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Abstract

When using triangle meshesn numericalsimula-
tions or other sophisticateddowvnstreamapplica-
tions,we haveto guarante¢hatno degeneratdaces
are presentsincethey have, e.g., no well defined
normal vectors. In this paperwe presenta sim-
ple but effective algorithmto remove suchartifacts
from a given triangle mesh. The centralproblem
is to malke this algorithm numerically robust be-
causedegeneratetrianglesare usually the source
for all kinds of numericalinstabilities. Our algo-
rithm is basedon a slicing techniquethat cutsa set
of planesthroughthe given polygonalmodel. The
meshslicing operatoronly usesnumericallystable
predicatesand thereforeis able to split facesin a
controlledmanner In combinationwith a custom
tailoredmeshdecimationschemeve areableto re-
move the degeneratdacesfrom meshedik e those
typically generatedby tesselatiorunitsin CAD sys-
tems.

1 Introduction

In recentyearscomputergraphicstechniqueshave
becomeincreasinglypopularin engineeringappli-
cations. Algorithms for the efficient processing
of polygonalmeshesvhich have becomeavailable
through the adaptionof multiresolution concepts
to geometricobject representationsgcan be used
to speedup the computationof all sorts of nu-
merical proceduredor simulationand interaction.
Traditionallytriangleor quadrangleneshesrethe
preferredsurfacerepresentatiofor mostnumerical
simulations.

If a meshis to be usedfor numericalcomputa-
tion, robustnesss essentiafor theresultsto bereli-
able. This robustnesscanonly partially be guaran-
teedby developingstablealgorithms theinputdata
alsohasto meetsomeguality requirementsWe will
shav severalwayshow to measurehe quality of a

trianglemeshin section2. With simulationin mind,
ourquality criterionwill stronglyrelateto theshape
or roundnes®f theindividual triangles.

Because3D rangescannersare getting cheaper
as well as increasinglyaccurate they are a pop-
ular sourcefor input data. A lot of researchhas
beendoneon reconstructingolygonalmeshmod-
elsfrom samplepointsor rangeimageq16, 4, 2,1].
Becausef thehugenumberof facedn theresulting
meshessomekind of meshdecimationschemehas
to be usedin orderto reducethe modelto a com-
plexity thesimulationcanhandle.

In mostengineeringpplicationsurfacesarede-
signedby usingsophisticatedCAD/CAM systems.
Hencethey have to be corvertedto a polygonal
meshrepresentatiotin orderto be usedin numer
ical simulations— anoptionincludedin almostev-
ery CAD software. Thesetesselatiormodulespro-
ducea polygonalmeshapproximatinghe geomet-
ric shapewithin a prescribecerrortolerance.

Figurel: Thistesselatiorof a cylindrical parthasa
low polygoncountandasmallapproximatiorerror,
but unfortunatelyalsovery skinry triangles.

Therearemary waysto approximatea givenge-
ometricalshapeas a polygonalmesh. Both mesh
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decimationandsurfacetesselatiorwill guarantee
certainapproximatiorerror, but evenwithin thistol-
erancevolume one canoptimize the meshaccord-
ing to differentrequirements.For examplea low
polygoncountis preferrablejf the meshhasto be
renderedas fast as possible. On the other hand,
this may leadto skinry trianglesand malesit al-
mostimpossibleto get reliable simulationresults
for suchmeshes.While one hasthe possibility to
trim the meshdecimationprocessto aim for well
shapedriangles,onehasno influenceon thetesse-
lating algorithm of the CAD softwarein use. Un-
fortunatelythesemethodsusually producemeshes
not suitablefor robustcomputationslik e the cylin-
drical partshawvn in Fig. 1.

Thereforea polygonalmeshhasto be prepared
for thetargetapplication,.e. it hasto beremeshed
the given meshhasto be resampledn sucha way
thatthenew triangulationstill approximateshege-
ometricshapebut alsofullfills speciakequirements
dependingon the application[8].

One classof remeshingalgorithmscorverts an
arbitraryinput meshinto a meshwith semi-rgular
subdvison connectyity [5, 13, 12]. Hereremesh-
ing is usedto getthe necessargtructureto apply
speciaimultiresolutionoperatorgo theinputgeom-
etry.

Meshdecimationrscheme$7, 6, 11, 3] areaspe-
cial classof remeshingalgorithms: they changea
given meshin orderto decreasés compleity, but
do it by subsamplingatherthan more generalre-
sampling.

Someremeshingnethodsarebasedon a particle
systemsapproach?9, 15]. Samplepoints areran-
domly distributed on the given input mesh,yield-
ing a new tesselationln a secondstepa globalre-
laxationproceduréalanceshedistributionof these
samplepointsby shifting themonthe surface.

Remeshingnay alsobe achiezed by usinga dis-
tancefield to corvert a given meshinto a volume
representation Applying iso—surhceextractionto
getthe zero—leel surfacewill resultin aremeshed
versionof theinput mesh.In this casespecialcare
mustbe taken not to losegeometricfeaturesof the
originalmesh[17, 10].

We will concentraten remeshingwith the goal
to preparameshesor engineeringimulations.This
is why we wantpolygonalmeshesvithoutdegener
atetriangles.Becausehis type of remeshings es-
pecially necessaryor meshesontainingmary de-

generatdacesthe emplo/edalgorithmshave to be
particularlyrobust. For exampleonecannotrely on
geometricinformation like areaor normalvectors
of the faces,becausehereis no way to evaluate
themin arobustmanner

Most simulationpackagesilreadyincludea pre—
processoithat adaptsthe input meshto the sim-
ulation’s needs. Unfortunately even these pre—
processorsreoften not ableto dealwith degener
atetriangles. Other standardnethodsthat prepare
meshedor FEM simulations,like e.g. Delaunay—
Refinemen{14], heaily rely ongeometriccompu-
tations(like the centerof the circum—circle)which
becomeunstablegor degeneratdriangles.

In this paperwe presenta methodthat usesa
combinationof meshslicing and meshdecimation
to enhance givenpolygonalmesh.In thefirst step
all degeneratdrianglesthat won't be removed by
ameshdecimationprocesgso calledcapg will be
eliminated.A customtailoredmeshreductionalgo-
rithm removesthe remainingskinry triangleswhile
additionally taking the resulting triangles’ shape
into account. While thesetwo stepswon’t neces-
sarily producemeshessuitablefor the simulation
the resultingmeshesdo no longer containdegen-
eratetriangles. Thereforestandardechniquedike
thebuilt—in pre—processasr Delaunay—Refinement
methodsarenow ableto procesghesemeshesn a
robustmanner

2 Mesh Quality Measures

A quality measurefor triangle meshesshould be
adaptedto the target application. As mentioned
in the introductionone may aim at a low polygon
count and smooth appearancdor renderingpur
poser atwell shapedacedor numericallyrobust
computations.

Differentquality measuresvill leadto different
tesselationsf thesamegeometricshapesvenatthe
sametriangle count: if the goalis smoothappear
ancetriangleswill needto be stretchedalong the
directionof minimalcurvature.For FEM simlations
the shapeor roundnes®f trianglesis moreimpor-
tant,becauseomputation$ave to bedonein anu-
mericallyrobustway. Examplesf theseconflicting
optimizationsaregivenin Fig. 2.

Our goalis to getatriangle meshwith all faces
well shaped.Thereare several waysto definethe
quality of atriangle’s shape.Theratio of the short-
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Figure2: Two differentquality measuresthe same
model optimized for smoothappearanceleading
to stretchedriangles(top), andfor triangle shape,
leadingto surfaceshadingartifacts(bottom).

estto thelongestedge(aspectatio) is acommonly
usedmeasure.In the meshgenerationcontet the
ratio of the shortestedgeto the radiusof the trian-
gle’s circumcircleis usedto expressthe quality of a
face[14].

Degeneratetriangles have their shortestedge
muchshorterthantheir circumradius Theseskinry
trianglescanbeclassifiedas

e Caps triangleswith ananglecloseto 180°.

e Needles triangles, whose longest edge is

muchlongerthantheshortesbne.

Thedefinitionsof capsandneedlesarenot mutu-
ally exclusive (cf. Fig. 3). We will referto capsas
“pure caps”,i.e. capsthatareno needles.

.

Figure 3: Classificationf skinry triangles: Caps
have an anglecloseto 180° (top), needlesa bad
shortesto longestedgeratio (middle). A triangle
canbebothacapandaneedle(bottom).

Both types of degeneraciesdo not carry ary
relevant geometricinformation sincetheir surface
areais closeto zero. It turns out that capsare
muchharderto eliminatethanneedles:While nee-
dlescanusually be removed by simply collapsing
their shortestedge, the situationfor capsis more
complicated,since collapsingtheir relatively long
edgescan causeneighboringtrianglesto degener
ate. Hencean alternatve operationis neededfor
the eliminationof the caps.Oncewe manageo do
this, a suitablemeshdecimationalgorithmwill be
capableof remaving theremainingneedles.

3 CapsRemoval

Capsare definedas having their maximumangle
closeto 180°, leadingto a relatively long edgeon
the oppositesideof thetriangle. As mentionedhey
cannotberemovedby collapsingoneof theiredges.
Thereforenew pointshave to beinsertedo split up
facesresultingin smallerangles. In orderto keep
the meshconsistentalso the neighboringtriangle
hasto be split andmustbetakeninto consideration
(cf. Fig. 4).

Figure4: Thetwo neighboringcapsat the top can
neitherbe eliminatedby subdving the baseat its
midpoint nor by splitting the edgeat the orthogo-
nal projectionof the uppervertex, becausehis may
leadto new caps,markedin grey. Theonly way is
cuttingthewholemeshatevery capvertex having a
largeangle like A andD.
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Thefirst guessvould beto subdvide thelongest
edgeBC at its midpoint. Dependingon the angle
betweenthe two nev edgesand the baselinethis
mayintroduceup to 4 new caps(markedin grey).

SplittingtheedgeBC atthe othogonaprojection
of A createsa perpendiculaedge but alsoanarbi-
trarily large angleon the oppositeside. This oper
ationwill remove the uppercap, but may split the
loweroneinto 2 new caps.

If we definea planeperpendiculato thelongest
edgeBC, centeredatthepoint A, andusethis plane
to cut throughthe whole meshthe uppercap will
certainly be eliminated. Cutting the cap BDC by
this planewill splitit into two needlesandonecap.
So the numberof capswill decreasdoy one. By
analogouslycutting throughD in a secondoasswe
caneliminatethis nev capandgetonly needlesbut
nocapsasdepictedn thebottomdrawing of Fig. 4.

In orderto male the cutting algorithmrobust, it
will beappliedglobally andnot only locally to the
mesh.But thenadditionalcaremustbetakennotto
createnaw capsat otherregionsof themesh.

4 Mesh Slicing

If we wantto utilize meshslicing to remove caps,
we first have to male surethatthis operationcanbe

performedn astableway evenfor meshegontain-

ing degeneratefaces. Also we have to guarantee
that no new capswill inadwertently be createdby

cuttingothertrianglesin themesh.

\ v

Figure5: Cutting a triangle produceswo or three
new triangles.

Cuttingameshby agivenplaneis a globaloper
ationthatactson thewhole mesh.In afirst passall
verticesare classifiedasbeingabove, belov or on
theplane(upto somee). In theseconchassall faces
aresubdvided into two or threetriangles,depend-
ing on whetheroneor two of their edgesintersect
theplane(cf. Fig. 5).

To testfor anintersectiorthevertex distancesire
evaluated:if the distancesat the edge$ endpoints
have differentsignsan intersectionoccursandthe
intersectionpoint can robustly be computedby a
corvex combinationof the endpoints.

Althoughvertex classificatioris a geometricop-
eration,it is robust, becausét actson vertices,not
on faces.It alsocanbe doneconsistently:Even if
a vertex is classifiedincorrectly becauseof round-
ing errors,thisinformationwill be usedby all inci-
dentfacesin a consistenmanner Edgeclassifica-
tion andactualtrianglesplitting arepurelytopolog-
ical operationsandnot influencedby meshdegen-
eraciesthereforepreservinghe consisteng of the
mesh.Thusmeshslicing canbe appliedto degener
atemeshewvithout any numericalinstabilities.

We now mustensurethatslicing the meshin or-
der to remove one capwon't createary new caps
by splitting othertriangles. If avertex' distanceto
the planeis lessthanthe snappingoounde, no in-
tersectionawill be computedfor edgescontaining
this vertex. We will usethis snappingto avoid cre-
ating new caps. As depictedin Fig. 5 the angles
at the original points of slicedtriangleseitherstay
the sameor decreaseThe only possibility for new
capsto begeneratedrelargeanglesattheintersec-
tion points(markedby arcsin Fig. 5). Largeangles
only occurif theintersectededgeformsalarge ob-
tuseanglewith the cutting plane. If we guarantee
thatno suchedgewill beintersectedve canbesure
thatno additionalcapswill becreatedy slicingthe
mesh.Thereforewe includeanadditionaltestto the
vertex classificationstage:for eachvertex all ema-
natingedgeghatintersectheplaneareanalyzed|f
anedgebuilds ananglecloseto 90° with the plane
normalthe vertex will be snappedonto the plane,
i.e. its distancewill besetto zerotherebyavoiding
thecritical intersection.

Now for eachcapa suitableplaneis usedto slice
the meshandsplit this capup into two needles.In
orderto ensurethatthis capwill be eliminatedthe
endpointf its longestedgearenotallowedto snap
onto the plane. A potentially bad edgeemanating
from oneof theseendpointawill only have onever
tex snappedo the plane,resultingin an uncritical
bisection.

Hence meshslicing is a robust operationthat
eliminates(at least)onecapat atime. It may pro-
ducenew skinry triangles but theseareguaranteed
to beno capsandthereforehave to beneedlesNee-
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dles,in turn, caneasilybe removed by a meshdec-
imation processafter all the capshave beenelimi-
nated.

5 Mesh Enhancement

Having arobusttool for capeliminationwe cannow
formulateanalgorithmfor theautomaticemoval of
degeneratéacesfrom amesh.In afirst passall caps
aresplit up into needlesusingthe slicing method:

for each cap do
1) define a plane
elinmnating this cap
2) classify all vertices,
possi bly snap them
3) slice the nmesh
done

In the resultingmeshall remainingdegenerate
trianglesareneedlesandcanberemoved by a suit-
able meshdecimationalgorithm. We useonethat
stayswithin a prescribedapproximationerror and
controlsthedecimationprocesgo optimizefor well
shapedriangles.

Meshslicing canadditionally be usedto supe+
samplethe objectin orderto provide moredegrees
of freedomfor the decimationstage. In this case
we slice the meshby a set of manually or auto-
matically constructedplanes,therebyenhancingt
by the new intersectionpoints. This may be nec-
essanjif someneedlesannotbe collapsedwithout
violating the error tolerance e.g. because fan of
needlegiescribes trimming boundaryof somede-
tailed contour Anotherexamplewould be a cylin-
der like the one shawn in Fig. 1, that may be cut
by several planesperpendiculato its axis. For au-
tomatic slicing three perpendicularsetsof evenly
spacedaxis—alignedplanescan be usedto cut the
boundingcubeinto equallysizedcells. This would
provide samplepointson a regular grid aswell as
controlthe maximumsizeof thetriangles.

After we have eliminatedall capsand provided
enoughdegreesof freedom,the meshdecimation
processcando the restof the work, yielding a re-
sult that stayswithin a prescribederror tolerance
and additionally satisfiesthe quality requirements
with respecto triangleshape.

Figure 6: 700 triangle CAD model of a blower
mount(5 needles20 caps)hasbeenenhancedo a
meshwithoutdegeneracieandabout860triangles.

6 Results

Bothexamplesshawn in this sectionhave beencon-
vertedby a CAD tesselatoand containthe skinry
trianglestypicalfor this classof converters.Thetol-
eranceanglesfor capsandneedleshave beensetto
175° and5°, respeaiely.

The CAD modelof a blower mount (700 trian-
gles)initially contained2 needlesand20 caps(cf.
Fig. 6). Remawing all capsby meshslicing led to
2500triangles,anautomaticcutting by stacksof 20
planesin x—, y— andz—directionresultedin a mesh
of 8000faces,containingno caps,but about1000
needles. The final decimationprocesseliminated
all needlesproducingan approximationwithin 1
promille of the boundingbox, consistingof 858tri-
angles.The meshslicing steptook lessthan5 sec-
onds,the meshdecimationaboutl secondn a 866
Mhz Pentiumlil.

Thesecondexampleis anotheiCAD model,con-
sistingof about9200faceghatcontain226 needles
and77 caps(cf. Fig. 7). Herewe startedby slicing
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Figure7: Theuppermeshcontain226needlesind77 capsin its 9200facestheenhancedersionconsists
of 11k trianglesand stayswithin anerror boundof 1 promille. All anglesarewithin 5 and175 degrees.
After all degeneracietiave beenremoved the meshcannow be remeshedisingstandardechniquege.g.

in orderto equalizetrianglesizes).

3 stacksof 15 planeg11 sec)thatremored 32 caps,
andeliminatedthe remainingcapsoneby onein a

secondstep(35 sec). Theintermediatesize of the

modelwasabout130ktriangles. The meshreduc-

tion stepremoved all degeneraciesn 18 seconds,
yielding ameshof aboutl1k triangles.

7 Conclusion

We presenteda robust algorithm to remove both
typesof degeneratefacesfrom triangle meshesn
orderto preparethemfor reliable numericalsimu-
lations.

There are mary ways to remesha given input
meshfor the usein numericalcomputationsMost
of thesemethodscannotdealwith meshdegenera-
cies.Sincemeshslicing only usesrobustgeometric
computationsand uncritical topologicaloperations
it is not affectedby thesedegeneraciegndis able
to remove themin a controlledmanner

While needlescan be removed with relatively
low effort, capsaremuchharderto eliminate. The
proposealgorithmis guaranteetb remove all caps
one by one by splitting theminto needleswhich
subsequentlyare cleanedup by ary suitabledeci-
mationscheme.
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Figure8: A closeupon someof theoriginal meshs
caps(lookinglike T-junctions).Thesecapshaveall
beeneliminatedin theenhancedersion.

Themaindravbackanddirectionfor futurework
is the large amountof needleggeneratedy slicing
themesh.Thisintermediateneshcompleity could
be kept low by interleaving cutting and collapsing
steps(e.g. decimatingalongthe intersectioncurve
after eachslicing), therebyreducingmemorycon-
sumptionandcomputatiorcosts.
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