: A volumeseenasa stackof images.

tation, the pixelsarecalledvoxels. Justlike a pixel is a
smallsquarea voxel canbe seenasa smallbox. Thus,
thestackof voxelimagesormsa3D arrayof boxesthat
is calledavolume.

Accordingto a slightly differentoutlook,we cansee
avoxel asa point in 3D space(just like we canseea
pixel asa pointin a 2D space) Now, thevoxelsarethe
verticesof a 3D lattice (asshowvn in Figure2.

Voxelsarecharacterizedby their positionandan as-
sociatedralue Whenthevolumerepresentatiors used
for solid modellingit seemsreasonablé¢hat the voxel
value shouldbe a binary variableindicating the pres-
enceor absencef matterin the immediatevicinity of
thevoxel.

However, this representatiosuffers from a problem
known as aliasing Aliasing turnsup mary placesin
computergraphics. Probablythe simplestexampleis
thatin two—colourcomputergraphicsa straightline be-
comesajaggedsequencef little blacksquaregpixels).
To amelioratethe problem,we useantialiasingwhich
usuallymeansmakingthe line alittle fuzzy. Theline
is approximatedisingpixels of variousshadeof gray
dependindfor instancepnhow closetheline is to their
centres.

A similar solutionis usedin volume graphics. In-
stead of storing only binary values, voxels contain

Figure2: A volumeseenasa 3D lattice of voxels

scalarvaluesthataresampledrom afunctionwhichis
somtimescalleda characteristicfunction f : R®> — R.

Now, theobviousquestionis: How canthecharacter
istic function, f, represent solid? The answeris that
thesurface(boundary)of the solid shouldbeembedded
asaniso—surfacesaytheiso—surficecorrespondingo
thevalueO. In thatcase,andif we usethe corvention
thatthesignis negative ontheinterior:

f(x) <0

impliesthatx is ontheinterior sideof theboundary
fx)=0

thatx is ontheboundaryand,finally,

f(x)>0

thatx is outsidetheboundary

Normally, if |f| > 7 wherer is someconstantwe
recordonly whetherwe areinsideor outside(basically
thesignof f) andnotthevalueof f. This makesmost
of thealgorithmsfasterandenableamorecompactep-
resentatiorof the solid.

Theregion wherewe storethe actualvalueof f, i.e.
{x| — 7 < f(x) < 7} is calledthetransitionregion.

The schemeis illustratedin 2D in Figure 3. The
black region is interior, the white region exterior, and
thefuzzy grayregionis thetransitionregion.



Figure3: A slice of a volume. The grid is the voxel
lattice. Theiso—surfce(iso—curein 2D) is shovn asa
curve.

2.1 Voxelization and reconstruction

The proces®f generatingrolumedatafrom a different
representatioms known as voxelization. Voxelization
of solidsamountgo the samplingof their characteristic
function.

A typical exampleof asolid is the sphere.The char
acteristicfunctionof aspherewith centrepg andradius
r mightbeandthedistancefunctionis

1)

It is clearthat f (p) = 0 correspond$o the peripheryof
thesphere.

If we voxelize(i.e. sample)a characteristidunction
f atareasonableesolution|t is possibleto reconstruct
f by interpolatingin the volume. Most often simple
linearinterpolationis used.Reconstructiomf thevalue
of thecharacteristidunctionatanarbitrarypointis fre-
guentlynecessary especiallyduringrendering.

fP)=Ilp—poll -7

2.2 Rendering

The art of generatingmagesfrom volumesis know as
volume visualization. The two mostimportanttech-

niguesfor volumevisualizationareiso—surfacepolygo-
nizationandvolumerenderingby ray casting.Perhaps
the bestknown exampleof the formertechniques the
MarchingCubesalgorithm[3].

In the interactive programdiscussedelow, a differ-
enttechniqueknown aspointrenderings used.A dense
cloud of points on the iso—surace of the represented
solid are estimatedon the basisof the transitionvox-
els, andthesepointsarerenderedusingOpenGL.The
pointsarerenderedso large thatno holesappear This
verysimplemethodis fasterthanthetraditionalvolume
renderingechniquesandyieldsanacceptableesultfor
interactve purposes.

The higher quality imagesin this paperwere ren-
deredusingray casting.

3 CSG Operations

The simplest manipulationof a volume consistsof
changingthe value of a single voxel. In principle, it
is possibleto manipulatevolumesin that way, but it
rarelymakessenseln generalwe changemary voxels
atatime.

Assumethat we have voxelized a solid A. A sim-
ple manipulationoperationwould be to voxelizea new
solid B and combinethe voxels of the new solid with
theold. This could be doneby superimposinghe two
volumesandfor eachvoxel locationcombinethevoxels
v4 andupg usingsomesimpleoperation.

Let us call theresultingvolume C. It turnsout that
we canuse

(@)

on all voxelsto generatahe union of the solids. This
operationcanbe explainedby the obsenationthat the
shortestdistanceto the union of two solidsis the mini-
mumof theshortestdistanceto either

In factthereis often no reasorwhy thetool solid B
shouldbe voxelized,sincethe samplingof the charac-
teristic function can be integratedinto the CSG oper
ation. Pseudocodéor the volumetric CSG union of a
volumeanda solidrepresentetly a characteristiédunc-
tionis showvn below in Figure4. Intersectioranddiffer-
encearealsopossible.For instancemax is oftenused
to computethe intersection.Unfortunately CSG oper
ationsusingmin andmaxintroducessharpedgesn the
resultingsolid. Sharpedgesareproblematicin volume
graphicssincein generalthe boundarysurfacesof ge-
ometricsolids shouldbe curvaturelimited to ensurea

ve = min(va,vB)



Figure5: CSGoperation

CSGunion(\Wlumevol, CharacteristicFuf)

for_all(i,j,k in Vol)
Vol[i,j,k] =min(\Vol[i,j,k], f(i,j,k));

Figure4: CSGunionof volumeandcharacteristi¢unc-
tion

goodreconstructionTo overcomethis problem,blend-
ing is addedo the CSGoperations.

Theresultof aCSGunionoperationis shavn in Fig-
ure 6 and a 2D diagramof the operationis shavn in
Figure5.

4 Deformative Operations

The shapeghat can be createdusing only volumetric
CSG areratherlimited. The resultingshapedook to
regularanddo not exploit thefactthatvolumegraphics
is very suitablefor organicshapes.

The remedyis to implementdeformatve methods,
andagoodwayto dothisis throughLevel Setmethods.
Basically alevel setis the samething asaniso—surbce
(discussegbreviously in Section2). The centralideais
to deformthe iso—suriceby changingits embedding,
i.e. thevoxelsin thevolume.

Much hasbeenwritten aboutthe level setapproach,
andit would carryto far to repeateventhe basicalgo-
rithm heré-. Insteada slightly simplified explanationof

IHowever, level set techniques are a very interest-
ing field, and the interested reader is referred to [2] or
http://ww. nat h. ber kel ey. edu/ sethi an/

v

i

Figure6: Locusof blendingsphere

the deformationtechniquewill be givenin the follow-
ing.

First of all, the deformationis surfaceoriented.The
boundarysurfaceof the solid is pushedin the normal
direction.To determinehow muchthesurfaceis pushed
we needa forcefunction. Typically, theforce function,
sayF, is definedin 3D, i.e. F : R® — R butit is only
evaluatedontheboundarysurface.For agivenpointon
the boundary the value of the force function indicates
how muchthe surfaceshouldbe pushedn the normal
direction.

For all voxels in the transition region, the closest
boundarnypointis found,andthevalueof theforcefunc-
tion is evaluated. The voxel valueis thenchangedie-
pendingon the force. Say the voxel is v;;;, andthe
closestboundarypointis p,,;, . Thenew valueis sim-



ply theold valueminusthevalueof theforcefunction:

(3)

In our examples,values< 0 correspondo insideand
values> 0 to outside. Hence,if the force functionis
positive, this operationpushesthe boundaryoutward.
Similarly if theforceis negative,the objectshrinks.As
the objectexpandsor shrinks,new voxelsareaddedto
thetransitionregion asneeded.

The value of the force function should not be too
large. In generalthe value of F' shouldnot be larger
thanthedistancebetweertwo adjacentoxels.

Vijk = Vijk — F(p’Uijk)

Figure 7: lllustration of deformationscheme: Nor-
malsscaledby the magnitudeof theforcefunction (top
left), Linesindicateclosestboundarypointsfrom vox-
elswheretheforcefunctionis sampledtopright). The
iso—surhceis changedbottom).

It is very easyto designa force function for creat-
ing small bumps,but more sophisticatedieformations
arealso possible. For instance|f the curvatureof the
surfaceis used,geometricsmoothingof the surfaceis
possible.

It isimportantto notethatthedeformationsnayresut
in topologicalchanges.For instance,a negative force
function canbe usedto make a dent. Repeatedappli-
cationcanbe usedto createa hole throughthe model.
Sincethesurfaceis notexplicitly representetut exists
only asaniso—surficeof thevolume thisis notproblem
andsuchsituationsaretrivially handled.

The implementedtools and their respectie force
functionsaresummarizedelow:

e Add material(positive force function)

¢ Remwe material(negative force function)

Smooth(Forcedependingn curvature)

Un—smooth(Force dependingon curvature. Sign
reversed.)

Dilate. (Constanforce,inflatesobject.)

5

Manipulationshouldbe both simpleand powerful. By
powerful, we meanthatthe usershouldbe ableto con-
trol the placemenaindorientationof thetool completely
and precisely To retainsimplicity, we have madethe
systemmodal. In onemode,the navigation mode,the
user mainly controls the object. In the other mode
which is intendedfor CSG, the userhasmore precise
controloverthe CSGtool.

Initially, in navigation mode,the useris ableto pan,
rotateand zoomin on the objecthe or sheis working
on. Whenthe userhasfound an appropriateangleto
work from, a numberof deformationtools and CSG
toolsmaybeapplied.

TheCSGtoolscube cylinder, tetrahedrorandsphere
may be selectedlirectly by the user but ellipsoidsand
corvex polyhedrain generalare alsosupportedoy the
software framework. Deformationtools include a lo-
cal smoothingtool and a mattertool that canbe used
to createsmall bumpsor dents. Thereis alsoa global
smoothingool, andatool for dilating the shape.

In navigation mode, the userplacesthe tool on the
surfaceof the object. This is donesimply by moving
the mouseover the desiredlocation on the objectsur
face. Theinitial position of the tool is found by un-
projectingthe screerspacex,y,z positionof thelocator
The x,y positionis simply the mousecoordinatesand
thecorresponding valueis obtainedrom the z—tuffer.
Theinitial orientationof thetool is eithersetto the sur
faceorientationat that point or to the directiontoward
theeye point.

Oncethetool is placed theusersimply presses but-
ton to activate. Hencea pointandaclick is all it takes
to doa CSGoperationto smootha bit of thevolumeor
to adda smallbump. If thetool is a CSGtool, the user
canlock theview (switchingto manipulatiormode)and
rotateor translatethe tool to a more preciselocationif
desired.

| nter action



Whenswitchingto manipulatiormode theinitial po-
sition and orientationof the tool are usedto definea
coordinatesystem,the tool coordinatesystem— TCS,
for further manipulationof the tool. The usercannow
performthefollowing operations.

¢ Rotation.Thetoolisrotatedusingaseparatérack-
ball. It is alwaysrotatedaboutits own center

e XY Translation.Thetool canbe movedaroundin
the XY planeof thetool coordinatesystem.

e Z Translation. Again in the TCS. This motion
is usefulfor boring holesor to extend cylindrical
shapes.

The describedoperationsare all performedusing the
mousein thegraphicsvindow. A separateontrolpanel
allowstheuserto setthesizeandtypeof thetool andto
choosewhetherto addor subtracthetool shape.

6 Modes

Somemodelscreatedusing the systemare shavn in
Figure8. A maskmodelis shovn togetherwith three
headmodels. The simplestof these headl, is, in fact,
the startingpointfor head2 andhead3.

Headl is sculptedusingonly CSGoperationsHead
2 is createdrom headlthroughextensive useof thede-
formative tools for adding, subtractingand smoothing
material. The fat appearancef head3 wascreatedby
dilating head2 andsculptingon from there. The beard
onthe maskmodelwascreatedusingnegative smooth-

ing.

7 Implementation

The system has been implementedin C++ using
OpenGL for graphicsand FLTK for the userinter
face.We have testedthe systemon PCsequippedwith
Geforce2GTS graphicscardsrunning either Linux or
Windows.

In addition, a slightly modifiedversionrunson a 16
processoiSGIl Onyx 2 with 3 InfiniteReality2Egraph-
ics boardsin the UNI-C Virtual Reality Center The
Onyx is connectedo a 6.5 by 2.5 m? stereodisplay
andit is possibleto sculptin stereo.Becausesachpro-
cesso(MIPSR10000)unsatonly 195MHz, thecom-
putationallyintensive manipulatioroperationsrequite
slow onthisarchitectureHence theCSGmanipulation

operationshave beenparallelizedusingthe pthreaddi-
brary.

8 Conclusions

A volume sculpting systemhasbeenpresented. The
systemallowstheuserto editavolumetricsolid by con-
structive anddeformatie operations.Theseoperations
are provided througha simple andintuitive userinter-
face.

The systemruns on an ordinary PC running either
Linux or Windows. This may be surprisingsince,un-
til recently volumevisualizationand volume graphics
requiredhardware outsidethe rangeof pc—tuyers;but
it seemshatthe swift advancesin PC technologyand
graphicscards has leveragedvolume graphicsin the
pastfew years. This may alsoexplain why the interest
in interactive volume sculptingseemgo be increasing
currently

8.1 Further Reading

Thispapethasonly grazedhesurfaceof volumegraph-
ics. An in—depthpublicationaboutthe presentedculpt-
ing systemhasnotyetbeenwritten, butthereareanum-
berof interestingpublications:

e Recentsculptingsystemsi4, 5, 6].
e Not—sorecentsculptingsystems{7, 8, 9].

Thereis alsoa recentbook entitled ‘VolumeGraphics’
[10] which is a collectionfrom the 1999workshopon
volumegraphics.Finally, thereis a singlecommercial
(extremelyexpensve) sculptingsystem:

http://ww. sensabl e. coni freef ornf
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Figure8: Maskmodel(top left), headl (top right), head2 (bottomleft) andhead3 (bottomright)
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