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Abstract

Efficient surfacereconstructiorand reverse engineeringedniquesare usuallybasedon a polygonalmeshrep-
resentatiorof the geometry:the resultingmodelsemege from piecaviselinear interpolationof a setof sample
points.Thequality of thereconstructiomot only depend®n the numberand densityof the samplepointsbut also
ontheir alignmentto sharpandroundedfeatuesof theoriginal geometryBadalignmentcanleadto severe alias
artifacts. In this paperwe presenta samplingpatternfor featue and blendregionswhich minimizeshesealias
errors. We showhowto improve the quality of a givenpolygonalmeshmodelby resamplingts feature and blend
regionswithin an interactive framevork. e further demonstate sophisticatednodelingopemationsthat can be

implementedbasedon this resamplingechnique

1. Introduction

Surfacereconstructiorusuallyrefersto the procesof deriv-
ing manifold surfaceinformationfrom measuregboint data.
The input datatypically comesas a dense(in generalun-
structuredloud of samplepointsin 3—spacendtheoutput
is themathematicatlescriptionof a surfacethatinterpolates
or approximatesll or someof thesamples.

The classicalscatteed data interpolationtechniquesare
mostlybasednfitting splinesurfaces'! or surfacesspanned
by radial basisfunctions?® to the discretedata.The variety
of shapeghatcanbe reconstructedvith thesetechniquess
limited sinceaglobalparameterizationf thedataover some
parametedomainQ C R? is required.

With the wider availability and improving performance
of 3D scanningtechnology the compleity of geometric
datasetshasincreasedsignificantly Datasetswith several
million samplepoints are routinely generatedrom scan-
ning highly complex shapesSinceclassicalapproximation
techniquesanno longerbe appliedwithout involved pre—
processing(e.g. sggmentation2t22), mary surface recon-
struction schemesbasedon polygonal mesheshave been
proposecbverthelastyears.

Therearedifferenttechniqueso generaténterpolatingor
approximatingtriangle meshedor a given cloud of sample
points. One approachis to connectthe given samplesdi-
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rectly by estimatingthe neighborhoodelationbetweerthe
pointsfrom their spatialconstellation’- 1. Someof theseal-
gorithmscombinethe neighborfindingwith a subsampling
mechanisnto control the complity of the resultingmesh
2. Otherapproachederive avolumetricsigneddistancefield
for the spacearoundthe cloud of samplesand generatean
approximatingtriangle meshby extracting the zero—level
iso—surfcefrom thatvolumetricscalarfield 9 5 23,

All the abore techniquedeadto highly detailedtriangle
meshesAlthough most algorithmsallow the userto con-
trol the outputcompleity by globally adjustingthe resolu-
tion, it is often necessaryo setthe resolutionhigh enough
to avoid topologicalambiguities An additionaldravbackis
dueto thefactthattheresolutioncanonly be changedylob-
ally and hencewe eitherlose relevant geometricdetail (if
we setthe resolutiontoo low) or we extremely oversample
flat surfaceregions (if we setthe resolutionto high). Lo-
cally adaptingthe resolutionis difficult sincethis requires
to detectthe presencef fine detail (= estimatethe surface
cunature)beforethesurfaceis actuallygeneratedn coarse-
to-fine approachetik e 23 the meshresolutionis adaptecoy
selectve refinemenbasedn ana posterioriestimator

Thestandargrocedureo avoid thesedifficultiesis there-
foreto first reconstruchighly complex meshesandthenap-
ply somemeshdecimationtechniquel® 1813 which effec-
tively reduceghe numberof triangleswhile keepinga pre-



Botst andKobbelt/ SurfaceAnti-Aliasing

scribedapproximationtoleranceand optimizing the visual
quality. Out—of—coredecimationalgorithmsareableto pro-
cesgdatasetsof virtually ary sizel64. As aresultwe obtain
atrianglemeshthat approximateshe original geometryup
to a prescribedolerancewith a minimum numberof trian-
gles.

Since most geometry-baseddecimation schemesare
greedyalgorithmsthat only considerthe local shapeto de-
cideaboutwhich vertex to remove in the next step,oneusu-
ally hasno direct influenceon the distribution and global
alignmentof themeshverticesonthesurface. Theonly guar
anteeis that the vertex distribution correlateswith the sur
facecunature,i.e. we obtaina low vertex density(largetri-
angles)in flat regions and a high density (small triangles)
in curved regions. For the betterdecimationalgorithmswe
canfurtherobsene thatin cylindrical regionswith high cur
vaturein oneandlow cunaturein the orthogonaldirection,
thevertex distributionis anisotropicjeadingto long thin tri-
anglesalongthe cylinder axis direction (cf. Fig. 1). Thisis
anaddedvalueto thosedecimationschemesincesuchtri-
angulationsaapproximatecylindrical regionsmuchbetterfor
afixedtrianglebudget.

While such decimatedmeshesare well-suited for dis-
playing, they turn out to be inappropriatefor more sophis-
ticated downstreamapplicationslike numericalsimulation
(e.g.CFD).Thereasorfor thisis thatthe (weightedyandom
distribution of vertices(= surfacesamples)eadsto severe
aliaserrorswhich becomerisible asflat shadingartifacts(cf.
Fig. 1) andwhich canleadto erroneoussimulationresults.
Thosealias errorsare causedby the fact that althoughthe
decimatedtriangle meshstayspointwise within sometol-
eranceto the original data,the normal vectorscan deviate
significantly

This so callednormalnoisebecomesarticularlyevident
in thevicinity of featurelinesontheoriginal shapeHerethe
two principalcunaturediffer very strongly—in theextreme
caseof sharpfeaturesthe cunatureacrosshe featureeven
diverges.

Theonly wayto solve this geometricaliasproblemin sur
facereconstructiorns to choosehe“right” samplingpattern,
i.e.to globally adjustthedistribution andalignmentof mesh
verticessuchthatthenormalvectorsof thetrianglesapprox-
imatethe normalvectorsof the original surface.

In this paperwe proposea solutionto this samplingprob-
lem. We presenta techniqueto resamplethe featurere-
gions of a giventriangle meshsuchthat the alias artifacts
arestronglyreducedWe adwcatefor anintegrationof this
technigqueinto a semi—automatiset—upsincewe consider
the problemof detectingfeatureregionsto be independent
from the actual(re—)samplingoroblem:If we would have a
reliable techniquefor featuredetection,we could combine
it with our resamplingechniqueto implementa fully auto-
matic resamplingschemeFor industrial surfacedesignap-
plications,manualfeaturedetectionis acceptableandeven
preferredby mostdesigners.

Figure 1: Geometricalias effectssuc asnormalnoisebe-
comeclearly visible underspecularshading Thetop image
showsan original 3D—scanof a featue region. Although
the point positionshavebeensampledat high precision,the
normalsof the resultingmeshdeviate strongly fromthe nor-
malsoftheoriginal surface Applyingmeshdecimation(cen-
ter) improvesthe situation slightly sincethe triangles are
stretchedalongthe feature but the normal noiseis still dis-
turbing. In the bottomimage we appliedour alias—teducing
featue resampling Although the meshresolutionhas not
changed, the quality hasimproved due to effectivenormal
noiseelimination.

The main contritution of this paperis the definition, jus-
tification, andapplicationof a samplingpatternfor geomet-
ric featureregionswhich provably satisfieshe meshquality
requirement$or numericalsimulationapplicationsWe fur-
ther presentan efficient and effective techniqueto reverse—
engineerthesesampling patternswith only little userin-
put for the featuresof a given geometricmodel. We finally
demonstratehat the additional structureof the resampled
meshmodelsprovidesthe basisfor a numberof high level
modelingoperations.

2. Featureregions

In the boundaryrepresentatioof geometric(solid) models
we candistinguishthreetypesof surfaceregions:thereare
geometric primitives (parts of spheresgcylinders, or tori),
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freeformsurfacegsmoothsurfacepatcheof generakhape),
andblends Blendsareusuallyconstructedo join the other
surfacepartsin orderto obtaina consistentepresentatioof
aclosedsolid.

A blendsurfacecanbe thoughtof aseithergeneratedy
rolling a ball with varying or constantradiusover the gap
betweenwo surfacesegmentsor by sweeping profile curve
alongthetwo oppositeboundariegcf. Fig. 2). In theextreme
case,a blend candegenerateo a featurecurve wheretwo
surface sggmentsmeetwith discontinuoustangentplanes.
We call suchfeaturecurvessharpfeatues They correspond
to rolling ball blendswith zeroradiusof theball.

Figure 2: Featue regions on a comple surface usually
emepge from blendingtwo sepaate patchesalong the cor-

respondingoundary Thetwo patchesonthetopleft canbe

joinedby computingtheir intersection.Thisleadsto a sharp
featue line (top right). Alternativelywe canroll a ball of

prescribedradius(bottomleft) or sweepa more complicated
profile (bottomright).

Whensamplinga surface,we have to adaptthe sampling
densityto the local cunature distribution in orderto cap-
ture all (andonly) relevant geometricdetails.Obviously; in
highly curvedregionswherethe principal curvatures<; and
Ko arebothlarge,we haveto samplemoredenselythanin re-
gionswhereboth principal cunaturesaresmall. If themag-
nitude of the curvaturesdoesnot differ too muchthenan
isotropicsamplingpatternis fine. However, sincetwo prin-
cipal cunaturescharacterizéhelocal cunature,anoptimal
samplingpatternhasdifferentdensitiesn thecorresponding
principal directions.Hence,in featue regions— character
ized by K1 < K2 —we have to usean anisotropicsampling
patternand this patternshould be alignedto the principal
directions.

In terms of the above classificationinto primitives

(© TheEurographic#ssociationandBlackwell Publisher2001.

freeformpatches and blendsthe featureregions are usu-
ally theblendareasvhere,e.g.,asphereof radiusl/ky rolls
alongacurve with curvaturek =~ K1 < K.

3. Surface sampling

In theintroduction we pointedoutthattheweightedrandom
distribution of surfacesamplessit emegesfrom meshdec-
imationdoesnotyield satishctoryresultsin featureregions
dueto normalnoise We now give a moreprecisedefinition
of normalnoiseandthenpresenta simplesamplingpattern
for featureregionsthatreducesrormalnoiseto a minimum.

The roughnesof a triangle meshcan be measuredoy
somediscreteanalogonto the conceptof cunature?6 2617,
A simplediscretizationis, e.g.,to ratethe cunvature(= non—
planarity) acrossan edgeof the meshby the anglebetween
thenormalvectorsof the adjacentriangles We call this an-
gle the normal jump If the triangle meshis an orientable
manifoldthenwe candistinguishcorvex normaljumps(pos-
itive sign) and concavenormal jumps (negative sign). By
adding the normal jumps with respectto its three direct
neighbors,we obtain a single cunature value per triangle
which canbeinterpretedasdiscretemeancurvatue.

High quality (“class A") surfacesin GeometricModel-
ing and CAD areusually characterizedby low variation of
cunature.Most surfacefairing techniquesmprove a given
shapeby reducingthe surfaces curvatureor its variationin
an optimizationprocesst? 6 12, Transferringthis notion of
fairnessto trianglemeshesmpliesthatwe considermeshes
to be of high quality if the variationof the normaljumpsis
low.

For a low quality meshwith strongly varying normal
jumpstheindividual triangle normalsare more or lessran-
domly tilted away from the normal conecorrespondingo
the underlying surface patch (cf. Fig. 1). We call this ef-
fect which becomestlearly visible underspecularshading
of the surfacenormal noise becausdt behaes very sim-
ilar to surfacenoisewhich refersto a high frequeng per
turbationof the vertex positionsaway from the underlying
surface.The processof reducingor even remaoving normal
noiseby choosingan appropriatesamplingpatternis called
surfaceanti—aliasing

It is easyto seethatrandomsamplinggenerallyleadsto
significantnormalnoise.Considere.g.,the simpleexample
of anorthogonakylinder. Placingthe samplegandomlyon
the surfacecausesan uncontrollabletilt of thetrianglenor-
mals away from the original surfacenormalswhich are all
orthogonalto thecylinder’s axis.

If we reducethe samplingdensityin the directionof the
cylinderaxiswe obviously reducethenormalnoisesincethe
resultinglong andthin trianglesbecomemoreandmorepar
allel to thecylinder axisandhencetheir normalsbecomeap-
proximatelyorthogonalto the axis. However in generalthe
normal noisewill never disappeacompletelyand,in fact,
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we tradethetriangle’s aspectatio (anothemeshquality cri-
terion)for thereducedchormalnoise.

The genericconfigurationof a triangle’s normal vector
beingorthogonalto the cylinder axisoccursif thetriangle’s
embeddinglaneintersectshecylinderin two parallellines.
Sincethetriangleis spannedy threesurfacesamplesthese
sampleslsohaveto lie onthosetwo lines. Thisimpliesthat
atriangleis free of normalnoiseif andonly if one of its
edgess parallelto the cylinder axis.

Now considerasamplingpatternwhereall sampledie on
asetof lineswhich areparallelto the cylinder axisanddis-
tributedequallyaroundthe cylinder. Eachstrip betweertwo
of thoselinescanbetesselatetby a planartriangulation As
aconsequencthenormaljumpsbetweenrianglesareeither
zero(within the samestrip) or a constananglethatonly de-
pendson the numberof strips. Hencethe normal noiseis
minimal. The two differentnormaljump valuescorrespond
to thetwo principal curvatureson the cylinder surface.

We now generalizehis ideato derive a samplingpattern
for surfaceshatarepartof anenvelopegeneratedy moving
asphereof constantadiusalonga spacecune. In Sections
we will apply the samesamplingpatternto evenmoregen-
eral profile sweepsurfacesto empirically demonstratehat
we still obtainsuperiorguality meshesomparedo random
samplingalthoughwe canno longerguaranteeeronormal
noisein this generalizedetting.

The envelope of a maving spherecan be definedalter
natively by a centercurveg(t) alongwhich a planarcircle
profile is moved. The orientationof the circle’s embedding
planeat atime stepty is definedby thetangenty’ (tg) of the
centercurve. The sweepsurfaceitself is the collection of
all profilesat differenttime stepst € [a, b]. We assumehat
theminimum curvatureradiusof the centercurve g is larger
thantheradiusof thecircle profile to avoid the discussiorof
surfacedegeneracies.

Accordingto the above definition we candistinguishtwo
naturaldirectionson sucha sweepsurfaceS: onealongthe
centerline andonearoundthe centerline. We canusethese
directionsfor a naturalparameterizatior®(t, u) with t vary-
ing alongandu aroundthe centercune. In this parameteri-
zation,theiso—cuneswith constanparametety arecircles
aroundthe centerg(tp). Iso—cuneswith constanparameter
Up arethe trajectoriesalongwhich a specificpoint on the
circle profile moves. Ohviously, the trajectoriesare offset—
cunesto the centercurve and consequentlyhe iso—cunes
with respectto the parametett and u intersectperpendic-
ularly. In fact, it canbe shavn that the iso—cunes are the
principalcunaturelinesof the sweepsurface3. Anotherim-
portantpropertyof the trajectorieswhich will be usedlater
on, is thatthey have constanteuclideandistanceaswell as
constangeodesidistance.

The samplingpatternfor the sweepsurface hasto dis-
cretize the parameterdomainin t and u direction. We
start by discretizingthe moving profile itself. This means

we approximatethe circle S0,u) by a closed polygon
P = [po,-- -, Pn—1] With pi = §0,i/n). Whensweepinghis
closedpolygoninsteadof thecircle, we obtaina surfacethat
consistof n ruledsurfaces

Ri(t,u) = (1—u) S(t,%) + u g, ).

Becausehetrajectoriesalongwhich the pointsp; move are
perpendiculato the profiles,we immediatelyseethatif we
choosethe polygonP to be aregularn—gonthenthe normal
jump betweemeighboringruled patchesR; is exactly 21/n
everywhere(cf. Fig. 3). Hencewe have a constantnormal
jump (= zerovariation).

i+1
n

Figure 3: By discretizingthe sweepprofile we approximate
the original envelopesurfaceS by a collection of n ruled
surfacesR;. Sincewe replacethe circle profile by a regu-
lar n—gonwhich movesorthagonallyto its embeddinglaneg
all normal jumpsbetweemeighboringstrips are constantly
equalto 21/n.

Next we have to find a triangulationfor eachruled patch
R; which correspondso a discretizatiorin t direction.Since
thetrajectoriesarelinesof minimal curvature,we do not ex-
pectlarge normaljumpsbetweentriangleswithin the same
strip. However, we have to make surethatthe constannor-
mal jump propertyof the n-gonsweepis preseredasgood
aspossible.

If we approximatehe segmentg([to, t1]) by astraightline
or acirculararcthentheresultingpatchR;([to, t1],[0,1]) isa
cylindric or conicsurfacepatch.Notice thatthe approxima-
tion error of a circular arc to the curve segmentg([to, t1])
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decreasesike O(|t; —to|). Hence, even for generalcen-
ter curvesg we canlocally approximatesachsurfacepatch
Ri([to,t1], [0, 1]) by acylindric or conicsurfacepatch.More-
overR; islinearin u directionandthetwo iso—cunesR;(t, 0)
andRi(t, 1) areoffsetsof eachother

For a conic patch Ri(fto,t1],[0,1]), ary two gener
ator lines (e.g. R([to],[0,1]) and Ri([t1],[0,1])) inter-
sect in a common point, the ape. Hence the quadri-
lateral [Ri(to,0),Ri(to,1), Ri(t1,0),Ri(t1,1)] is planar If
Ri([to,t1],[0,1]) slightly deviatesfrom a conic patch, the
correspondingguadrilateralwill still be very flat. Conse-
quently the quadrilateralspannedby Ri(to,0), Ri(tg,1),
Ri(t1,0), and Ri(t1,1) will be very close to planar and
no matter hov we split it into two triangles,we do not
introduce a significant normal jump betweenthe two re-
sulting triangles. In addition, if we look at neighbor
ing quadrilateralgR (to, 0), Ri(to, 1), Ri(t1,0), Ri(t1,1)] and
[Ri+1(t0,0), Rit1(to, 1), Rita(t1,0), Riya(ts, 1)), the normal
jump betweerthemis approximately211/n sinceeachquad
is spannedy a pair of generatindines from the neighbor
ing stripsR; andR;.1 for the sameparametevaluety andt;
respectiely.

Hence,it turnsout thatthe regular triangulationfor each
strip which usesthe samplepairs R (tj, 0) andR;(tj, 1) for
ary sequencef parametewaluest;j doesnotintroducesig-
nificantnormalnoise.Moreover, we canevenshaw thatary
modificationof the triangulationonly increaseshe normal
noise.

Consider e.g., the four samplesA = Stp,i/n), B =
S(t1,i/n), C = Stp, (i — 1)/n), and D = St3, (i + 1)/n)
which definetwo trianglesT; = [A,B,C] and T, = [D, B, A]
in neighboring strips. If the trajectories (t, (i — 1)/n),
S(t,i/n), and S(t, (i + 1)/n) are no straightlines then the
normalanglebetweenrl; andT, candiffer significantlyfrom
the optimalvalue21t/n whenwe choosethe parametewal-
uest, andts from theinterior of theintenval [to, t1] (cf. Fig.
4). This local deviation of the normaljump from the aver-
age21/n propagatescrossthe meshbecausehe sum of
the normaljumpsalonga planarcontouraroundthe center
line is constantlyequalto 21t

In conclusionof this sectionwe find that the key to an
anti—aliasedsamplingpatternon sphericalsweepss to ar
rangethe surfacesamplesp; j = S(tj, u;) suchthatthe the
points[p; j]j lie onacommoncircle aroundthe centercurve
andthesampledp; ;] lie ontrajectories.

4. Interactive surface reconstruction

In thelastsectionwe shavedthatarolling—ballblendshould
betriangulatecbasedn asamplingpatternthatis alignedto
theprincipalcunaturedirections(trajectoriesandcircle pro-
files)in orderto minimize normalnoise.However, sampling
anexistingfeaturewith unknavn centercurve g fromagiven
triangle meshis a differentsituation:unlesswe aredealing
with a sharpfeature(i.e. its radiusequalszero) the center
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Figure4: In bothimages,thefeatue regionis reconstructed
by placing the samplesalong the trajectories.Onethe left,
thesamplesare “synchronized” in the orthogonal direction
(i.e. along the contous) as well, leading a noisefree ap-
peamance Onetheright, weshiftedthe phaseon everyother
trajectorythusprovokingextremenormal noise Noticethat
thegeometricapproximationerror is thesamean bothexam-
ples.

cune doesnot lie on thegiven surface,neitherdo we know

the radius of the profile that was sweptalongit. Instead,
the surfacedataonly providesustheresultingblend.In or-

derto reverse—enginedhe featureandto resampldt in an

anti—aliasednannerwe have to generatehe samplingpat-
ternwithoutexplicitly knowing theprincipaldirectionbased
parameterizatiof(t, u).

Ourgoalisto generateghesamplinggrid usingafishbone
typeof grid structure wefirst construcabadkbonecurveTy
thatis approximatelyalignedalongthe featureandthenwe
tracerib curvesC; that branchoff perpendicularlyfrom it
(andhenceare alignedaroundthe feature).In termsof the
lastsection the backbonecorrespondso a trajectoryon the
sweepingrofile,while theribs representhe contoursatdif-
ferenttime steps.On eachrib C; we take a setof uniformly
spacedsamplesp; j (with respectto arc—lengthparameter
ization). If we connectthe jth samplefrom every rib, we
obtaina curve Tj with constantgeodesidistancefrom the
backboneThisimpliesthatthecurve T is anothetrajectory
andit follows thatthe setof sampledp; j)i,j hastheproper
tiesderivedin the previous section.

Consequentlythe resampledtriangle meshpatchis an
anti—aliasedpproximatiorof thefeatureregionthatwe can
insertinto a target meshby usinga mesh—stitchingnethod
similar to theonedescribedn 4. This targetmeshdoesnot
needto be the samemeshasthe onewe sampledfrom. In
the contet of surfacereconstructiorfrom rangedata,e.g.,
we may generatehe target model using standardmethods
52, This meshcould afterwards be enhancedy stitching
in alias—reducegatcheghatwereresampledrom the best
available geometry i.e. from the original non—decimated
rangescans.
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Figure5: Thissequencefimagesgivesa roughoverviav of our resamplingorocedue. Thebadkboneis geneatedby interpo-
lating userselectedgsurfacepointsanda setof ribs is createdby intersectingthe surfacewith a setof planesbeingorthogonalto
thebadkbone(left). Featue snappingallowsto re—positiorthe badkboneexactlyon a sharpfeatueline (centerleft). Additional
trajectoriescan be definedby marching fromrib to rib accoding to someselectioncriterion (center).By uniformly sampling
therib curves,we can generte a regular triangulation of the featute region. The alignmentof the samplinggrid to the ribs
in onedirectionandto thetrajectoriesin the orthogonal directionguaranteesan anti—aliasedreconstructior(center right). If
necessarytheresampledneshcanbe smoothedy applyingunivariatefilters that preservethe featue characteristics Finally

theresampledneshis stitchedinto the original (right).

In the following we explain the basicstepsof the resam-
pling proceduren moredetail:

The initial backbonés constructednteractvely: the de-
signersketcheghefeatureby picking a few positionson an
estimatedrajectory The backbonecurwe is thengenerated
automaticallyby smoothlyinterpolatingor approximating
thesepoints. Sincewe do not require the backbonecurve
to lie exactly on the surface,this procedureallows usto ob-
tainasmoothbackbonecurve evenif theunderlyingsurface
datais noisy The only (soft) requirementfor the resulting
backbonecune is thatit shouldbe anapproximateoffsetof
atrajectory

To genererat¢herib cures,the backbonds sampledei-
ther uniformly or with a curvature—dependersgtep width.
For eachof the samplepointsv; we createa rib curve by
intersectinghe givensurfacewith the planepositionedat v;
and orthogonalto the backbones tangent(cf. Fig. 5, left).
This specialrib generations the reasorwhy the backbone
doesnot have to lie exactly on the surface. Nevertheless,
eachrib is a planar polygon (a fact we will exploit later
on) thatexactlylies on the surface.If the given surfaceis a
polygonalmesh the planeintersectioncanbe implemented
by alocaltracingschemesuchthatthe computatiorcostsdo
notdependon the overall compleity of themesh.

To createa new trajectorythe userselectsone or more
interpolationpoints on differentribs. Startingfrom sucha
point, the new trajectoryis constructedoy marchingfrom
rib to rib. The correspondingpointson the neighboringribs
canbeidentifiedaccordingo severaldifferentcriteria:

e We canchoosethat point which hasthe samegeodesic
distanceto an alreadyexisting trajectory (to mimic the
offsetcurve propertyof trajectories).

e We canproceedn orthogonaldirectionto the currentrib
(to mimic theprincipaldirectionpropertyof trajectories).

VLTI
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\
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Figure 6: At strongly curvedfeatures,theribs mayintersect
ead other If we give up the requirementthat the ribs have
to beorthogonalto thetrajectorieswecanstill finda decent
triangulationwith reducechormalnoise

e We canchoosethe local cunature maximumto tracea
sharpfeatureline. Thisis acorvenientmethodto snapthe
backboneo a featureline if the initial backbonedid not
fit (cf. Fig 5, centereft). Noticethatthesnappingnly re-
quiresunivariatefeaturedetectiorwithin eachrib curve.

e \We can simply interpolatea given set of points by a
smoothcurwe. This provides full manualcontrol to the
designer
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In casewe usethe backbonesnappingwe might have to
recomputetheribs by intersectinghe surfacewith anew set
of planesbeingorthogonalto the new backbonecf. Fig. 5,
centerleft). We found this techniqueparticularly usefulin
practicesinceit allows the designerto selectsharpfeature
linesona CAD modelwith a high precisionwithout having
to pick pointsexactly on thefeatureby himself.

When the featureis strongly curved we may run into
the problemof overlappingrib curves.To generatean anti—
aliasedtriangulationin this case we have to give up there-
quirementhatribs have to beorthogonalo trajectoriesThe
following techniqueyields very satisbctory results: For a
given fishbone(= backbonesamplesv; plus ribs) we gen-
eratetwo additionaltrajectoriegw;] and[w}] with constant
distancealongtheribs. In the presencef overlappingribs,
thesetrajectorieswill have kinks andloops.By applyinga
simple low—passfilter operatorto the outertrajectorieswe
canstraighterout thesedegeneracies.

After thefiltering, the threepointsv;, w;, andw] which
areassociateavith theithrib, defineatilted plane By inter-
sectingthe given surfacewith thesenew planes,we obtain
new ribs which nolongeroverlap(cf. Fig. 6).

The last stepof the resamplingprocedures to compute
equidistantsampleson eachrib with respectto the arc—
length parameterizationThose sampleshave the property
thatthey are (trivially) alignedto the ribs (= contours)but
alsoalignedto thetrajectoriessincethe jth sampleon each
ribs hasthe samegeodesidistanceto ary othertrajectory
Hencethe sampling grid matchesthe requirementsfrom
Section3 andthereforewe canexpectan anti—aliasedsur
facereconstructionThe resamplingprocedurds concluded
by stitchingthe new patchinto the original mesh.

Figure 7: Roundinga sharpfeatuee: Thefeatue region has
beenresampledby our new technique The image on the
left showsfour trajectoriesand several ribs. The area be-
tweenthe inner trajectoriesis modifiedby replacingead
rib sggmentwith a Hermite interpolating profile having a
prescribedblendradius(right image).
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5. Feature modeling

Thefishbonemetaphodescribedn thelastsectionnotonly
enablesus to resamplegeometryin a way that stronglyre-
ducesormalnoise theadditionalstructurainformationcan
alsobeusedfor high level featuremodeling.

Changinghecharacteristicef afeatureis averyfrequent
operationin productdesign.For examplein CFD simula-
tionsit is often necessaryo vary the sharpnessf a feature
(i.e., theradiusof arolling ball blend)to verify theimpact
onthe overall aerodynamics Roundingandsharpeningare
the operationswhich increaseor decreasehe blendradius
alongafeature.

Figure 8: Theroundedfeatue is sharpendby settingthe
blendradiusfor the rib profilesto zewo for the upperring
andto somesmallbut non-zeo valuein thelowerring.

On a fishbone-wiseesampledeatureregion suchmod-
eling operationsarevery easyto implement.Thereasorfor
this is that we have a perfectalignmentof the sampling
grid to trajectoriesandribs. Sincetheribs aregeneratedy
planeintersectionsve additionallyknow thatthey areplanar
which reduceghefeaturemodelingoperationgo 2D opera-
tionsactingontherib curves.

The genericformulationof a featuremodelingoperation
is to selecttwo trajectoriesremave the part of the fishbone
thatlies betweenthemandreplaceit by anothermeshthat
fits to the boundaryconditionsimposedby the remaining
parts.Sinceeactrib canbeprocessethdependentlyve only
have to implementthemodelingoperatiorfor aplanarcurve
andthenapplyit to eachrib separately

The corresponding2D operationto which the feature
modelingreducess in facta Hermiteinterpolationproblem
wheretwo pointsandtangentaregiven andacCt! interpolat-
ing curve is sought.TheseHermite conditionsareimposed
by theremaingpartsof eachrib.

Let us first considerthe rounding or sharpeningopera-
tions. As statedabore, both operationssimply changethe
radiusof the blendandhencethey canbe treatedanalogu-
ously The genericprofile by which we want to solve the
Hermiteinterpolationproblemis depictedin Fig. 9. It con-
sistsof two straightsegmentson bothsidesof a circulararc.
This genericprofile is flexible enoughto solve the Hermite
problemfor ary convex configuratiorandhasoneadditional
degreeof freedom:hecircle radius.Hencewe canprescribe
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Figure9: We canuseanygenericprofilefor thefeatue mod-
eling aslong asit is flexible enoughto solvethe Hermite
interpolation problemand providesat leastone additional
degreeof freedom.

theradiusandfind the resultingCl interpolantby a straight-
forward construction.Fig. 7 shavs an examplewherethe
blendradiusis increasedand Fig. 8 shavs the perfectre-
constructiorof a sharpfeatureby settingthe blendradiusto
zero.

If wewantto modelmorecomplicatechrofile sweepsye
simply have to replacethe genericHermiteinterpolant.Fig.
9 shaws a parameterizegrofile with two straightsegments
andthreecirculararcs.Theindependentiegreesof freedom
arethe circle radii andthe openingangleof the centerarc.
Fig. 10 shaws theapplicationof this profile to the samefea-
turethatwasmodifiedin Fig. 7.

Figure 10: Quitesophisticatednodelingopemtionsare pos-
sibleif weusemore complicatedprofilesfor the 2D Hermite
interpolationon ead planarrib curve

6. Results

We appliedthe surface anti—aliastechniquein the context

of CFD simulationfor conceptuatardesignto a highly de-
tailed meshmodel of the BMW Z8 car The normal noise
containedn the modelsafterthe triangulationand decima-
tion phasecould effectively be removed. Someresultsare
shawvn in Fig. 11x. To re—modelthe complicatedstructure
of featuresaroundthe driver’'s window took a one—houtin-

teractive sessionOncethe fishboneshave beencreatedfor
eachfeature the blendradii canbe changednteractely.

7. Conclusions

We demonstrateda new resampling and anti—aliasing
schemdor thefeatureregionsof agivensurface.Themajor
ideais to alignthe samplinggrid to the (estimatedprincipal
cunaturedirectionsof asweepsurfacein orderto minimize
the normal noise.We presenteda geometricaljustification
for theintuitive placemenbf thesamplepointsalongtrajec-
toriesandcontoursof aroundedfeatureit turnsoutthatthis
specialsamplingpatternminimizesthe normalnoisewhich
is measuredh termsof thevariationof normaljumpsacross
meshedges.This discretefairnessmeasurecan be inter-
pretedasathird orderderivative (cunaturevariation)which
is oftenusedin CAGD to measurehefairnessof a surface.
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