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Abstract

In the real world designeroften use Frenchcurves or sweepgo
createor edit curvesto bring out a personalkstyle or reflecta cor
poratestandardn all their designs. A Frenchcurwe is a general
term for a pre-definedcurve templateusedto createhigh quality
2D drawings or sculpt3D models. Researchn interactize curve
andsurfacedesignis continuallymoving toward directmanipula-
tion of the objectsbeingdefined. This paperdescribes systemin
which digital Frenchcurves, representetyy planarcubicNURBS
cunwes,interactively createandsculptcurvesandsurfacegshatcom-
prisethe designof an object. The approachs especiallyrelevant
in the early stagesof conceptualdesignto beautify and simplify
cunesobtainedirom quick gesturakketches Algorithmically, the
contributions of this paperare twofold. We describean efficient
techniquefor approximatinga planarparametriccurve by a small
setof elliptic arcs. Proximity computationto the approximating
ellipsesis simple and efficient, greatly improving the interactv-
ity of the sculptingparadigm.We alsodescribea simpleapproach
to smoothlyreplacesectionsof designcurveswith sectionsof the
Frenchcurve. The resultsareillustratedwithin a designsystem
using a puck that provides simultaneougposition and orientation
informationto controlthedigital sweepallowing theuserthesame
physicalfeel andefficiengy of motionof arealsweep.

1 Introduction

Finding effective techniquedor interactve curve and surfacede-
sign continuesto be a challengingand fertile areaof research
[3,6, 7,9, 10, 11, 20, 22, 23]. While a numberof industrialde-
sign systemsare in widespreadusetoday traditional designap-
proachesof sculptingand sketching continueto be used. Many
industrialdesignergreferto build prototypesin a real workshop
aspartof theinitial conceptuatiesignprocessbecausét is impor
tantto quickly resole shapeandform in 3D. A realworld model
shopallows the designerto quickly understandorm, shapeand
size. Blue foam, cardor clay modelsare thus popularjust to un-
derstandhe 3D form andthe problemsdesigningwith real world
constraints.As a resulta numberof interactve digital approaches
that capturethe essencef thesetraditionaltechniqueshave been
investigated2, 5, 12,16,19, 22, 23, 24].

Designersoften use Frenchcurves or sweepsto createor edit
curnes. Frenchcurwes are typically constructedrom 1/8” clear
perspg, in a shape pleasingto the designef15] (SeeFigure 1).
A similartool calleda steelis widely usedby modelerdn the auto-
motive industryto sculptsectionson clay models.A setof French
cunesor steelghusdefinescharactefor anentireeraof designs.

Existingindustrialdesignsystemsisea numberof techniqueso
createandedit digital curves. Theserangefrom the basicmanipu-
lation of controlvertices to moresophisticatedliirectmanipulation
methodausingtangenyg or curvatureconstraintssnappingsculpt-
ing andsketching. lllustrator’s pencil/pertools[1], provide anex-
cellentexampleof currentcurve editing paradigmsFrenchcurves
differ signficantlyfrom thesetechniquesin threeways. Firstly,
the editedcurves preciselyfit predefinedemplatesallowing de-
signcunesto accuratelyreflecta personabr corporatestyle. Sec-
ondly, Frenchcurvesarecarefully craftedto have a minimal curve
complity anddesirablecunaturepropertieswhich it impartsto
editeddesigncurves. Finally, digital Frenchcurvesemulatea tradi-
tional designparadigm allowing mary designergo utilise already
acquiredskills towardsdigital curve design.
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Figurel: PhysicalFrenchCurves

1.1 Problem description

Ourmodelfor digital Frenchcurvesis cateredo theinitial stage®f
conceptuabbjectdesign(SeeFigure?2). A typical workflow would
involve usinga Frenchcurwe to cleanup andsimplify sectionsof
sketchedcurvesby a creatinga replacementurve or sculptingthe
sketcheddesigncurves(SeeFigure3,4). We thusmale the follow-
ing assumptionsf our designmodel.

e The digital Frenchcurwe is planar When editing design
cunesthathave depthinformationoutsideof the planeof the
Frenchcune, it is treatedlike an extrudedobject (SeeFig-
ureb).

e The designcunesto be editedare either planar or almost
planar Curweslike the sinusoidalwave in Figure5 will be
discussedn the conclusion but for the mostpartthe design
cuneswill beassumedo beplanar

e WeusecubicNURBScurvesto modelour Frenchcunesdue
to their generalityand minimality of representation.Since
Frenchcuresarealsousedto enhanceahe quality of the ob-
jectdesigncurves,designcurvesof a differentrepresentation
arecornvertedto cubic NURBS cunes[10, 14] beforebeing
edited.



(a) Scannedketch (b) Noisy designcune

Figure2: ConceptuabDesignWorkflow

(a) Initial curve creation (b) Cure Extension

Figure3: Curwe creationusinga Frenchcure

(a) Frenchcunwe interaction (b) Editeddesigncune

(c) Brushingalonga Frenchcurve (d) Brushingalonga Frenchcune

Figure4: Curwe editingusinga Frenchcune



Figure5: ExtrudedFrenchcune sculptinga 3D designcurve

Therearetwo aspects$o designwith Frenchcurves.

e Creation: A sggmentof theFrenchcurweis specifiedhatgets
corvertedinto a designcune (SeeFigure3).

e Editing: Herea Frenchcurwe interactswith analreadyexist-
ing designcurveto alteror extendit (SeeFigureda,b).Editing
is atwo stepprocess:

Correspondence: Determining which part of the design
cunwe is beingeditedby which partof the Frenchcune.
Replacement: Replacinga sectionof thedesigncurne with a
sectionof the Frenchcurve.

1.2 Overview

Theremaindeof this paperis organizedasfollows. Section2 pro-
posesapproacheso the correspondencproblem,basedon prox-
imity calculationdbetweermpointsonthedesignandFrenchcunes.
We continueour discussiorof the correspondencgroblemin Sec-
tion 3 with an efficient solution to curve proximity calculation,
achieed by approximatingthe curve by setof elliptic arcs. Sec-
tion 4 describeghe algorithmfor generatinga smoothcune by
replacinga sectionof a designcurve with a sectionfrom a digital
Frenchcurve. Section5 providesimplementatiordetailsand Sec-
tion 6 concludeawith a discussiorof theresultsobtained.

2 Curve correspondence

Thisis thefirst stepduringinteractionwith a digital Frenchcurwe,
whereasectionof the Frenchcurve thatcreate®r editsa sectionof
adesigncurnve mustbespecified We discusdwo approacheto cal-
culatingthis correspondencebrushstroks andinteractie sculpt-

ing.

2.1 Direct specification using brushstr okes

Brushstrolkes are the basic techniquefor the creationof design
cunesusingdigital Frenchcurves[13]. Theusersketches/brushes
over a sectionof the Frenchcurve (SeeFigure4c,d), thatformsa
new designcune (SeeFigure3a). Wheneditinganexisting design
cune, brushingalong a Frenchcurwe preciselyspecifiesthe sec-
tion of the Frenchcurve to beusedasa replacementor partof the
designcune.

Creatinga new designcurve from brushingover a Frenchcurve
is simply a matterof generatinga sub-cure [10] from theformula-
tion of thedigital Frenchcurve. Editing designcunesusingFrench
cunesis basedon the premisethat the sectionof the designcurve
beingeditedhasthesamegenerabhapeandpositionin spaceasthe
sectionof the Frenchcurwe it will be replacedwith. We therefore
assigna usercontrolledthicknesssothatthe brushstrok coversan
areaaroundthe specifiedsectionof the Frenchcurve. The part of
the designcune thatlies within this areais inferredasthe section
to bereplaced.

2.2 Specification based on interactive sculpting

Reiteratingthe premisethat the sectionof the designcurve being
editedandthe sectionof the Frenchcurve usedfor the editing are
spatiallyproximal, one may attemptto infer both sectionamplic-
itly from the spatialrelationshipof the designand Frenchcunes.
Whatresultss aninteractie approactwheresection®f theFrench
cune continuallysculptthe designcurve by replacingsectionsof
thedesigncune thatareproximalto it. This approacthasgreater
interactvity thanusingbrushstroksfor editingsincebothmanipu-
lation andeditingis accomplishedh a singleoperation.

2.3 Calculating proximity between curves

A simpleapproactto establishingcorrespondencbetweerproxi-
mal sectionof thedesigncurve andFrenchcurve would beto find
the Euclideanclosestpoint to onecurve from a samplingof points
along another We samplepoints along the designcure. A se-
guenceof samplepointsfor which the Euclideanclosestdistance
to the Frenchcurwe is within a given tolerance(the thicknessof
a brushstrok), definea sectionof the designcurve. The closest
pointsontheFrenchcurve correspondinglyrovide asectionof the
Frenchcurve with which to sculptthe designcurve. Closestpoint
to curve calculationgie attheheartof virtually ary correspondence
algorithmsuchasthe oneoutlinedabore.

Theprecisecalculationof theclosespointto acurweis acompu-
tationally expensve operation.Techniquedasedon the deCastel-
jauconstructiorof parametrisplineg8, 21] provideaclosespoint
by recursvely subdviding the corvex hull of thecurwein thelocal
proximity of the estimatectlosestpoint. The algebraicdistanceto
animplicitly definedcurve or surfaceis usuallyeasierto compute
thanEuclideandistanceandmaybe usedasa goodproximity met-
ric insteadof the shortesEuclideandistancg17]. We only require
approximateproximity calculationsincefine tuningthe correspon-
denceand the transitionfrom the unediteddesignsectionto the
Frenchcurwve sectionis ultimatelyunderusercontrol. We thuspro-
posea mechanisnwherethe Frenchcurve is first approximatedy
asmallnumberof elliptic arcsandstraightlines. We thenusealge-
braicdistanceo thearcsinsteadf Euclideardistanceo efficiently
determinethe proximity of pointsto the Frenchcune.

Givena pointin the planeandan elliptic arc, we transformthe
point to the local referenceframe of a circle, which when non-
uniformly scaledresultsin thegivenellipse.If thepointlies within
the angularrangeof the arc, the algebraicdistanceprovides the
proximity metric, elsethe squareof the Euclideandistanceto the
closerof thetwo arcend-pointds used.For a pointin theplanewe
thusiteratethroughthe sequencef elliptic arcsuntil the pointlies
within the proximity requirement®f somearc.

The next sectiondescribeghe approximationof planarcurves
usingelliptic arcs. Note that thereare a numberof alternateap-
proachedo calculatingproximity of a pointto a curve [8, 21, 4].
Theelliptic arcapproximationhowever, is particularlywell suited
to our application,since physicalFrenchcurves have beentradi-
tionally craftedfrom conicsections.

3 Curve fitting using elliptic arcs

Thealgorithmfirst breakghecurvweinto anumberof potentialcurve
segmentsbasedon inflection points and points of extremecuna-
ture. At this pointeachsegmentcouldbefinely sampledandPratt's
leastsquaresapproach17, 18] usedto fit an ellipse throughthe
points. Alternatively, sincewe have a continuouscurve, we can
usethe ability to evaluatepointsandtheir derivatives at arbitrary
parameteralueto goodadwantage.We thuscalculateelliptic arcs
analyticallyusingthe position,tangentandcunatureof eachcurve
se@gmentat the breakpoints. Finally we try and combinethe arcs



representingdjacensegmentso reducehenumberof elliptic arcs
used.

3.1 Generation of break points

This stepis basedon the simple obsenration that the cunature of
anellipseis a well behaed functionthat attainsextremevaluesat
theintersectiorwith its principalaxes. The candidatéreakpoints
on the cune are thus points of local extremaof curvature along
the curve (SeeFigure6). In our implementatiorwe simply sam-
ple parametricurvesusinganadaptve step,to approximateanarc
length parametrization.A low-passfilter is appliedto the curva-
turealongthe cune, sothatlocal extremacausediueto cunature
changesat frequenciesigherthanthefilter cutof do notgenerate
breakpoints. Lower cutoffs thusresultin fewer breakpoints or
curne sgmentsand subsequentha fewer numberof elliptic arcs,
at the costof accuratelyrepresentinghe high frqueny cunature
changesn thecune.

We alsousebreakpointsto demarkaténtenals of nearconstant
cunaturealongthecurvewhichcanbesimplyrepresentetly circu-
lar arcs,or straightline sgmentsin the caseof nearzerocunature.

Finally we addbreakpointswhenthenormalto thecunerotates
throughmorethana right anglewithout the generatiorof a break
point. Thisis to dealwith curveslike spirals(SeeFigurell) where
cunaturechangesnonotonically

Break Points

Figure6: Breakpointsonacurve

3.2 Fitting a curve segment with an elliptic arc

A solutionto this problemusingexisting fitting methodswvould be
to samplethe the curve segmentto generatea cloud of pointson
the curve to which an elliptic arc may be fit usinga leastsquares
approach.

Whatwe proposebelow is an efficient analyticapproach.The
algorithmis basednthe premisethattheinputcurve sggmentis it-
selfamonotonigoolynomialfunction,typically of low degree such
asacubicandthereforewill bewell approximatedy theellipsein
theinterior of thesegmentif thecurve andits approximatingellipse
matchup well atthe breakpointsin termsof position,tangentand
cunature.

Let point Py, P1 betwo adjacenbreakpoints. Let the normals
to the curwe at thesepointsbe Ny, N1 andthe respectie radii of
cunaturero, r1 (SeeFigure6). Sincethe pointsarelocal extrema
onthecurve we attempto make thepointslie onthe principalaxes
of theelliptic arc. Wewill constructanellipsepassinghroughpoint
P, whoseprincipalaxis A lies alongNy. The parametricequation
of suchanellipsein areferencdramedefinedoy Ny with theorigin
atP, is
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Figure7: Definition of anellipse

Theradiusof curvatureata pointontheellipseis given by

(a®sin?t + b? cos?t)%/2
3 . (2)

Wewouldlik e to matchthecunatureof theellipseandthecurve
atPy.

Tell =

ro & Teity = b /a. 3)
Additionally the normalvectorto theellipseat a pointis
Ny = (—bcost, —asint). (4)

Let (4,5) = P{°ee and(n;,n;) = Ni°®®! be PiandN; trans-
formedinto thereferencdrameof the ellipse(SeeFigure8).

| ocal ,
P1 =)

BRREETE FEEE

Figure8: Fitting anelliptic arcto a curve segment

Onceagainwe would like the normalvectorfor the ellipseand
the curve at P; to be the same. Using Eq. (1) andEq. (4) thisis
equialentto

(i—a)h _ ma

ja b ©)
Eq. (3) andEq. (5) mayberewittenin theform
1 1
= ;(ml + maa). (6)

wherem; = 0,m2 = 1/ro for Eq.(3) andm,; = %,mz S
;nﬂ for Eq. (5).

SubstitutingEq. (6) into the implicit form of Eq. (1) at point
(i,5) we get

2t
2t — maj?’

)



Basedon the continuity propertiesof the curve andthe criteria
for generatingoreakpointswe canassumehat: > 0, otherwise
we have a segmentof zerocunaturebestrepresentedy a straight
line. Also obsere thatn; > 0, jn; <0

A valid solutionmusthave ¢ > 4. Therefore,accordingto

Eq. (7) the cunvatureof the ellipseat Py, rei, < J; Also from
theequationfor a to bepositve 2ire;, — j2 > 0, Or reg, > ]2—3
Supposan: = —&,my = =24, Substitutingthis into Eq. (7)

jng? jng

W The curvatureof the ellipseat P, would

i TIN]
be,rey = % = & (1 + £2).

We pick a valuefor the radiusof cunaturethat tries to match
boththenormalvectorto thecurne at P, andtheradiusof curvature
of thecurwe at Py.

Theradiusof cunatureat Py for theellipseis thusrey, = (ro+

J;(1+ ;I“T;))/z. We constrairmrey, tolie betweer(fE ﬁ] anduse

297 4

we geta =

-2
Eq.(7)toseta = o— 20 b= faTar,.

2irey1g—32 7

We cannow calcula{)tethe parametet for P, on theellipseas
t = sin~'(j/b) from Eq. (1) andhencenormal N, , andradius
of cunaturerey, to the ellipseat P; using Eq. (4) and Eq. (2)
respectely.

We use(ro — reirg )2 + (11 — reur; )2 asameasuref fitnessfor
thecurve segment;the smallerthefitnessvalue,the betterthefit.

Sincethe resultingellipsedependon the orderof the adjacent
breakpoints, we usethe above algorithmto generatewo elliptic
arcs,onefor eachorderingof thetwo breakpoints. Thearcsthatlie
within anacceptabléitnessthresholdarekept. Eachapproximating
ellipseis definedby acenterC = Py + aNy, anorientationNy and
thetwo principalaxesa andb.

In the circumstancéhatneitherarcis consideredit enoughwe
subdvide the curve sggmentin the middle andrepeatthe process
on the two smallercurve sggments. Obsere thatin the limiting
casesmallcurve sggmentswill eventuallybe approximatedy line
segments.

3.3 Combining elliptic arcs

Oncewe have generated sequencef elliptic arcswe repeatedly
iterate over the sequencen an attemptto coalesceadjacentarcs
into a larger compositearc. If any two adjacen@approximatingel-
lipsesmatchup within a giventolerancein termsof the valuesof
theircentey orientationandprincipalaxeswe generate composite
approximatingellipse,definedby the averageof thesevalues.The
fitnessof this ellipseis the sumof thefitenessof thecomponentl-
lipses.We alsocombineandreducethe numberof curve sggments.
A comprehense solutionto the elliptic arc combinationproblem
would maintaina heapof possiblecombinationgprioritized by fit-
nessat every iterationstep. Our implementationhowever, is a se-
guential greedyapproachthatworkswell in practice.

When approximatingellipsescan be combinedno morewe it-
eratethroughthe existing sequencef curve sggmentsandsimply
pick the fittest approximatingelliptic arc, circulararcor line seg-
mentto representhatpartof theinput curve.

3.4 Results

Theresultsof our approacttanbe seenon thetestcaseselow.
Figure9ashaws a Frenchcurve representetly a cubicNURBS
cune with 17 control vertices,with a plot of cunaturevariation
alongthecune. Figure9b shaws thesetof 14 approximatingellip-
tic arcsof betterfitness.Figure9c shavs the setof 14 approximat-
ing elliptic arcsof lower fitnessandFigure 9d shaws the resultof
combiningthe 14 elliptic sggmentsinto 7 compositesggments.A
wholeellipseis usedto depictthearcsthatgetcombined.

Figurel0ashavs anoisyfreesketchedcune. Figure10bshavs
thefilteredcurve with its calculatecbreakpoints. Figure10cshavs
thesetof 16 approximatingelliptic arcsof betterfitness.Figure10d
shavstheresultof combiningtheelliptic segmentsnto 10compos-
ite segments.
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Figurell: Approximatinga spiralwith elliptic arcs

Figure11 shavs a spiral beingfitted by elliptic sgments. The
increasingcunaturein this casepreventsary of the arc sggments

from beingcombined.

-
V
2
V

] — ]

R R

\
\

(a)Highererrortolerance (b) Lower errortolerance

Figurel2: Varyingtoleranceon thefitnessof elliptic arcs

As canbe seenfrom the three examplesaborve the fit of arcs
obtainedrom theinitially computedreakpointsitself providesan
effective approximatiorto the cune. If we lower the thresholdof
acceptablditnessin the caseof Figure9b we seethatanadditional
breakpointis generatedn the concae partof thecurve ontheleft
to obtainabettersetof approximatingarcs(SeeFigurel12a,b).

4 Curve editing using a French curve
section

Oncea correspondenchashbeenestablishedetweensectionsof

the designcurve andFrenchcurwe, the sectionof the designcurve

needsto be alteredto track the sectionof the Frenchcure. The
initial designcurves, which are typically scannedor gesturally
sketched(SeeFigure?2) tendto have alargenumberof controlver

tices. To reemphasizethe motivation behindusingdigital French
cunes,is not only to beautifythe designcurvesto conformto the
aestheticallypleasingrrenchcurve sectionsbut to reducethe com-
plexity of thedesigncunesin termsof the numberof controlver

ticesusedto representhem.
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Figure9: Approximatinga Frenchcurve with elliptic arcs
7 "l 5 : u V7 : = VL T )
- ral
! 1 A HI Al AN
! | =l IENEEP A N WA S
T 1 A | [ el | |- = il
(a) Unfilteredcune (b) Postfilterbreakpoints (c) Primaryfit (d) Combinedit

Figure10: Approximatinga noisycurve with elliptic arcs

We thus proposethat the sculptingoperationbe accomplished,
not by deformingthe control points of the existing designcurve
but by appropriatelyreplacingthe controlpointsandknot sequence
pertainingto the sectionof the designcurve with the controlpoints
andknot sequencdrom the sectionof the Frenchcurve. We in-
sertknotsat thetransitionboundariego controltheblendfrom the
uneditedsectionof the designcurve to the newly insertedsection
of theFrenchcune.

Let adesigncurve berepresentedsa cubicNURBS cune with
knot sequence< do, .., d(m+2) > With a control vertex sequence

< vd,..,v¢ >. Therelationshipbetweerthe numberof knotsand
control verticesresultsfrom specifyingevery knot to be a simple
knot exceptfor triple knotsat the endpoints[10]. Let the French
curvesimilarly berepresentetly knots< fo, .., f(n+2) > andcon-

trol vertices< vf, .., v{ >.

Thecorrespondingectionson the designandFrenchcurvesare
indicatedusingaparameterangeoneachcure. Givenaparameter
rangeon a NURBS curwe we first extract the sectionof the knot
sequencehatcontainsthe parameterange. The pertintentcontrol
verticesfor theknot subsequencareeasilycalculatechasednthe
degree of the curve. For cubics, the it* knot influencescontrol
verticesi — 1,4,¢ + 1 [10]. Figure13a,shav a cubic curve with
control vertices0..6 anda knot sequencavith multiple endknots
0,0,0,1,2,3,4,4,4. The specifiedparameterange[2.1,2.8] is
thusdefinedby knot subsequenc®, 3 andcontrolvertices2..5.

We replacethe knot subsequencé;, .., d; for a sectionof the
designcune with theknot subsequenclr a sectionof the French
cune fr, .., fs by reparametrizingvery knot f,, wherep € [r, ],

to a knot valued; + U= F)*(d=di) ~ The control vertex subse-

guencecorrespondingdo the krﬁotsubsequencg&, .., fs is simply
projectedontothe designplaneandinsertedn placeof the control
vertex subsequenaeorrespondingo theknotsubsequenag, .., d;
to definethenew designcune.

Thisis shawvn in the Figure13busingthe curve in Figure1l3aas
the Frenchcune. Notice thatthoughthe resultingcurve conforms
beforethe Frenchcurve in the parameterangespecifiedthereis

undesirabldehaior asthe curve malkesatransitionfrom the orig-

inal designcurve to the Frenchcurve section.Bettercontrolresults
by insertingsimpleknotsinto the cunesatthe parameterangeex-

tremaperformingreplacemendf the designcurve section. Thisis

shavn by the addedknotson the Frenchcurve andthe almostac-
ceptableresultin Figure14a.We find the additionof two proximal
simpleknotsat extremaof sectionsof thedesigncurve andFrench
cunweto give goodresultsin mostpracticalcases-igure14h
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Figure13: Replacemendf designcurwve sectionwith Frenchcurve
section

Manipulationof thepositionof theseinsertedknotsprovidesthe
userwith controlover thetransitionfrom the unediteddesigncurve
to the Frenchcurve section(SeeFigure15).
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5 Implementation

Curwe designusingdigital Frenchcurveshasheenimplementechs
aplug-inin our modelingandanimationsystemMaya.

Figure16: Userinteractionusinga puck,penandtablet

A typical workflow involves interactvely sculpting design
cunes by affine transformationsof the Frenchcune (SeeFig-
ure 16). Oncethe sculptedsectionof the designcurve hasthe gen-
eraldesiredshapethe behaior of thecurwe in theregion of transi-
tion betweerthe unediteddesigncurve andtheFrenchcurve canbe
editedusingthe point on curve manipulatorsshowvn in Figure 15.
Theresultingcurve in Figurel5ais shavn ghostedn Figure15bto
indicatethe changen behaior. Finally the edit operationis com-
mittedandthe usercancontinueto sculptthe editeddesigncune.

We have prototypedaninteractionstylefor digital Frenchcurves
which is basedon the two-handedinput paradigmproposedby
Kurtenbach[13]. This paradigmemulatesthe commonmethod
of working with physicalFrenchcurves on paperwherethe non-
dominanthand positionsand orientsthe Frenchcurve, while the
dominanthandis freeto drawv alongthe Frenchcurve. Our proto-
typeimplementghis styleof interactiorby usingthe Wacomintuos
digitizer tabletwhich allows simultaneousiseof the puckandpen
(seeFigure 16). The puck, which sensests positionand orienta-
tion, is usedto controlthedigital Frenchcurve while thepencanbe
usedfor brushstroksalongthe Frenchcune. In the caseof sculpt-
ing with aFrenchcurve, wheredrawing isn’t requiredwe ervision
thatthe pencould be usedto triggerthe acceptancef curve edits
andto adjustthe pointon curve manipulatorgor theinsertedknots
(SeeFigurelb).

We do not, however, dictatea strict assignmenof functionality
of hands. For example, by addinggraphicalmanipulatorsto the
digital Frenchcurves,bothcontrolof theFrenchcurve anddraving
(or adjustingmanipulatorsvhile sculpting)could beaccomplished
with oneinput device by serially adjustingeachmanipulator In
comparisono thetwo-handednteractionstyle,though serialinter-
actionmay belessefficient. Also, somepositioningandsculpting
tasksmay requireprecisepositioningof the Frenchcurne andthe
usermay switch to usingthe puckin the dominanthandfor more
control.

Currently ourinteractionparadigmhashadlimited testing.Our
initial impressiongrethat,in thesculptingcase simultaneouson-
trol of positionandorientationof aFrenchcurve allow quick explo-
rationof how aFrenchcurve affectsatargetcurve, aidingadesigner
in quickly determiningthe correctpositionof the Frenchcurve for
adesiredeffect.

We comparedheefficiengy of ourimplementatiorusingapprox-
imating elliptic arcsfor calculatingproximity betweenthe design
and Frenchcure againsta fixed depthsubdvision approacHh8].
Interactionrateswere about20 Hz using elliptic arcsand about
14 Hz usingsubdvided controlpolygonsfor resultsof comparable
quality. The speedugps largely dueto the muchsmallernumberof
elliptic arcsthansubdvidedline segments.

6 Conclusion

The digital Frenchcurwe paradigmis of greatvaluein the initial
stagesof conceptualobject design. To begin with they provide
an efficient mechnismfor neateningand simplifying sketchedor
scannediesigncunes and endaving themwith a minimal repre-
sentatiorthathasgoodcontinuityandcunatureproperties Equally
importantis thestylisticuniformity andcharactethey provideto an
entireeraof objectdesigns.

The algorithm describedfor approximatinga parametriccurve



using elliptic arcsefficiently solves the proximity to a 2D curwe
prodlemthat is essentialto the interactivity of the sculptingap-
proach.Thecomparisorio anothermpproachn Sections illustrates
its efficiengy but alternatealgorithmg21, 8] canprovide acceptable
results. Additionally the elliptic arc algorithmis of utility to other
applicationsvhichrequirethecomputatiorof othercurve attributes
suchasarclengthalongthe curve, ray-cune intersectioror anin-
side/outsiddunction.

It may be possibleto extendthe approachto approximate3D
cunwes.For spaceurvesthealgorithmshouldgeneratédreakpoints
wheneer the planeof the curve asdeterminecby a Frenetframe
moving alongthe curve deviatesby morethana given tolerance.
Eachsegmentcanthenbe approximatedoy an elliptic arcin the
planeof an averageFrenetframerunningover the curve segment.
Note that Frenetframesare ill-defined at points of inflection on
cunesbut thesealreadygeneratdreakpointsonthecurne.

Sinceour digital Frenchcurvesto someextent emulatephys-
ical Frenchcurwes, we areinterestedn enhancingthe emulation
by usingdigital Frenchcurveson digitizer tablets,wherethe dis-
play surfaceandinput surfacearecombined Systemf thesetype
eliminatethe displacemenof the handsfrom the artwork which is
presentn currentsystemswherethe displayandtabletare seper
ated.We believe thatintegrateddisplay/tablesystenwould further
bridgetheinteractiongapbetweena digital anda physicalFrench
cune.

(a) Curve with depth

(b) Sculptedcune

Figurel7: Editing a 3D designcurve

Throughoutthis paper we have addressedhe applicationof
Frenchcurvesto editingplanardesigncurves. It is clearthata fun-
damentallydifferentapproachs neededo apply Frenchcurvesto
sculptingcurves suchasthe sine-wave in Figure5, sincethe min-
imal knot sequencef the Frenchcure sectionis not enoughto
representhecurve variationnormalto thedesignplane.For curves
with minimal variationoutsideof the designplanesuchasin Fig-
ure 17a,we simply constrainedit points of the sculptedcurwe, to
snapto the original designcurve, in thenormaldirectionto thede-
sign plane. This largely preseres the shapeof the designcurve
orthogonalto the designplanewithout affecting the curve projec-
tion in thedesignplane.

Summarisingwe have investigatedhe useof a digital equiva-
lent of Frenchcurvesor Frenchcurvesfor usein conceptuabbject
designandfoundthemto beanappealingnteractie techniqueor
cune andsurfacedesign.
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