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Abstract:

This technicalnote describeghe main featuresof YAMS, an automaticadaptve surfaceremeshing
tool. The aim of the software, the input andoutput les andthe list of errormessagearede ned

in this document. A numberof typical applicationexamplesare provided to explain the various

possibilitiesof the code. Finally, a shorttechnicaldescriptionof the algorithmandthe variousways
to obtainthe softwarearegiven.
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YAMS

Résumé:

Cerapporttechniquedécritlesprincipaledonctionsde YAMS, unlogiciel automatiqueleremaillage
adaptatifde surfaces. Les fonctionnalitésdu logiciel, les formatsdes chiers d'entrée/sortieet une
liste de messaged'erreur sontdécritsdansce document.Desexemplesd'applicationssontfournis

pour expliquer les différentespossibilitésoffertespar I'algorithme et les moyensde se procurerle

code.

YAMSa étédéweloppéauseindu projet GAMMA al'INRIA-Rocquencourt.
Cedocumentécritlesfonctionnalitésdela versioncourante versionV2.1 (Juin2001).
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Figurel: Exemplederemaillage de surfacesur unepiécemécanique

Mots-clé: maillagedesurface,décimationadaptatiorde maillage

Celogiciel aeté enrayistréal'APP sousle n IDDN.FR.001.410006.00.R.P999.000.2060 4 octobre1999.
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1 Surfaceremeshingprocedure

1.1 Context

Usually, a surfaceremeshingalgorithmis a procedureo transforman arbitrarytriangulation(even-
tually containingill-shapedtriangles)into a high-qualitymesh.This proceduras especiallyusefulto
generatesurfacemeshesn view of numericalsimulationsor for high-endvisualizationpurposes|t
canalsobeusedto reducetheamountof datarequiredto represena complex 3D model.In all cases,
the resultingmeshshouldcorrespondo a goodandaccuratepiecavise linear) surfaceapproxima-
tion with a reasonabl&eumberof elements.Hence the elementsizeis locally relatedto the surface
cunature.In thisrespectsuchameshcanbequali ed as"nearlyoptimal".

1.2 Yamsoverview

YAMSs a fully automaticadaptivesurfaceremeshingdool thattakesary arbitrarysurfacetriangula-
tion andproducesanadaptedcurvature-baseduriacemesh.Theremeshingrocedurées governed
by thegeometricsurfacepropertiegageometricsizemapthatrelateghe elemensizeto thelocal cur
vatureis de ned) aswell asby a metricmap(for instanceprovidedby ana posteriorierrorestimate),
bothbeingde ned attheverticesof theinput mesh.This scalamap! providesasuitableelemensize
ateachmeshvertex to locally discretizethe surfaceaccurately This sizemapis sufcient to control
themeshdensityandthe meshgradatioraswell asthe elementshapeguality.

The initial surfacedescriptioncanbe ary triangulation,for instancesuppliedby a CAD-CAM
packageor ary surfacereconstructioralgorithm. Theinput dataneedgo be orientableandmustbe
composeaf trianglesand/orquadrilateral®nly. Non-manifoldmodelsarehandled.

Remark 1.1 In additionto theserequirrmentsadditional entitiesand informationcan be supplied
to helpremeshindhe surface(constainedentities,corners, ridges,normals,etc.).

Thealgorithmproceedsn threesteps.At rst, the surfaceis analyzedandits intrinsic properties
arecomputedbasedon the actualdiscreterepresentationThis resultsin the constructiorof the geo-
metricsizemap. Then,thetriangulationis processe@ndmodi ed accordingo thesizeprescription.
To thisend,topologicalandgeometricabperationsareperformedo achieze ameshin whichtheele-
mentsizeandthe elementshapequality are controlled. Finally, alocal optimizationstageis carried
outto improve the elementshapequality.

YAMSalso producesdiagnosticsaboutthe correctnes®f the surface(regardingits orientation)
andvarioushistogramgregardingthe quality of the approximation).

1t is ascalarmapif the meshis to beisotropic.
RT n 0252
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2 Input data

The geometryof the surfaceis describedusinga simplemeshformat. The speci cationof a metric
mapin the context of meshadaptatatioris alsodescribechereafter

2.1 Geometrydescription

Thesurfacegeometryis describegreferablyusingthemesh le format. (seeAppendixfor thecom-
pletedescriptionof this format). For compatibility purposeshe "old" msh2 formatis alsosupported
in thisreleaseNoticethatif quadsaresuppliedthey areautomaticallycorvertedto triangles.

Themesh formatallowsto preciselydescribehe surfacefeatures.For instancegcornersyidges,
normalscan be suppliedin this le formatto provide more acurateinformationto the remeshing
procedure.This is the only de nition of the surfacethatthe programwill know asthereis no link
with a CAD modellingsystem.

Themesh format.

This formatis composedf asingle(ASCII or binary) le, xxx.mesh orxxx.meshb . This
le containsall theinformationneededo describeentirelythe surfacemeshandtheunderlying
geometry It is organizedasa seriesof elds, identi ed by keywords. In additionto the vertex

coordinategndthelist of facesjt allows oneto specifyadditionalinformationsuchascorners,
edgesridges,requiredentities(thatmustbe preseredin the nal mesh)etc.

Themsh2 format.
This very crudeformatis composef two ASCII les, xxx.points  andxxx.faces des-

cribing the geometry(vertex coordinates)and the topology (list of elements)of the surface
mesh respectiely.

2.2 Metric speci cation

A usersuppliedsize mapcanbe describedasa singledata le, xxx.bb , containingscalarvalues
(i.e., asizinginformation)which areassociatedavith the vertices(or with the elementspf the given
surfacemesh. By default, whenreadinganinput le (test.mesh , for instance)the programwill
look to seeif thereis ary sizespeci cationattachedo this le (test.bb ). In this casethe user
speci edmetricwill becombinedwith theintrinsic geometriametricin orderto presere theelement
sizein highly curvedregion while modifying the standardsizeby the onesuppliedby the userin the
planarregions.

2.3 Softwareintegration

If YAMSs integratedin a softwarepackagepnly the input andoutputroutinesneedto be modi ed,
for ef ciency andcompatibilitypurposesin this context, nomorethan4 routinesneedio bemodi ed
andadaptedo supporttheuser le formats.

INRIA
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3 Output and Err ors

3.1 Output les

Usually, a single output le is producedat completion,representinghe resultingmesh. This le,
xxx.meshb , iswrittenin thebinarymesh formatby default. It containghe geometryandtopology
of the piecaviselinearapproximation(i.e., thevertex coordinatesandtriangles)aswell asadditional
datarelative to the speci ¢ features the cornersandridges,for instance.A morecompletele can
alsobeexportedin mesh formatcontainingnormals tangentsetc, if desired.

If speci ed, the currentsizemapcanbe written in a xxx.bb  le (similar to thatusedasinput
le).

Notice thatthe output les arefully compatiblewith theinput les, thusmakingit easyto use
YAMSasanoptimizer(the output les becomingtheinput les whenrunningthe codeagain).

3.2 Error messages
At completionof theremeshingproceduretwo casesanbe encountered

A mesh le hasbeencreatedhencemeaningthatthe resultingmeshis valid. However, this
doesnotnecessarilyneanghatthemeshis avery accuratesurfaceapproximationasthis result
is stronglyrelatedto the parametespeci cation(seeSection5.2).

No output le hasbeenproduced eitherthe dataareincorrect(or missing),or the algorithm
detectedh blockingerrorandstoppedywriting anerrorcode(seebelow).
The programmay stopfor variousreasonsfor instance

— theinput le (in themsh2 format) containsfacesotherthantrianglesor quadrilaterals,

— theallocatedmemorysizeis not sufcient. The solutionis thento increaseéhe memory
size: option[-m MegaBytes] ,

— thesurfaceis not orientable(a Mébius strip or aKlein bottle,for instance).
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Figure 2. Examplesof non-orientablesurfacemeshes a Mdbiusstrip (left-handside)anda Klein
bottle (right-handside).
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4 Technicalinformation

4.1 Language,platforms

Fromthe beginning,the programhasbeenentirelywrittenin C (ANSI). The currentversionconsists
of about17,000lines of optimizedsourcecode. Hence,the codeis very portableand hasbeen
successfullycompiledandtestedon all majorcomputerarchitecturegi.e., HP, Sun,SGI, IBM, Intel-

basedPC,etc.)andoperatingsystemgUnix/Linux, WindowsNT, Mac OS).

4.2 Memory requirement

Theprogramrequiresroughlyabout  bytespervertex thusmakingit possibleto estimatea priori

the requiredmemorysizeto completea job. As an exampleof memoryspaceneededa meshof
points( triangles)equiresl82MegaByteq(i.e., 351 bytesperpoint). Corversely

aworkstationhaving MegaBytesof memorycanhandlea meshof about points.

The memoryis dynamicallyallocatedat the data le readingstage,also,it obeys the following
simplerule. If theuserchosego only simplify or optimizethegivenmeshthenthememaoryallocated
is strictly thememoryrequiredto storetheinputmesh.Howeverif theuserselectsameshenrichment
option, the memoryis automaticallysetup to 1.5 timesthe initial size (i.e., requiredto storethe
input mesh). This simple bound preventsary memoryover ow becauseof small artifactsin the
initial surfacediscretizationlf duringthe execution,the memoryallocationbecomesnsufcient, the
following errormessagés issued

ERR 4002, proc, UNABLETO CREATENEWTRIANGLE

In sucha case,the usercan either decideto run the programagainand specify the total amount
of memoryusingthe[-m MegaBytes] option(seebelon) or choseto changethe minimal size
prescribedn thecon guration le.

4.3 CPU time estimation

The CPUtime requiredto obtainthe nal mesh(includingthel/O) is obviously relatedto the com-
plexity of the surface,aswell asto the parametersand optionsspeci ed. Neverthelesspne can
reasonablyexpect(seetablein sectionb) :

afew secondgo simplify a meshof severalthousand®f elementsand

afew minutesto enricha meshof severalhundredof thousand®f elements.

4.4 Distribution

An evaluationcopy of YAMSsoftwarefor alimited periodof time canbe obtainedby contactingthe
authorsatINRIA :

Pascal FREY
INRIA, Domaine de Voluceau
BP 105, 78153 Le Chesnay cedex, France
Email:  pascal.frey@inria.fr
http://www-rocg.inria.fr/gamma/ yams/yams .htm |
INRIA
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or by contactingSimulog,thedistributor of YAMS worldwide:

SIMULOG
1, rue James Joule
78286 GUYANCOURTedex, France
Fax number: (33) 1 3012 2727 (attention Mark Loriot)
Email:  mark.loriot@simulog.fr
http://www.simulog.fr,
section  Compos. maillages/Meshing Software  Components

Simulogprovides State-of-the-Arimeshingsoftwarecomponentshat ensuresoftware developersto
successfullycreatetheir CAD/CAE applicationsin thisrespectSimulogcandeliver sourcecodefor
integrationpurpose®r binary les (onvariousplatforms)of the currentversionof YAMS

RT n 0252
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5 How to useYAMS

In this section,indicationsaboutthe generalschemeof the algorithmare provided aswell assome
hintsto achiere speci c results.

5.1 Flowchart of the algorithm

As indicatedabove, the meshalgorithmis basedon local topologicalandgeometricaimodi cations
(seereferencd4] for moredetails). The generakchemeof the methodincludesthefollowing steps

readingtheinput le(s), andthemetric le (if ary),
surfaceanalysig(orientation,normalcomputationridge andcornersidenti cation, etc.),

iteratvelocalmodi cationsusinggeometricabperatorgnoderepositioningyertex insertion/deletion)
andtopologicaloperatorgedge ipping),

meshoptimization (by relocatingthe verticesor using topologicaloperatorsto improve the
elementaspectatio while conformingto the sizingmap),

writing the output le(s).

5.2 Commandline and options

YAMSs invokedvia asinglecommandine. At thislevel, only afew optionscanbe speci ed.

5.2.1 Commandline

Theusualway of startingY AMSs to typein thefollowing line :
yams [-O n] [InputFile]

Also, typing: yams -h will givethemeaningof all thevariousoptions.

By default, the nameof the output le correspondso the basenamef theinput le followedby
theextension.d (for exampletest.d.meshb if theinputistest.meshb ). Theusercansupply
ary le namefor theoutput le.

Theuserneeddo specifywhich treatmentasto be carriedoutontheinputdata: i.e., simpli ca-
tion, enrichmentpptimization,adaptatioror smoothing.The meshingoptionsare specifyusingthe
command yams -O n, wheretheparameten means

INRIA
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0 optimizationonly (quality improvement). The numberof nodesremainsidentical
to thatof theinitial surfacetriangulation.

1 high-qualitysurfaceremeshingThe nal meshiss suitablefor numericakimulations
(nearlyequilateratriangles, meshdensityrelatedto thelocal curvature).

2 geometricsurfaceremeshing(Hausdorf based). The distancebetweenthe nal
meshandtheoriginaloneis boundedy athresholdvalue. Thetrianglesareslightly
anisotropic.

3 pattern-basedeometricsurfaceenrichment. Nodesare addedfor geometricpur-
poseqi.e., improving the geometricapproximation).

9 improve surfaceapproximation. This is usefulfor processing'Marching-Cubes"
like meshege.g.,to remove staircaseeffects).

Noticethatnegative valuesof n for optionsl and2 canbespeci ed,thusindicatingthatthemesh
needsonly to be simpli ed (this option accelerateshe global processingf the mesh). New nodes
arecreatedbn aninternallybuild  supportto improve the quality of the geometricapproximation.

5.2.2 Other options

Otheroptionscanalsobespeci edonthecommandine :

-v  [n] Verbositylevel (to getmoreinformationduringthe process),

-b Save .bb metric le,

-c [n] Sare connecteccomponent only,

-e Save extendednformationin output le (normalstangentsetc.),
-f Save formatted(ascii)output le,

-m [n] Setthememorysizeton MegaBytes ,

-nm Createpoint on straightedge(no mappingon geometricsupport),
-no Do notwrite output le,

-ns Disablenodesmoothingduringthe optimizationstage,

-vrml Sare VRML (level 1) le.

Remark 5.1 Bydefault,onlytheoption-O [n] andthenameofthedata le needto bespeci ed.

5.3 Control parameters

In additionto the previousoptions,afew control parametersrerequiredto properlycharacterize¢he
desiredsurfaceapproximatio. Theseparametersrestoredin asimpletext le, namedxxx.yams
(associatedvith xxx.mesh le) or DEFAULT.yams. The le structureis organizedasa seriesof
elds, composemf a keyword anda scalarvalue.

Remark 5.2 For thesale of simplicity, all parametes havebeenassignedeasonablaefaultvalues,
thusmakingit possibleto run YAMSwithoutcreatingsud a le .

Parametershatcanbe speci ed areasfollows (noticethatall keywordsarenot casesensitve) :

Absolute
indicatesthatthetoleranceandsizeparameterarespeci edin modelunit. Defaultis to consi-
derrelative values(e.g.in 1/10000f the boundingbox size).

2This make surfaceremeshingnoretediousto controlthanvolumemeshing
RT n 0252
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Tolerance , (Float)
usedto specifythe maximumallowablechordaldeviation .
Default valueis 1/10000f the boundingbox size(or modelunits).

GeomApp (Float)

usedto controlthe surfacesmoothnesgboundthe maximaldeviation of the meshedgesrom
thetangeniplaneat meshvertices).

Range: 0.001to 0.1,defaultvalue: 0.01.

Ridge , (Float)

allows to specifythe angularvaluefor the detectionof ridgesandcorners(i.e., the measureof
theanglebetweerthe normalsof adjacenfacesor edges).

Thedefaultvalueis  degrees.

Gradation (Float)
indicatestherateof the sizevariationbetweemeighboringelements.
Values: -1 if nogradationis desiredyange: 1. to 100,default: 1.3.

MinSize (Float)andMaxSize (Float)
allow to prescribea minimal (resp.maximal)elementsize.
Default is 5/10000f the boundingbox size(or modelunits). No default valuefor

Nbiter , (Integer)
usedto prescribethe numberof smoothingiterationswheninvoking the option-O 9. The
defaultvalueis setto 50.

5.4 Physical attrib utes

Inherently the surfaceremeshingalgorithm preseres the physicalattributesspeci ed in the input
le (verte, edgeandfacereferences)However, ascanbe easilyunderstoodthe numberingof the
verticesis affectedby the algorithm. However, with option-O 0, it may be possibleto presere
vertex numberdqalthoughnotthetrianglenumbering).

Thedifferentsurfaceconnectedomponentsreautomaticallyidenti ed basedntheridgedetec-
tion. In the casewhereseveralcomponentfiave beenidenti ed, thealgorithmcanretainonly oneof
them(usingtheoption[-c  n] in thecommandine).

INRIA
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6 Application examples

This aim of this large sectionis to emphasizehe variousfeaturesof the software packageYAMS
To this end,we will illustratethe two possibleapproache$or surfacesimpli cation. Then,we will
focusson surfaceenrichmentandillustrate how to obtaina high-quality surfacemeshfor numerical
simulations Afterwards,surfacemeshoptimizationwill bebrie y discusse@nd nally , examplesof
meshadaptatiorwill be providedto show the ef ciency of thealgorithmin the context of numerical
simulationsbasedn nite element/@lumemethods.

6.1 Surfacesimpli cation

Oneof the mostattractve featureof YAMSSs the possibility of reducingthe numberof meshentities
while controlling:

i) thequality of thegeometricapproximation,
i) thesurfacepropertieqcurvaturesyidges,etc.)and
iii) theglobalmeshquality.

Numerouselds of applicationsareconcernedvith this feature,includingcomputergraphics carto-
graphy virtual reality, numericalsimulation,etc.

Given a surfacetriangulation,two optionsof meshsimpli cation are proposedn the software
packageallowing to obtain:

high-quality( nite element)surfacemeshegmesheshatareprimarily intendedfor numerical
simulations)or

geometricsurfacemeshegsuitablefor visualizationpurposesn which elementshapequality
controlis lesscrucial).

6.1.1 High-quality decimation

This possibility correspondso the option-O -1 of thecommandine. The original surfacetrian-
gulationis simpli ed accordingto the geometricsizemapcomputednternally Typically, this option
triggersthe constructionof a high-qualitygeometricmesh(i.e., a goodgeometricapproximationof
thesurface).In thiskind of meshtheelemensizesaredirectlyrelatedto thelocal curvature.This op-
tion involvesthreeparameters thetolerancelolerance |, the geometricapproximationGeomApp
andthe meshgradationGradation

Table 1 reportssomeresultsfor this type of meshsimpli cation procedure.n thistable, and

representhe numberof pointsandtriangles, and representespectrely theworstand
averageelementshapequality (seeAppendix), is the percentag®f elementshaving a quality
betterthan2, and representheaverageedgelengthsandtheef ciency coefcient, denotes

the CPU time (on a 550 Mhz HP 9000 workstation). In this table, the rst line of eachexample
indicatesthe initial valuesandthe secondine the nal results. All exampleshave beencomputed

usingthe default parametewalues(i.e., no.yams le used).
Notice that the averagequality is usually very closeto 1 andthe numberof elementshaving a

guality betterthan2 is above , althoughthereis noguarante¢noranumericalbound)onthe nal
meshquality. In somecasesa few badly-shapedrianglesmayremainbecaus®f somegeometrical
constrainfe.g.,a skiny trianglelocatedbetweerntwo ridges).

RT n 0252
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Tablel: Statisticselativeto high-qualitymeshsimpli cation (option-O -1).

Figure3: Exampleof high-qualitymeshsimpli cation usingoption-O -1 . Left; original surface

meshesRight: high-qualitysimpli ed meshes.
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6.1.2 Geometry-drivendecimation

Thisfeaturecorrespondso option-O -2 of thecommandine options.It allowstheuserto generate
asurfaceapproximatiorcorrespondingo aboundedieviationfrom theoriginal surfacetriangulation.
Thetolerancevaluecanbeseemasa protectiveernvelopesurroundingheoriginal triangulation.In this
option, the Hausdorf betweerthe two surfacesis computedo make surethatthe surfacedeviation
remainsboundedbelov the thresholdvalue. Usually, the resultingmeshegpresentanisotropicfea-
tures,the elementdbeingstretchedalongthe main directionsof cunvature. Hence,resultingmeshes
are mainly intendedfor visualizationpurposeswherethe geometricaccurag is neededwhile the
elementshapequality is lessimportant. Specifyinga MaxSize allows the userto boundthe natural
stretchingof the elements.

Table 2 reportssomeresultsfor this meshsimpli cation procedurg representshe worst
meshquality, denoteghe CPU time on a HP 9000 workstation). In this table, the rst (resp.
second)ine of eachexamplecorrespondso theinitial (resp. nal) meshes.

Testcases (sec.)
pda06(Fig. 4) 6,768 13,540| 68.2 -
717 1,438| 68.2 0.7

corwette5 11,155 21,750] 52.3 -
1,472 2,735 51.9 1.4

isis (Fig. 5) 45749 91,494 173 -
5,891 11,778 173 7.6

r96012-250 | 126,157| 250,413| 2,942 -
20,247 38,828 54 29

igea 134,345| 268,686| 47.14 -
19,512 39,020| 47.14 22.6

total88 876,487| 1,812,094| 5.98 -
12,133 33,002| 41.9 76

Table2: Statisticsrelativeto geometry-drivermeshsimpli cation (option-O -2).

Figure4: Exampleof geometry-drivermeshsimpli cation usingoption-O -2 . Left: original mesh.
Right: simpli ed surfacemesh.
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Figure5: Exampleof geometry-drivermeshsimpli cation usingoption-O -2 . Left: original mesh.
Right: simpli ed surfacemesh.
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Table3: Evolutionof cputime (in sec.on a HP 9000workstation)vs. numberof points.

Table3 shavstheevolutionof thecputime for varioussurfacemeshesgor bothdecimatioroptions
(-O -1 and-O -2). Inthistabletheusercanseethatoption-O -2 runsalwaysfasterthanoption
-O -1. This plot tendsto con rm the intuition that extracting a high-quality meshrequiresmore
work thansimply creatinga geometrianesh.
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6.1.3 Application : creation of hierarchical meshes

In somecasesfor instancdor visualizationpurposesit maybedesirableo createvariousoccurences

of the samemodel at differentlevel of detail. This is possibleusing YAMSwith options-O -1

or -O -2 increasingthe value of the Tolerance parametel(seeexampleFigure6). It is also

possibleto generatea surfacemeshatary level thatis composeaf a subsebf the nodesof theinitial

triangulation. In this case,the userhasto specify-ns onthe commandine to preventthe nodes

to berelocatedduringthe simpli cation stage.Theinitial mesh(not displayedin Figure6) contains
vertices.

hl h2 h3 h4

Figure 6: Geometricmeshsimpli cation appliedto the constructionof hierarchical meshes.The
meshegontains vertices, vertices, verticesand vertices,respecti-
vely (datacourtesyStanfod University, CG dept.).

hl h2 hl h3 hi h4

Figure7: Useof hierarchical meshegor visualizationpurposes.
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6.2 Surfacemeshenrichment

If the given surfacetriangulationis a poor approximationof the underlying surface geometryor
if it doesnot have enoughnodesor if the meshelementsare not well shapedthen surface mesh
enrichmentbecomesecessary In this contete, YAMSoffers the possibility of enrichinga given
mesh,i.e. of addingverticeson the surface. The software being not directly relatedto ary CAD
system,a procedurehasto be de ned to answera querylike : "givena point nd the closestpoint
ontothesurface". To this end,a geometricsupport(  continuous)s de ned internally thatwill be
usedto locatepointsontothe surfaceandto answemuerieshenceemulatingthe behaior of asimple
geometricmodeller This geometricsupportrepresentshe analyticalde nition of the underlying
geometry[6, 7].
Again,two optionsareconcernedvith this feature thatallow to de ne :

high-qualitysurfacemeshegfor numericalsimulations),

geometricsurfacemeshegwithout elementshapequality control).

6.2.1 High-quality geometricsurfacemeshes

This featurecorresponds$o option-O 1 of thecommandine. As for the correspondinglecimation
option, an internal curvature-basednetric is constructedhat prescribe,at eachmeshvertex, the
desiredelementsize,dependingonthe Tolerance , GeomAppandGradation valuesspeci ed.

Table4 reportsstatisticsaboutthe meshenrichmenprocedurdor varioussurfacemeshesin this

table, and representhenumberof pointsandtriangles, and representespectrely
the worst and averageelementshapequality, is the percentagef elementshaving a quality
betterthan2, and representheaverageedgelengthsandtheef ciency coefcient, denotes

the CPUtime (on a HP 9000workstation).In this table,the rst line of eachexampleindicatesthe
initial valuesandthe secondine the nal results.

Testcases (sec.)
coupelle 329 540| 17.4| 2.1 74.8 -
1,555| 2,778 10.1| 15 84.10.91|0.94 1.7
pump 1,646| 3,312| 45.7| 5.2 325 -
(Fig. 1) 7,101| 14,222\ 11.7| 1.4 88.8| 0.92| 0.94 11
thepart 994 | 1,992 65| 7.1 18.4 -
(Fig.8,top) | 7,377| 14,758 13.6| 1.3 97.7| 0.95| 0.95 16.2
bl 3,013| 6,062, 43| 14 89.6 -
18,535| 37,106 89| 1.4 89.4|0.52| 0.7 41.1
airbus 4,878 9,752 85| 1.1 99.1 -
17,608| 35,212 16.4| 1.4 96.7| 0.8|0.89 29.
modelb 17,445| 34,930 95| 14 98.39 -
21,500| 43,040 14| 1.3 94.76| 0.9 0.93 41

Table4: Statisticsrelativeto high-qualitymeshenrichment(option-O 1).
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Figure 8: Exampleof high-quality surfacemeshenrichment. Left : original surfacetriangulation.
Right: high-qualitymesh.

Figure9: Exampleof high-quality surfacemeshenrichment. Left : original surfacetriangulation
with minimalnumberof vertices.Right: high-qualitymesh.

6.2.2 Geometricsurface meshes

This featurecorrespondo option-O 2 of thecommandine. As for the correspondinglecimation
option, the resulting surface meshesare slightly anisotropic. Here also, the meshesare primarily
intendedfor visualizationpurposeswhenthe elementshapequality is lessimportantthanpreserving
thegeometricaccurag of thesurfacediscretization.

Remark 6.1 In this version,the option-O 3 of the commandine allowsthe userto stopafter the
point insertionstage (withoutremaving extra vertices). This males possiblethe creationof geome-
trically accurate mesheshat maybe consideedasgeometricalsupport(i.e., the meshstandsfor the
geometryde nition, cf. Figure 10).

6.2.3 Meshgradation control

The elementshapequality is of utmostimportancein numericalsimulationsasit may impactthe
accurag of the numericalsolutions. Usually, the quality of an elementcan be controlledby the
surfaceremeshingprogram. However, the shapequality is also relatedto the local meshdensity
andthe sizedistribution function[2]. YAMSallows the userto control the rate of the sizevariation
RT n 0252
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Figure10: Exampleof the creationof a geometricsurfacemeshusingoption-O 3.

(i.e., how the elementsize changesalonga meshedge),by adjustingthe parameteiGradation
Figurellillustratesthein uence of the meshgradationparameter

Figure1l: Exampleof meshgradationcontrol. Left: Gradation parametersetto 1.3 (default).
Right: Gradation parametersetto 4 (datacourtesyHondamotor Japan).
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6.3 Surfacemeshoptimization

As the accurag of the numericalsolutionsarerelatedto the meshquality in nite element/elume
methodg[3], it may be desirableto improve the meshquality, while keepingthe numberof nodes
unchangedThisrequirements alsoof interestasthequality of asurfacemesh(de ning theboundary
of avolume)affectsthe quality of a 3D tetrahedramesh.

In this respectYy AMSallows oneto improve the elementshapequality of the givensurfacetrian-
gulation,while preservinghe geometricapproximation.

6.3.1 Meshquality improvement

A straightforward way of optimizing a meshis to keepthe numberof meshverticesconstantand
simply make local adjustementgéedge ipping, noderelocation)soasto improve the elementshape
quality. This featurecorrespondgo option-O 0. Figure 12 illustratesthe quality improvement
procedure.

Remark 6.2 Thisoptionmayalsobe usefulto slightly improvethe quality of a surfacemeshproces-
sedby YAMS It usuallyleadsto remore badly-shape@lementsghat a previoustreatmenivasunable
to delete(aslocal curvatuesare recomputed).

Figure1l2: Exampleof surfacemeshoptimization.Left: original surfacetriangulation(datacourtesy
IFP, Paris). Right: optimizedsurfacemesh.

6.3.2 Surfaceapproximation improvement

The "Marching Cubes"algorithmis oneof the mostpopularsurfacereconstructioralgorithmwhen
dealingwith discretedata(for instancesuppliedby sensingor scanninglevices).However, themajor
drawbacksof this algorithmis that:

i) it usuallyproducegoo mary meshelements,
i) thesurfaceapproximatioris usuallyvery poor (staircaseeffect).

YAMSprovidesan easysolutionto overcometheseproblems.Using option-O 9 the codecanim-
prove the surfaceapproximation(i.e., remove the staircases)Then,the usermay chooseto simplify
the meshusingoptions-O -1 or-O -2 . Figure 13 illustratesthe option-O 9 on a biomedical
data.
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Figure 13: Exampleof surfaceapproximationimprovement.Top left : original mesh( ver-
tices), top right : 'smoothed'meshafter 100 iterations. Bottomleft : after option-O -1 (
vertices,20.1sec),bottomright : afteroption-O -2 ( vertices 9.7 sec.).
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6.4 Meshadaptation

In thecontect of numericakimulationdasedn nite element/wlumesit is oftendesirabldo control
the meshdensitymore preciselythanjust taking the surfacegeometryinto account.For instancejn
CFD, it is requiredto have small elementsin shock-wave or boundarylayer regions, even if the
geometryis locally planar The meshdensityis thenprescribedusinga userspeci ed sizemap (for
instanceconstructedrom ana posteriorierrorestimate).

In thisregard,YAMScanalsobe usedasa meshadaptatiortool, to adaptthe meshto the problem
to solve (i.e., to a speci ¢ sizemap). To this end, the algorithmwill combinethe geometricmetric
(computednternally)with the usersuppliedmetric. Hence theresultingmeshwill have ameshden-
sity relatedto thelocal curvatureof thesurfaceaswell asto theuserprescribedsizemap. Thisfeature
canbeachiezedusingtheoption-O 1 (the oneusedto createhigh-qualitymeshes)n combination
with thereadingof axxx.bb le tofeedthealgorithmwith arequiredsizepervertex.

Figureldshovsanexampleof meshadaptatiorona CFD example(transonico w overaONERA
M6 wing, Mach0.84,angleof attack3.06).
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Figurel4: ONERAMG6 wing : adaptedmeshesndiso-mad linesassociatedo iterations1 (
vertices) 4 ( vertices)and7 ( vertices).
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6.5 2D applications

AlthoughYAMSs inherentlyasurfaceremeshingoftware,it canalsoproces2D (triangular)meshes.
In this case 2D triangulationsareconsideredsplanarsurfaces.All availableoptions(exceptoption
-O 9) applyto planarmeshesswell asto surfacemeshesFiguresl5 and16 illustratethe optimi-
zationandadaptatiorof planarmeshes.

Figurel5: Exampleof planar surfaceremeshing

Figure 16: Exampleof planar surfaceadaptationin CFD. Left: original (  vertices)and nal
adapted vertices)meshesRight: thecorrespondingsodensityalues.
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7 Limitations

This sectionis intendedfor makingpreciseseveralassumptiongaboutsurfacemeshing.lt consistsof
aseriesnf answersaboutsurfaceremeshingjuestiongheuseranaybefacedwith. It is alsointended
for precisingthelimits of the software(i.e., thethingsit cannotdo)?.

7.1 De ning the surfacegeometry

As alreadymentioned,YAMSis not relatedto any CAD modellingsystem. Therefore,the surface
geometryis only guessedrom the givensurfacetriangulation.To be ableto remeshthis surfaceand
obtaina high-qualitysurfacemesh theusermusttake careof supplyingatriangulationthatis already
a good (if not accurate)piecavise linear approximationof the modelgeometry This may not be
alwayspossible gspeciallywhendealingwith scannedlata(seeFAQ in Appendix).

Notice that YAMSkeepsthe topology of the meshunchangedif the initial triangulationis not
conformal,theresultingmeshwill alsonotbe.

Usually, CAD systemsare able (i.e., have an option) to outputan initial surfacetriangulation
that containsa large numbersof equally spacedhodesthus representinga good descriptionof the
underlyingsurface. In suchcasesthetaskis madeeasyfor YAMS Indeed,meshsimpli cation will
bemorelikely to give thedesiredresult.

However, recentexperienceshave shovn that CAD systemsnow export, presumablyoptimal,
triangulationswith a minimal amountof nodes(seeFigure 17, for instance).If thesetriangulations
may beusedfor graphicpurposesthey arenot, by all meansgeometrianeshegseeFigurel?,right-
handside, for a local enlagementshaving the problem). The usermustbe corvincedthat YAMS
cannotdo a goodjob on suchsurfaces because¢he geometryof the surfaceis not well capturedthe
local cunvatureis violated, the geometrictoleranceis varying a lot, etc.). ConsequentlyYAMSIs
probablynot theright tool to beappliedon suchtriangulations.

Figure17: Exampleof 'pseudo-gometric'surfacetriangulation. Right: enlargementon a problem
areawhele thetwo directionsof curvatuie are notwell captured.

3Someof thesequestionssouldhave gured in the FAQ list.
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7.2 CAD repair tool

Be conscioughat YAMSs nota CAD repairtool. Indeed the softwarewill presere the meshtopo-

logy andgeometryde ned by theinitial surfacetriangulation.In particular if the giventriangulation
is non-manifold theresultingmeshwill alsobenon-manifold(althoughoption-c n cansometimes
getrid of the problemby saving a speci ¢c connecteccomponent). Similarly, YAMSwill presere

the meshconformity andwill not Il the holesand gap betweenelements. If the surfaceis self-

intersectingthis characteristiovill alsoremainin the nal mesh.

7.3 About cornersand ridges

Usually, cornersandridgesarede ned basedntheRidge parametem the.yams le. Ridgesare
de ned whenthe dihedralanglebetween? facesexceedsthe prescribedimit. Cornersarede ned
when3 incidentridgesmeetatavertex or if 2 ridgesform asmallangle.

Thelimit betweer? sub-domaingneighboringriangleswith differentreferencesfle nesacurve
tracedontothesurface.This curve will beremeshedccordingo the prescribedolerancevalue,thus
inducingsomemoreconstrainin theremshingprocess.
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8 Appendix

This sectionwill provide informationaboutthe errormessagesle formats,shapeandsize quality
functionsusedin YAMSsoftware.At the endof this sectionalist of FrequentlyAsked Questionswill
helptheuserto betterunderstandhe mainconceptsandcontrolparametersf YAMS

8.1 List of error messages

Warnings,errorsandpossiblecauseof failure areidenti ed andlisted hereafter Usually the syntax
of errormessagess thefollowing :

ERR xxxx, proc, MESSAGE,list ,

wherexxxx standgor the errornumber proc is the nameof the proceduren which the errorwas

detectedMESSAGIES theerrordiagnostiandlist  is a(facultatve)list of agumentgelatedto this

error(e.g.alist of meshentities).The rst digit of theerrornumberindicateshe stageof theprocess
in whichtheerroroccured

0 theprocessvasin thepreliminarystage(readinginput les),

1 analysisstage surfaceorientationnormalsandtangentcomputationgtc.,
4 surfaceremeshingproblems,

9 runtimeor system-dependeetrors: cancelledob, hardwareproblem etc.

Thelist of diagnosticss asfollows :

[LO ] Level O: inputdatarelatederrors.
Theseerrorsaremainly relatedto incorrectdata le or memoryallocationproblems.

ERR MESSAGE DIAGNOSTIC/ CORRECTION

0000 WRONGDATA TYPE, . Incorrectdata le (wrongdimensioror vertex
eld missing).

0001 NO INPUT DATA No elementfoundin theinput mesh.

0002 NOT ENOUGHMEMORY Not enoughmemoryspaceto storethe mesh
structure. Solution: useoption[-m Me-
gaBytes] onthecommandine to increase
mem.size.

0003 WRONG FILE NAME Checkspelling.

0004 DATA NOT CONSIDERED This datais not processed.

0005 UNABLE TO OPENFILE Unableto opendata le. Solution: setthe
correctreadpermissions.

0010 NORMAL AT VERTEX DISCAR- Normalvectordiscardedwrongvertex num-

DED ber)
0011 NORMAL AT TRIANGLE VERTEX Normalvectordiscarded
DISCARDED

0020 FACE DISCARDED Face discardedrom thetriangulation.

0021 EDGE(S)IGNORED Setof edgeddiscardedmemoryproblem).

0022 FACESDISCARDED Numberof discardedaces

0030-33 MEMORY REALLOC PROBLEM
(HASH, NORMALS, TANGENTS)

Unableto expandmemoryspace.
Solution: useoption[-m n]

INRIA



YANa alully automalticsuriaceremesningool

[L1 ] Level 1: Surfaceanalysisandtopologyerrors.
Theseerrorsaremainly relatedto topologyproblemg(e.g.,orientation etc.).

ERR MESSAGE DIAGNOSTIC/ CORRECTION

1001 EDGEPROBLEM Edge , face discarded.

1010 ADJACENCY PROBLEM Samefaceoccursat leasttwice.

1011 ORIENTATION PROBLEM Surfacemeshis notorientable.

1012 WRONGTOPOLOGY Meshtopologycorrupted.

1013 EDGEFLIP PROBLEM Unableto updatedatastructure.

1014 WRONGEDGETOPOLOGY Unableto updateadjacentaces.

1015 EDGENOT CORRECTL HASHED Internaldatastructurecorrupted.

1020 NO ROOT FORCOMPONENT Unableto correctly identify connecteccom-

[L4 ] Level 4: Surfaceremeshingerrors.

ponent .

ERR MESSAGE DIAGNOSTIC/ CORRECTION

4000 UNABLE TO CREATE NEW POINT  Not enoughmemoryto addnew vertex.

4001 UNABLE TO CREATE NEW TRI- Notenoughmemoryto createnew triangle.

ANGLE

4006 POORSHAPEQUALITY Element is verybadly-shaped.

4007 SURFACETOO SMALL

4008 SMALL INRADIUS Badly shapeclement.

4010 CURVE TANGENT PROBLEM Curne equationnot reliable. Solution: use
option-nm to avoid building geometricsup-
port.

4011 NORMAL VARIATION New vertex normal differs from old one by
morethan15deg.

4012 INCONSISTENTBALL OFVERTEX Topologycorrupted.

[L8 ] Level 8 : Outputerrors.

ERR MESSAGE DIAGNOSTIC/ CORRECTION

8000 UNABLE TO SAVE MESHFILE. Checkwrite permissions

8001 UNABLE TO SAVE METRICFILE.

8003 CURRENTMESHNOT SAVED. Becausef apreviouserror

[L9 ] Level 9: errorsrelatedto softwareproblems( oating point exceptions,segmentationfault,

job cancelledgtc.). The currentmeshwill notbesaved.

ERR

MESSAGE

9900
9901
9902
9903
9904

ABNORMAL STOP.
FLOATING-POINTEXCEPTION.
ILLEGAL INSTRUCTION.
SEGMENTATION FAULT.
PROGRAM KILLED.
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8.2 Isotropic remeshing

Theaimof thesurfaceremeshinglgorithmis to producehigh-qualitygeometricsurfacemeshesThis

meanghatthe desiredelementshapes the (nearly) equilaterakriangle. The elementsizeis locally

relatedto the surfacecurvatureas prescribedoy the geometricsize map. The otherrequiremenis

to obtaina valid and accuratepieceavise linear approximationof the surfacegeometry Therefore,
the metric map that is constructednternally is able to take into accountboth the shapeand size
requirements.

8.2.1 Shapequality

For a triangle, the shapequality function measureshe aspectatio of the elementandis de ned as
follows:

— 1)

where is the elementdiameter(i.e,, its longestedge), istheinradiusof triangle and is
anormalizationcoefcient chosersothatthe quality of the equilateraltriangleis equalto 1. Notice
thatthis functionrangesetweenl and , theoptimalvaluebeingl. Foramesh , aglobalquality
measures computedas:

8.2.2 Sizequality

Thelengthof ameshedge  with respecto the sizespeci cationcanbe computedas:

— (2)
where is the Euclideandistancebetween and and iS a monotonoussize variation
functionalong . Furthermoreanef ciency index canthende ned as:

— 3)
with if and if ,  beingthenumberof meshedgesA valueof greater

than0.93indicateghatthe resultingmeshconformswell to the sizemap.

8.2.3 Geometric support

To improve theaccurag of the piecavise linearapproximatiorof the surface,a geometricsupportof
class islocally constructed.t is usedto locatea point on the surfacewhensplitting an edgeor
moving a node.To someextent,this supportemulatessomequeriesof ageometrionodeller

INRIA



YANa alully automalticsuriaceremesningool

8.3 File formats

As mentionedn the secondsection,the geometryof the surfaceis describedusinga simple mesh
format. Themesh formatallows to specifysurfacefeaturessuchasridges,cornersnormals etc.

8.4 The mesh format

This formatis composedf a single (binary or text) data le. Its structureis organizedasa series
of elds identi ed by keywords. The blanks,’newline” or CR andtabsareconsideredasitem
separatorsA commentine startswith the characte# andendsattheendof theline. Thecomments
areplacedexclusively betweerthe elds.

Themeshle muststartwith thedescriptor.

MeshVersionFormatted 1
Dimension 3

Theother elds supportedby YAMSareeitherrequiredor faculatve. Therequired elds correspond
to the geometry(i.e., the coordinatespndto the topologydescription(i.e., the meshentities).In the

folowing tables,theterm indicatesa vertex number(i.e., the  vertex in the vertx list), isan

edgenumbey is atrianglenumberand is aquadrilaterahumber Noticethattheverticesarereal

numbersn singleprecision.

Keyword Card. Syntax Range
Vertices

Edges

Triangles

Quadrilaterals

Then,follows the descriptionof constrainedentitiesor singularities.In particular a cornerpoint
Corner is apointwherethereisa  continuity betweerthe edgessharingit (this type of itemis
necessara meshvertex). By analogy a Ridge is anedgewherethereisa  continuity between
the adjacentfaces. The elds of type Requiredxx malke it possibleto specifyary type of entity
thatmustbe preseredby the meshingalgorithm.

Keyword Card. Syntax Range
Corners

RequiredVertices

Ridges

RequiredEdges

RequiredTriangles

RequiredQuadrilaterals

As mentionedabove, it is alsopossibleto specifynormalsandtangentdo the surface. The nor
mals(resp.tangentspregivenasalist of vectors.Thenormalatavertex, keyword NormalAtVer-
tices , is speci edusingthevertex numberandtheindex of the correspondinghormalvector The
normalatavertex of atriangle,NormalAtTriangleVertices , corresponds$o the combination
of thetrianglenumbertheindex of thevertex in thetriangleandtheindex of thenormalvectoratthis
vertex. Similarly for the eld correspondingo the keyword NormalAtQuadrilateralVer-
tices . Thetangentectorsaredescribedn the sameway.
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Keyword Card. Syntax

Range

Normals

Tangents

NormalAtVertices
NormalAtTriangleVertices
NormalAtQuadrilateralVertices
TangentAtEdges

Finally, the datastructuremustendwith the keyword : End.

8.4.1 Example

# Mesh generated by YAMS(INRIA) V2.1
MeshVersionForma tt ed 1
Dimension 3

# Set of mesh vertices

Vertices

7902

-3.299989 1.829990 -4.139999 O
-3.209990 1.620000 -3.939990 O

# Set of mesh edges (v1,v2ref)
Edges

891

401 13 O

13 389 0

410 15 O

# Set of mesh triangles (v1,v2,v3,ref)
Triangles

15346

13 389 401 O

410 15 406 O

# Set of corners

Corners

82

1

2

9 (point 9 is corner)

# Set of ridges
Ridges

891

1
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# List of normal vectors
Normals

8299

0.244684 0.031587 -0.969088
0.254205 0.033309 -0.966576

# Normals at vertices

NormalAtVertices

7006

406 1391

412 6 (normal  vector 6 associated with  vertex 412)

8.5 The msh2 format

This le formatis avery crudedataformatprovidedfor bacward compatibility purposeslt is com-
posedof two ASCII les, xxx.points andxxx.faces . The le .points hasthe following
structure:

representinghe vertex coordinatesn single precisionandthe vertex reference.The le .faces
representthe meshtopologyandcontainghefollowing records.

where is either3 (triangles)or 4 (quad), represents vertex number is the referenceof the
sub-domaircontainingthe faceand aretheedgereferences.

8.6 the bb format

This ASCII le containsscalarvaluesassociatedvith a mesh le. It is usedto specifythe sizes
associateavith meshvertices.This le hasthefollowing structure

Thevalues representhelocal sizesassociateavith meshvertices.Noticethatthevalues and
onthe rst recordmustbespeci edasit (othercodesusedifferentvalues).

RT n 0252



PascalJ. FREY

8.7

List of FAQ's

The aim of this sectionis to provide a setof questions/answerthat canhelp the userto obtaina
correctandaccuratesurfacemeshfrom a givensurfacetriangulation.In somecasesthe answersare
very short,while for otherstheanswelis moreelaborateln any casetheauthorsencourageheuser
to play with thevariousoptionsandparameterso geta betterunderstandingf YAMSbehaior.

Q1.

Q2.

Q3.

Q4.

Q5.

Q6.

Q7.

Q8.

Qo.

Howto geta high-qualitymeshsuitablefor FE computation®

Option-O 1 will dothejob. Also useoption-O 0 onagivenmeshto improvethemeshquality.
Noticealsothatthe meshquality is relatedto the Gradation  parametewalue(avalueof 1.3
shouldgive goodresults).

Howto getan optimalmesh?

Usually, the resultingmeshis a good compromisebetweenthe quality of the geometricap-
proximation,the elementshapequality andthe numberof elementsin this sensethe meshis
‘optimal’.

Notice that this meshis not Delaunay! (asthe Delaunaypropertyneedsto be de ned on
surfaces...).

Howto control the numberof nodes/element®

It is not possibleto controlpreciselythe numberof verticesin amesh.However, runningY AMS
two or threetimesandadjustingslightly theTolerance  or GeomAppparametersyoushould
be ableto geta meshhaving roughlythe desirednumberof vertices.

Howto preventthe vertex positionsto bemodi ed ?

Useyams -ns to preventthe meshverticesto bechanged.

How to preservespeci c meshentities?
Inamesh le Usethe elds Requiredxx to constrainrmeshentitiesin amesh le.

Howto dealwith scannedlata?

After Marching Cubesreconstructioralgorithms, rst useoption-O 9 to remove staircases
effects. Then,on a secondun, useoptions-O 1 or-O 2 to createa high-qualitymeshor a
geometriamesh.

Howto remosre smallfeatues?

Setthe parameteMinSize in the.yams le to a suitablevalue. Notice that this valueis
usedto truncatetheintrinsic metric. Hence |if thevalueis too high, thegeometryof the surface
canbe affected. Anotheroptionis to increaséhe Tolerance  valueanduseoption-O 2 to
remeslhthe surfacewithin thistolerancgthetolerancevaluehasto belargerthanthesizeof the
smallfeatureto beremoved).

How to control sizevariations?
Themeshgradationis controlledby the Gradation parameter

Howto avoidlocal overre nement?

Usually, if the meshdensityis locally to large, this is mainly dueto small feature(or highly-
curved regions) that may be artifacts. To preventthe creationof too small elementssetthe
parameteMinSize inthe.yams le toasuitablevalue.
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Q10.

Q11.

Q12.

Howto remore badly-shapedriangles?

Sometimespoorshapedrianglesremainafter surfaceremeshing. This may be dueto geo-
metric constraintq?2 ridgestoo close)or becausef numericalroundof problems.Try to run
YAMSgainwith options-O 0 or-O 1 ontheresultingmeshto improve the meshquality.

How to createconstantsizemeshe®

Therearetwo waysof achieving constant-sizeneshesThe rst oneis to settheMinSize and
MaxSize parameterso the samevaluein the.yams le. Theotherway is to setthe Gra-

dation parameteto 1 in this le. In thesecondcase the sizeof the elementwill be almost
constantput adjustedo the smallestsizein the mesh(dictatedby the geometryrequirements).

Howto visualizeresultingsurfacemeshe®

As other meshingtools developedat INRIA, YAMSdoesnot offer a graphicaluserinterface
(GUI. However, a.mesh le is easyto readand canthusbe sendout to standardgraphic
softwarepackages.

Notice that a naturalcompanionof YAMSis Medit , a 3D interactve meshdisplay software
(alsodevelopedat INRIA-Rocquencourt) For moreinformationon this software,see:
http://www-rocg.inria.fr/lgamma /medi t/me dit.h tml
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