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Abstract

Current methodsfor building modelsusingimplicit volumetecniquespresentproblemsde ning accuate and
contpollable blendshapesetweenmplicit primitives.\e presenner methodgo extendthefreedonmandcontrol-
lability of implicit volumemodeling Themainideais to usea free-formcurveto de ne the pro le of the blend

region betweerimplicit primitives.

Theuseof a free-formimplicit curve contmwlled point-by-pointin the Euclideanuserspace allows usto group
boolean compositionoperators with sharp transitionsor smoothfree-formtransitionsin a single modeling
metapharThisideais genealizedfor thecreation,sculptingand manipulationof volumeobjects while providing
the userwith simplicity, contollability andfreedonin implicit modeling

Catagyoriesand SubjectDescriptorgaccordingto ACM CCS} 1.3.5 [ComputationalGeometryand ObjectModel-

ing]: Curve, surface,solid, andobjectrepresentations;

1. Intr oduction

Providing interactve, preciseandintuitive controlof shapes
is a fundamentaissuein the developmentof threedimen-
sionalmodelingtechniquesDirect manipulationof meshes,
parametricshaperepresentationand, more recently sub-
division surfacesare commonand useful solutionsadopted
by mostcommercialsoftware. Implicit volume modelsare
rapidly becominga practical alternatve to thesemethods
dueto theincreasden computingpower and storagecapac-
ity of modernworkstationscombinedwith the latest de-

velopmentsin graphicshardvare. Better hardware along
with improved volume visualisationalgorithms 2 and data
structured, allow usto interactiely and accuratelyrender
iso-potentialsurfacesor potentialvariationsin an implicit

volume.

In this paperwe denoteasvolumeobjectsor implicit vol-
umesthree-dimensionabbjectswhich arede ned by a po-
tential eld f p thatassociatea potentialvaluewith each
point p of the Euclideanspace s, Commonlyusedsurface
representationsuchas sub-dvision surfacetechniquesdo
not provide a true three-dimensionatepresentatiorof the
object.A surfacein avolumerepresentatiois a setof points
de nedwith aniso-potentialvalue(animplicit surface).Vol-
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ume objectshave several importantadwantagesinside and
outsidecanbedistinguishedeasily they allow ef cient col-
lision tests, high quality triangle meshesof iso-potential
surfaces, classicalBooleanoperation3, blending 7 8, and
more advancedsweepingby maoving solid®, Booleancom-
positionwith soft transition&® 11 and Constructve Volume
Geometryalgebra?.

Most of thesetechniquesrebasedn the blendingprop-
ertiesof implicit surfaces Early work usedthe additionop-
erator between eld valuesto provide smoothtransitions
(blends)oetweerimplicit primitive$ 13 14, Theseransitions
were approximatelycontrolledby parameterg@mbeddedn
theimplicit functionthatde ned thesemethodsLaterwork
exploitedthelocality propertyof the primitivesasa power-
ful methodto build complicatedbjectsfrom asmallnumber
of primitivescombinedwith a large rangeof operator&! 15,
Compositionoperatordik e the onesproposedy Hoffmann
etal'® andPaslo etal'® demonstratethatsmoothtransitions
could be obtainedusing Booleanoperatorson volumesde-

ned by theinequality f p 0 (seealso’), and Barthe
etal'® shavedthat,in arestrictedapplication,accuratecon-
trol of the transitioncould be obtained.One of the big ad-
vantagesover other modelling techniquesds that a variety
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of compositionoperationcanbe easilyperformedbetween
implicit primitives, thus accurateand intuitive control over
theseoperationgs acritical stepto providing interactve and
ef cient volumemodelingsoftware.

Thegoalof thiswork is to provide methodghatwill sim-
ply andaccuratelycontrolthetransitionsin compositionop-
eratorsandmoregenerallyincreasehe freedomin the ma-
nipulation of volume objects.We usethe theoreticalinter
pretationof compositionoperatorsdescribedby Barthe et
al's. This leadsus from the de nition of free-formimplicit
curvescontrolledpoint-by-pointandwith regular eld vari-
ations,to the generalizatiorof Booleancompositionopera-
tors,sculptureandmodelingtoolsin auniqueoperatobased
on the manipulationof this implicit free-formcurwe in the
Euclideanmodelingspace.This greatly increaseghe sim-
plicity, controllability andfreedomin volumemodeling.

The organizationof this paperis as follows: we rst
presenta summaryof the different modeling techniques
commonly usedto build volume objects.Boundedprimi-
tives(suchas“Soft Objects™4), real-functionsandsampled
potential eld manipulationsare describedIt appearslear
that, whatever the modelused,improvementsn controlare
desirablevhenvolumeprimitivesarecomposed.

Thisis followedby the presentatiorof free-formimplicit
curvesand,moregenerally their two-dimensionapotential
elds. Sincethesepro les are usedto combineor de ne
volumes particularattentionis focusedon the variationsof
the eld aroundthe iso-potentialcurve. In this section,we
presentopenand closedcurves and we shav the progress
we have madein controllingthe variationsof the elds.

In Section4 we presentthe application of free-form
curveson volumesde ned by theinequalityf p 0. This
categyory regroupsandgeneralizesnostof thevolumeprim-
itives,asshavn by Adzhiev et al'’. The possibility of cre-
ating openor closedfree-form curves allows us to memge
the Booleancompositionoperatorgwith or without smooth
transitions)and operatorsto sculptor createprimitivesin
a single modeling metaphor:the extrusion of an implicit
curwe in an “implicit space”. Whatever the operatoy the
usersimply actson the two combinedpotential functions
f; and f, throughthe deformationof the implicit curve
G f1 f 0. We briey illustrate the interactve manipu-
lation of theimplicit curvesin a two-dimensionasectionof
the Euclideanmodeling spaceusing the modelingtool in-
troducedby Bartheet al'® andwe discussthe limits of the
intuitivenessaandaccuray of this process.

2. Relatedwork

Two different cateyories of potential function can be dis-
tinguishedfor modellingvolumeobjects:the rst form has
functionswhich equalzeo outsidea boundaryandthe sec-
ond hasfunctionswhich vary over the whole of spaceThis
lastform is moreexpensve in evaluation.Eventhoughour

paperonly dealswith non-boundedprimitives, we brie y
presentboth representationto allow the readerto clearly
differentiatethem.

2.1. Boundedprimiti ves

“Metaballs™3 or “Soft Objects®* are boundedobjectsde-
ned by a potentialfunction f equallingzero everywhere
outsidethe object's boundary Insidethis boundarythe po-

tential variesfrom zeio to oneandthe volumeobjectis de-
ned by thesetof pointsof 3 for which f p C(whereC

is apre-chosemwvaluein 0 1). A wide variety of primitives
areavailable’ 20, andtheblendis automaticallyjcomputedy

summingthe potentialfunctionsof the primitives.Many dif-

ferentblendingfunctiong? 22 andblendingmodel$® 24 have

beenproposedo controlthesmoothnessf thetransitionre-

gion,buttheoperatorgemainlimited to theblendingandthe
controlof which primitivesmustandmustnotblend.Thelo-

cality of the de nition andthe capacityto be automatically
blendedallow modelingtechniquesdasedon theseobjects
to beinteractie?s 26.

CSG composition operatorsare already supportedby
boundedprimitives (usingthe Ricci's min maxoperatorg)
but C* discontinuitiesareintroducedn thepotential eld of
theresultingobject,alteringthe smoothnessf thetransition
whenit hasto beblended Thisis undesirable.

A solutionusingRicci's superelliptic operato? to apply
binary union andbinary intersectionoperatorsvith smooth
transitionsto “Soft Objects"wasusedby Wyvill etal'! (see
Equationl), andextendedo n-aryoperations.

1
n

Gffp " " 1)

2.2. Realfunctions and sampledpotential elds

R-functions(realfunctions)andsamplecpotential elds can
be groupedinto a secondcategyory'” where potentialsare
given over all the Euclideanspace 3 andthe volume ob-
jectis de ned by theinequalityf p 0. Theoppositecon-
vention,wherethevolumeisde nedby f p 0, canalso
be used.Boundedobjects,describecabore, canbe adapted
to R-functionsby consideringonly the distance eld mi-
nusthe radiusof the primitive. Otherprimitives canbe ob-
tainedfrom differentsourcesvhenthe potential eld is re-
constructedsadistanceeld 27 28 29, Theseobjectsarefun-
damentalffor volume modeling,as muchfor the variety of
primitivesasfor the generalizatiorof volumesto a uni ed
model.For R-functionoperatorsyolumeobjectsarede ned
with thecornvention: f p 0. It hasbeenshavn by Paslo
et al'® haw to apply binary CSG operatorgwith or with-
out smoothtransitions),spacemappingoperatorsand oth-
ers.Equation2 givesthe exampleof the unionoperatomith
smoothtransitions.
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Figure 1: Repesentatiorofthesameprole G XY  0in

2ontheleftandin 3 ontheright, whenf; and f, are two
sphericalpotential elds. Theresultingiso-potentialsurface
(in yellowontheright) hasbeencutawayto showthedetails
underneath.
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Parametersg a; ap controltheform of thetransitionghat
do not have boundariesMary other operatorshave been
proposedn the literaturé® 30 8, While advancedoperators,
basedon R-functionsanddisplacementunctionswith local
areaof in uence, allow theuserto specifythelocationof the
blend?, the level of control on the transitionitself remains
globally equivalent. To correctly blend primitives, operator
G must satisfy speci ¢ propertiesthat are well de ned®.
A binary operatorG appliedon potentialfunctions f; and
fo can be written as a two-dimensionalpotential function
G X Y composedvith thecombinedhree-dimensionalo-
tentialfunctionsf; and f, (Equation3).

G: 3
Xyz G fixyz foxyz 3)

Bartheet al*® introducedthe notion of implicit extrusion
elds. The function G is consideredasa zeio iso-potential
cune G XY  0denedin atwo-dimensionalimplicit
space” 2A two-dimensionalimplicit space”canbe seen
asacurvilinearspacdn which eachcoordinatds a potential
eld (seeSection2.3andEquationd).

G: 2
XY Z GXY
or fi o fs Gffy

with f;: 3 i 13
Xyz fixyz (4)

To clarify notations pointsof an“implicit space”arede-
notedwith capitallettersandpointsof the Euclideanspace
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aredenotedwith smallletters.A pointP X 3Y 2 (or
Pf, 3f, 2)inaspace 2is then representedh the
Euclideanspace 2 by the intersectionbetweenthe 3 iso-
potentialsurfaceof the eld de ned by f; (whichis theset
of pointsp of 3 for which f; p 3)andthe2iso-potential
surfaceof the eld de ned by f, (whichis the setof points
pof 3 forwhichf, p  2). Thisis the intersectionbe-
tweentwo surfaceswhich is generallya curve. A point P
of ?is representedhy acurvein 3. A curve (or pro le)

canbe seenasa continuoussuccessionf points. The pro-
le of 2is thenrepresentedy a continuoussuccessiorof
cunesin 2 (representingachpoint of the pro le), which
givesusasurface.Theprole G XY Odenedin Zis
saidto beextrudedin 2 alongtheintersection®f f; andf;

iso-potentiakurfaces(Figure1). Thesurfacede ned by the
extrusionof prole G 0is theresultof combiningf; and
fo.

Full detailsaregivenin 18, Theauthorsxplainhow points
andvectorsde ning thepro le in 2 canbedirectly selected
by the userin Euclideanspace s, allowing accurateand
intuitive control of the pro le, and,therefore,of the result-
ing object. Theprole G 0is de nedin 8 by a function
H: suchasY H X andG Y H X.This
greatlylimits the freedomgiven to the user and morewer
removes a part of the intuitive processlt also obligesthe
authorgto proposespeci ¢ operatordor theunion,intersec-
tion anddifferencewith a “functionally-de ned” transition,
whichis asmoothtransitionde ned point-by-pointfrom the
Euclidearspace 3 with asinglevaluedfunctionH : .
FunctionsH are de ned with one-dimensionatubic poly-
nomialsplines? to interpolatethe controlpoints.Equation5
shavs the operatorusedfor theunionoperator

G fl f2 min fl f2 H fl f2 (5)

This union operator( rst proposedby Dekkers et al??) is
built with amin functionwhich requiresheC? continuityto
beexplicitly controlledwheref;  f,. Ourconclusionis that
this modelrepresentsa very interestingtheoreticabaseand
moreresearchhasto be doneon pro le de nition to exploit
thepropertieof pro le extrusionandpoint-by-pointcontrol
from the Euclideanmodelingspacen a more powerful and
intuitivevolumemodelingtool. TobuildacuneG XY 0
liketheoneshavn in Figurel, free-formimplicit curvesare
neededthevertical X 0 cannot be de ned with a single
valuedfunction). This leadsusto the studyof implicit free-
form pro les controlledpoint-by-point.

2.3. De nition of animplicit space

An implicit space " is a spacewhere eachcoordinateis
a potential eld. Its basisis de ned by a setof n linearly
independenpotential functions f; : ™ and a point
PXo X, 1 isexpressecasP fg Xg fn 1 Xy 1.
In this paperm 3, henceeachcoordinatef; X (i

1 n 1)ofapointP is aniso-surficein 8 andtherepre-
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Figure 2: Exampleof binary compositiortreesto represent
a polygonor anopencurveby a real function.

sentatiorof thepoint P itself is de ned by theirintersection.
More detailsaregivenin 18.

3. Implicit free-brm curves

In this sectionwe presenbur free-formimplicit curves.We
proposethe useof homogeneousontrol parameterso pro-
vide anintuitive solutionto the userandfor this reasonwe
usefree-formimplicit curvescontrolledpoint-by-pointasa
meansof providing accurateandintuitive operatorson vol-
umes.The compositionof two primitives gives a nev ob-
jectwhich canbe usedasa primitive in anewv composition.
Becausehe smoothnessindthe control of the form of the
transitionis highly dependenbnthevariationalpropertieof
the primitives' elds, potential elds usedto combinethem
mustpresere thesepropertiesasfaithfully aspossible This
is why particularattentionhasto be focusedon theregular
ity of the eld variationsproducedby our two-dimensional
potential elds G.

3.1. Natural solutions

It appearsaturalto try to usemethoddik e the implicitiza-
tion of parametridree-formcurves* 35 or the projectionof
thezvalueof asurfacede ned by anequatiorz  f xy to
de ne theimplicit free-formcurve. But thesemethodspro-
vide boundedunctionswhile we needto beableto produce
in nite opencurveswith thecontrolof their limits. The rst
solutionprovidescomplicatedequationanddoesnotensure
regularandhomogeneoupotential eld variations,andthe
secondrequiresthe userto designthe entire surfaceto cre-
atethepro le andits variationswhile they shouldbeideally
concentratingn theform of thecurve. For thesereasonsve
usea differentapproach.

3.2. Free-brm curvesbuilt with compositionof lines

As shavn by Paslo et alPé, it is possibleto represenpoly-
gonswith straightand curved edgesby real functions.The
polygonis decomposedh a binary compositiontreewhere
the leavesarelines andthe nodesareunion or intersection
R-functionoperatorgseeFigure?2). Thismethodalsoavoids
internal and unwanted zeioes We chooseit as a starting
pointto createour pro les. Indeed,it caneasilybe adapted

./Cp_.t_ap(ez)
/ :
/ .

/ \P&p.Yo)

/ .//

—

metric of Y

= >
)l Cp Cpcot(®:)) X

Figure 3: In red, on the left, representationof the two-
dimensionaleld iso-potentialcurvesde ning our ¢! con-
tinuousunionoperator G X Y . Ontheright, graphofthe
Cp iso-potentialcurve and importantvaluesfor computing
the equationof thearc of anellipse

toopenpro les, andbecausdéinesarecombinedtheextrem-

ities are perfectly controlled:they aresimply half lines. To

provide a regular basefor the eld variations,we uselines

de ned by the zeo iso-potentialof a linear potentialfunc-

tion| X Y . Thelinear potentialfunction| splitsthe space
into two half spacesone wherel XY 0 (inside) and

onewherel XY 0 (outside)Functionl hastheoneiso-

potentialline atadistanceof onefrom thezeio iso-potential
(the one iso-potentialline is in the outsidehalf spacede-

ned by |, andthe minusoneiso-potentialine in theinside
half space) Becausecontrol pointsareused, line equations
arede ned with pairsof points.Evenif R-functionBoolean
compositionoperatorswithout smoothtransitiori® already
provide a potential eld thatis c! continuousvhenbothar-

gumentsare not equalto zeio (they are both equalto zeo

at the junction betweentwo ze iso-potentiallines), they

have a global impacton the line potential elds. Thisis a

fundamentapropertybecausehevariationof the combined
primitivesdirectlydepend®nthevariationof the eld of the

compositioroperatolandwe wantto provide volumeobjects
with regularandsmoothCl continuougpotential elds.

3.3. Compositionwith better eld variations

To ensuremorefaithful conseration of the eld variations,
we proposea new operatorthatmodi es line potentialsonly
aroundtheirjunction.Indeedtheline metricreproduceshe
metricof X andY (asshavn in Figure3), i.e.themetricthe
potentialfunctionsf; and f, onceusedasa compositiorop-
erator For corveniencewe proposehefollowing terminol-
ogy:G G G representespectiely our ¢! continuous
Booleanunion,intersectioranddifferenceoperatorsOper
atorG X 'Y (seeFigure3 andEquation6) is de ned by
the elds of whichit is composedutsidea region bounded
by two anglesq; andqy, andby an arcof an ellipseinside
it. If the anglesare closeto oneanotherthe eld is sharp
atthetransitionlevel andif q; is closeto zeio andq close
top 2,the eld is highly smoothedWe suggesthe useof
g1 p 8andgy, 3p 8, which givesa goodaveragebe-
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Figure 4: From left to right, graphsof our opertors G ,
G andG in thespace 2 Gop 0in theblue area,and
Gop 0in thewhiteone

tweena smooth eld andthe conseration of X andY met-
rics.

g Op4 o2 p4ép?2

At apointP XY :q angle OX OP .Wedistinguish
four distinctareas:

P A ifg g pm
P A ifg g p
P A3 ifq g
P A, ifg g1 pg2 p
0 fX Y O
Y ifP A
X ifP A
C whereC is thesolutionof:
Ccaqqu X2 Ctangy Y2 1
G XY Ccatqu C2 Ctangy C?
ifP Ag
C whereC is thesolutionof:
X Ccatgp 2 Y Ctangy 2 1
C Ccadg; 2 C Ctangq 2
ifP A4

(6)

Equation6 appearsat rst glanceto bedif cult to solwe,
butit canbegreatlyoptimized,andmostof thetermscanbe
pre-computedTheclosedform solutionfor theevaluationof
Cisgivenin AppendixB. Operator$s andG arebuilt fol-
lowing thesameconstructiorandthe samekind of equations
are produced(their equationsare given in Appendix A).
Theseoperatorsare real-\alued binary CSG (Constructie
Solid Geometry)operators,and their algebraicproperties
have beenpresentedby Paslo et al'®>. However, we note
thatthey arenotsymmetric(Gop X Y  Gop Y X )if g2
'29 g1. With theseoperatorsor with R-functions free-form
pro les, G, canbecreatedThey arenot smoothcures,but
a successiorof line sgments,baginning and endingwith
a half line if they are open.To obtain smoothcunes, we
usethe Booleanoperatorsproposedn 18, Theseoperators
provide a point-by-pointcontrol of a “functionally-de ned”
transitionand, becausehey are derived from functions of

, they provide regular and smooth eld variations.
The rst point, the middle point and the last point of the
transitionarethenaccuratelycontrolled,which allows usto

submittedto COMPUTERGRAPHICSForum(11/2002).

Figure 5: Open and closed implicit free-form two-
dimensionabpotential elds G, shownin 2, built with dif-
ferentoperators: (a) Ricci's min and maxopeitors, (b) R-
functions,(c) G and G , and (d) Barthe et al opemators
with smoothtransitions.The white contous correspondto
G Oandtheblueonesto G 0. Thecontwol pointsand
thecorrespondindinesare drawnin yellow
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minmax R-functions G Bartheetal
open 106 148 457 135
closed 178 254 802 227

Table 1: Timein millisecondgo computepotentialfunction
valuesfor thepicturesshownin Figure 5. Picture sizeis 512
pixels,which correspondgo 262144evaluations.Theopen
curvesare built with six line sggmentsandtheclosedcurves
are built with tensegments.

replacehesharpransitionby asimplesmoothtransitionau-
tomaticallyjoining the middle of eachsegment.An excep-
tion is madefor opencurveswherethebeginninghalf-lineis
composedromthe rst controlpointandthelastoneis com-
posedo thelastpoint. Themiddlepointis usedto selectthe
smoothnessf thetransitionif necessaryput we recommend
xing it ata constantvalueto generatea smoothtransition
automaticallyand avoid the manipulationof an additional
parameter

3.4. Resultsand discussion

Figure 4 illustratesoperatorsG , G andG individually
andFigure5 shavsthedifferenceof eld variationsobtained
usingdifferentcompositionoperatorsn bothanopenanda
closedpro le G. Ricci's min andmaxBooleancomposition
operators leave the metric of the combinedprimitivesun-
changedFigure5(a)). This is why the potential eld com-
putedwith the evaluationof the compositiontree de ning
the pro le G with theseoperatorsgives a valid reference
to evaluatethe variationsof the metric oncethe operators
appliedto computethe pro le. Figure 5(b) shavs how po-
tential elds obtainedusingPaslo's R-functionoperator¥’
aredegradedin someareagqbottomleft cornerfor the open
prole gure andbottomfor the closedpro le gure). As
we seepuroperator$’s andG consequentlyncreasehe
delity of the eld variation for “segmentpro les” (Fig-
ure 5(c)), and Bartheet al operatorsallow usto producea
smoothfree-formimplicit curve with regular and quite ho-
mogeneousariationsin its potential eld (Figure5(d)). For
thesereasonsour pro les satisfythe essentiapropertieso
de ne combinationoperatoron volumeobjectsin ef cient
andcontrollablemodelingtools. Computingtimesaregiven
in Table 1 to comparethe cost of the different operators
usedto createfree-formpro les. We cannotethatthe useof
our new operatorss will increaseheevaluationtime of the
cure by anaveragefactor 3 1, while our smoothcurves
requirelesscomputationghanthe sharponesproducedvith
the R-functioncompositionoperators.

lG(x,Y)=o
!

(a)

Figure 6: Figures(a) to (d) showdifferentpro les extruded
in animplicit eld % de ned by a cylindrical potential eld
(for theabscissaX  f1, in thecential column)anda plane
eld (for theordinateY  f,, in the left column).Pro les
are shownin thetop left corner They are extrudedaround
the cylinder following the horizontaldirectiongivenby the
plane The nal objectproducedby theextrusionof the pro-
le is shownin theright column.In Figures(e) and (f), the
pro le istheoneusedn Figure (d). Figure (e)illustratesthe
modi cation in the extrusionwhenthe cylinderis replaced
by a closedparallelepipedobject,and Figure (f) illustrates
the modi cation obtainedwhenthe planeis replacedby a
screw-like object. Theresultin (f) is that the pro le is ex-
trudedaroundthe parallelepiped following theiso-surfaces
of thescrew.
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4. Extrusion of free-brm curves

In this sectionwe shav how our free-formpro les G allow
usto exploit theinterpretatiorof “implicit space’to greatly
increasdreedomaccurag andintuitivemodelingin thema-
nipulationof volumes.n fact,our methodallows usto com-
bine composition,sculptingand modelingtoolsin a single
operator

4.1. Extrusion properties

Following Barthe et al'8, a two-dimensional function
G X Y canbede ned in an*“implicit space” 2 to gener
atea volumeobject. The “implicit space”is de ned by two
potentialfunctionsof 8 , f1 and f,. As shawn in Fig-
ure 1 and explainedin Section2, the pro le is saidto be
extrudedalong the intersectionsof f; and f, iso-potential
surfacesln effect, thechoiceof potentialfunctionsf, andf;
de ne the trajectoriesof extrusionwhile the pro le de nes
the free-fromimplicit curve which is going to be extruded
alongthesetrajectorieqFigure6).

The propertiesthat a prole G must respectin order
to provide the union Boolean compositionoperatorwith
smoothtransitionsarewell knowvn8, and“extrusion” proper
tiesof thepro le arediscussedh 8. Brie y , whenthepro le
follows the X axis(which correspondso thelineY  0), its
representatiom S followsthezeo iso-potentiakurfaceof
the eld de nedby f, andwhenit followstheY axis(which
correspondso theline X  0), its representatioin 3 fol-
lows the zeo iso-potentialurfaceof the eld de ned by f1
(seeFigurel). Thesepropertiesallow usto integratethezeio
iso-potentiakurfacesof primitivesde ned by f; and f,, and
to realizethe Booleancompositionoperatorswith smooth
transitions.Furthermoreas shavn in Figure 7, in addition
to the classicalsmoothtransitions,the pro le canbe used
to sculptthe primitivesandto combinethemwith free-form
transitions.

4.2. Example of modelinginterface

Thelink betweenthe pro le andthe shapeof the resulting
objectbecomedessintuitive whenpro les arecomplicated.
However, pro le controlpointscanbedirectly selectedrom

the Euclideanspace 3. Our volume objectsare built and
visualizedusing the modelingmethodproposedin 19. We
brie y summarizehisapproacho illustratethecontrollabil-
ity of ouroperatorsVolumesarestoredin aregulargrid and
visualizedwith a ray-castingrenderingusinga triquadratic
reconstructioff. A planesectionof the potentialvaluesis

extractedfrom the grid andvisualizedasa picturein a new

window (Figure8 (a) and(b)). In this window, the usercan
interactiely selectthe pro le withoutthe abstractiorof the
form of theiso-potentiaburfacesof potential elds f; andf,

(Figure8 (c) and(d)). Thisshavsthatbeingableto selecthe
controlpoints,andthusthe pro le directly in the Euclidean
space 3, restoreghe accuray lost by the de nition of the
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time 2D section time 2D section

)3

263 1025

326 1448

1057 5238

369 notused
@)z

322 1363

Table 2: Timein millisecondgo computepotentialfunction
valuesfor a 128° grid (2097152valuations)In the r stcol-
umn: (1% row) the Ricci's min maxopeators, (2nd row) the
sharpR-functionpeiators, (3rd row) our opemators G, (4th
row) the blending R-functionsoperators and (5th row) our
free-formcurveoperator. Timeandpotential eld variations
(in atwo-dimensionaplanesection)are shown: Ontheleft
for the classicalsharp/blendingopeiators and on theright,
for a free-formopelator createdwith sevensegments.
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D

Figure 7: Different free-formpro le extrusionsin a “im-

plicit space” de ned by two orthogonal cylindess. The top
row showsclassicalunion, intersectionand the two differ-
enceopeifators with smoothtransitions.The following row
illustratesmore advancedpossibilitiesoffered by our free-
form pro le extrusion. In the pro le pictures,the red line
representsX  OandthegreenlineY 0.

Figure8: (a) Threedimensionalisualisationof volumeob-
jectsand selectionof the plane sectionin transpaent blue
(b) Visualisationof the plane section.Functionsf; and f,
arerespectivelya vertical cylinderandan horizontalplane
Colors are usedto easily identify different regions: red if

fi Oandf, O greenif f; Oandf, O, purpleif
fi Oandf, O, brightgrayif fy Oandf, O0.(c)The
sectionof the resultingobjectis visualizedin blue with a
transpaencyeffect. We showan exampleof an openpro le
andits result.(d) Anotherexamplewith a closedpro le and
its result.

pro le in an“implicit space”.Moreover, to exactly follow
the zeio iso-potentialsurfaceof potentialfunction f; or f,
theabscissar theordinateof apro le controlpointscanbe
explicitly x edto zemw. This is importantwhenpro les are
usedto combineprimitives.

4.3. Resultsand discussion

With our approacha wide variety of shapesandtransitions
canbe produced,ncluding all the onesthat Bartheet al's
modeld8 could generatgbecausdree-formpro les gener
alize “functionally de ned” ones).Furthermorejnsteadof
disparatenotionsof compositionoperatorssculptureoper

ator or primitive creationtool, we presenta uni ed mod-
eling metaphorwhich is simply: choosethe adequatepo-
tential functions f; and f, andcreatethe pro le G to gen-
eratethe new object.Oncethis processs well understood,
our methodis intuitive, andit providesa lot of freedomfor
theuserto build different“implicit spaces’andextrudepro-
les in them(Figure9). In addition,pro les canbedirectly
de ned and manipulatedrom the usermodelingspace s,
This makesour modelrelevant for interactive volumemod-
eling. The limitations are essentiallythe compleity of the
shapeandthe irregularity of the variationsin the potential
elds function f1 and f,. Table 2 illustratesthe simple ex-
ample of the compositionof two spheresthe differences
of computingtime and the variationsin the object poten-
tial eld. Timescorrespondo the computationof the com-
positionoperatotitself. In our application(brie y presented
in the previous section),grids are usedto storethe poten-
tial elds aftereachoperation.The giventimescorrespond
to the computationof a new 128° voxels grid from thetwo
grids representinghe composedbjects.Fastvolumeren-
deringmethodshasedon ray-castingor hardwarerendering
can then perform the visualisationin about1 second,and
a basicmarching-cubealgorithmwill extract the polygons
fromthegrid in 5—-10secondsdependingntheobjectcom-
plexity (timingstakenonan866 MHz AMD Athlon proces-
sor).If theobjecthasto bevisualizedfrom its equationthese
timesillustratethe increasingof the computationcomplex-
ity. Theobjectsshavn in Figure9 have beenbuilt with afew
primitives, and the averagetime to designone of themis
aboutan houranda half. Note that the twisted corkscrev's
handleis generatedy a pro le sweptandtwistedalonga
line sggment.

5. Conclusionand futur e work

Accurateand intuitive manipulationof implicit objectsis
thenext requiredstepto provide ef cient implicit modeling
software.In this paperwe have presentedomesolutionsto
theserequirementsvhenimplicit primitivesare composed.
Recentwork introducedthe notionof “implicit spaces’asa
theoreticabaseo accuratelycontrolthetransition$® andwe
have shavn how this leadsus to the study of free-formim-
plicit curvescontrolledpoint-by-point.Pro les requirereg-
ular variationsof their two-dimensionapotential eld and
the control of their extremities.The adaptatiorof a method
proposedby Paslo et al*¢ hasallowed us to provide open
andclosedpro les, de ning line segmentr smoothcurnves,
with sufcient properties.

To manipulateimplicit volumesde ned by the inequal-
ity f p 0, we have groupedin a single modelingtool:
creation sculptureand Booleancompositionoperatorswvith
sharpor smoothfree-formtransitions We have shavn how
accuray is ensuredandexplainedhow to understan@nduse
our modelingmetaphoiin anef cient way. Thetechniques
describedin this papergeneralizethe modelsgiven in 18
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Figure 9: Examplesf volumeobijectsillustrating composi-
tion, sculptingand primitive creationusingopeiators based
ontwo-dimensionafree-formpotential elds.

andprovide controllability andfreedomof expressiorto the
userand greatly extend the possibilitiesoffered by opera-
torson volumetricobjects.The point-by-pointcontrol curve
provides the possibility of interactively designingblended
shapeshowever more work needsto be doneon volume
datastructuremanipulationand modelinginterfacedesign
to addinteractvity to themodelingprocessAdaptive struc-
tureslike ADF? andinteractive ray castingalgorithmfor iso-
surfacevisualisatiod can be usedto, respectiely, storea
sampledpotential eld andaccuratelyrenderthe surface.A
sampledeld structurestoresthe potentialvaluesaftereach
operationremaoving the expensve evaluationof anincreas-
ingly complicatedpotential eld function. This technique
allows us to accuratelyrenderthe modeledobject directly
without the use of an additional datastructure,suchas a
polygon mesh.Thesereasongprovide a good justi cation
for theinvestigationof the combinationof thesetechniques,
to provide interactve implicit modelingsolutions.

Becausesampledthree-dimensionapotential functions
arelarge datastructuresthe developmentof multiresolution
technigueso storeandreconstrucpotential elds represents
anothefimportantstep.

Free-formpro les can also be usedin implicit sweep
objectd® 37. Indeed,only pro les de ned by single valued
functions of are usedin implicit modeling, while

submittedto COMPUTERGRAPHICSForum(11/2002).

thereis no apparenteasorto limit the userby the form of
thepro le they wantto sweepOur pro les shouldallow us
to createsweptobjectsde ned by aninequalityf p 0.
Sincethey have regular and homogeneouseld variations,
sweepobjectscanbecorrectlycombinedwith otherimplicit
objects.
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Appendix A: OperatorsG and G
OperatorG :

g1 Op4 o2 p4p2
AtapointP XY : g angle OX OP

We distinguishfour distinctareas:

P A ifg g pao

P Ay ifg doar p

P Az ifqg aqro

P A4 ifg g1 pg2 p

0 ifX Y O
X ifP A
Y ifP Ay
C whereC is thesolutionof:
X Ccotge 2 Y Ctanqy 2
G XY ccmgiz CCtangiz 1
if P Ag
C whereC is thesolutionof:
Ccatqq X2 Ctang Y?2 1
Ccagp C? Ctangy C?
if P Ay
OperatorG :

OperatorG is directly obtainedfrom operatorG using
thefollowing expression:

G XY G X Y (8)

Appendix B: Closedform solution for the evaluation of
Cp in our new compositionoperators

Solutionfor theequation:

Ctangy Y?2
Ctan gz c?

Ccatqp X2
Cca g1 c?

1 0

C is thegreatersolutionof thefollowing equation:

ac?> bC ¢ 0 (10)
with
2
tangy 1 2
=2 - taf =
taré g, 2 fan o1
2
1 2
n 1
tan gz tan
2 2
b 2 tangy 17 Y tan g 1
tan g tan gy
2
2 2 2 1
X n 1
c tan qp Bha

(11)
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Solutionfor theequation:

Y Ctanqp 2
C Ctanqs 2

X Ccd g 2
C Cca gz 2

1 (12

C is thelower solutionof thefollowing equation:

aC> bC ¢ O (13)
with
2
tang; 1 2 1
S S tarf
tar? g @ fan a2
2
1 2
1 tan 1
tan gz G
2 2
b tangr 17 Y tanq 1
tan g tan g
2 2 2 1 2
c X° tan 1
G tan gz
(14)

All thetermsin q; andg, canbe precomputedonceqy
andq, areselected)which greatlydecreasethe costof
the evaluation of C. For instance,a can be totally pre-
computed.



