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Abstract

Finiteelemenmodelsusedn crashworthinessim-
ulationsnow containmorethanonemillion mostly
quadrilateralkelements.Interactive visualizationof
thosemodelsfor pre- and postprocessingpplica-
tions cannotbe achieved by brute force rendering
of all triangleson even adwancedgraphicshard-
ware. Well-known meshsimpli cation algorithms
are rarely applied, sincethe nite elementstruc-
ture needsto be retained which is usuallyaccom-
plishedby dranving anadditionalwire framearound
eachsingle element. We proposea new visualiza-
tion techniquewhich combineghe advantage®f a
speci cally adaptedneshreductionalgorithmwith
a texture basedrenderingof surface details. We
start out with a two-stagesegmentationbasedon
continuity featuresof the FE model. The result-
ing patchedorm a parameterizatiodomainwhere
lost surfacedetailsand elementboundariescan be
storedin a normalmap andin a denselyencoded
wire frame texture. The triangulatedpatchesare
renderedwith a fragmentshaderperforming per
pixel lighting and high quality outline generation
for each nite elementin asinglepass.We achieve
a signi cant speedupn the visualizationwhile re-
taining the visual details of the FE modeland we
expectour methodto be applicableto all areasof
ComputerAided Engineering.

1 Intr oduction

Computersimulationsof realworld situationshave
signi cantly in uenced mary engineering elds
duringthelastdecadeEspeciallyin theautomotve
industry theemploymentof ComputerAided Engi-
neering(CAE) methodgor structuralanddynamic
analysisof carbodieshasdrasticallyincreasediue
to improvementsin the numericalalgorithmsand
the available processingpower. Nowadays,crash
worthinesssimulationsby non-linear nite element
(FE) analysishave reducedreal crashteststo a
minimum. While the computationaprogresscon-
tinueswith a high paceallowing even stochastic
simulations,the visualizationof the nite element
modelsfor assemblyduring preprocessingnd for
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the analysisof the simulationresultsduring post-
processingstill usesrathercorventionaland slow
computergraphicsmethods. Usually, eachof the
large numberof nite elements—typicallyquadri-
lateralsandtriangles—ismappecbne-to-oneo the
correspondingraphicalprimitive. Currently crash
modelsare representedby up to 1 million quadri-
lateral nite elementswhich meansthata number
of 2 million triangleshave to be renderedwice, if
the engineerwantsto visualize the shadedmodel
togetherwith the wire frame outlinesof the nite
elements.Even on moderngraphicshardwarethis
resultsin low, non- uent frame ratesand it can
be easily seenthat the corventionalapproachgets
thwartedby the geometrybandwidthof the graph-
ics card. In other elds with even higher poly-
gon counts,e.g. CAD or 3D modelsfrom scan-
ners, mary solutionsexist to overcomethis prob-
lem. Most of themtry to reducethe numberof tri-
anglesby decreasinghe compleity of the model
andby suppressingmall details. However simula-
tion engineersely on thesesmalldetailsandthere-
fore alImostalwayswantto seethewire framelines
of theelementsvhichgetdiscardediuringthesim-
pli cation processEspeciallyin crashsimulations,
a small changein the modelmay leadto a drastic
differencein the resultsandthereforesucha sim-
pli ed presentatiomvithouttheoutlinesof the nite
elementds notacceptable.

In this papemwe presentnovel techniquewhich
overcomeghoseproblemsallowing interactive ma-
nipulation and visualization of large FE models
while retaining the visual details. Our approach
consistsof ve major steps. First we exploit the
specialpropertieof atypical FE modelin orderto
segmentit into patcheseparatetby geometricfea-
tures. Then, we subdvide thosepatchesnto sub-
patchedormedby leastsquarestting planes.The
featurelines forming the boundaryof thoseplanar
subpatchearesimpli ed andtheresultingpolygon
is triangulated The planarityof the subpatchetiv-
ially givesus a surfaceparameterizatiomnvhich we
useto generatatextureatlas.Speci cally, wecom-
puteatwo componentormalmapanda very com-
pactstoragetexturefor thewire frameoutlines.Fi-
nally, theresultingcoarserianglemeshis rendered
on a GeForcedor GeForceFX graphicscardusing
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texture shadersaandregister combinersto compute
perfragmentlighting andthe wire framerepresent-
ing the nite elementboundaries.

In the following Section2 we discussrelated
work. Thenwe presentour simpli cation stratgy
for nite elemensurfacesn Section3. In Sectior4
wedescribehegeneratiorandrenderingof thenor-
mal mapsandof the wire frametexture. Somere-
sults and comparisonsare presentedn Section5,
and nally we drav someconclusions.

2 PreviousWork

Thecombinatiorof techniquepresentedh this pa-
peris tailoredto a speci ¢ applicationscenario—
FE pre-andpostprocessingr healgorithmswe use
build uponthe work of researchers the areasof
meshsimpli cation, atlas generation,surface pa-
rameterizatiorandnormalmapping which we will
shortlyreview in thefollowing paragraphs.

A lot of researchhasbeendone over the past
yearsin the eld of geometrysimpli cation algo-
rithms. Most of themusesomesortof errormetric
to determineverticesor areasthat are not needed
for an approximatve surfacedescription.As men-
tionedby GarlandandHeckbert[6] therearethree
often adoptedapproacheso simplify meshesver
tex clustering[18], edce collapsingor contraction
[9, 16] and vertex decimation[19]. The rst two
techniqueslonotalwaysprovide goodresultsvhen
appliedto simpli cation of FE meshesand they
tendto remove smallfeatures.The latterusesa lo-
cal error criterionto nd the bestvertex to be re-
moved next in an iterative process. The affected
facesarediscardedandthe emeging holeis closed
by re-triangulation. The simpli cation part of our
algorithmis comparableo this approach but we
analyzecompletepatchesand retriangulatelarger
areas.

Someeffort hasbeenput into simpli cation is-
suesrelatedto CAD models[10, 21]. However,
thesealgorithmsneedaccesgo the CAD surface
description,which is not available in early con-
ceptdesignstagesvheretheevaluationof structural
dynamicsis basedon modi ed FE meshegained
from previous models.RegardingFE modelsa dis-
tinct featuredetectionis not as easyas for CAD
models.[3] suggestsubdvision for thefastgener
ationof asimpli ed model,but this providesproper
resultsfor smoothsurfacesonly. Anotherapproach
[11] seemdo be suitablefor FE modelsbut it re-
lies on mary rulesandveri cations to guarantee
valid mesh.In contrastour algorithmperformsbet-
tersinceit explicitly dissectshemeshalongfeature
lines beforedoing ary further, moretime consum-
ing analysisonly ontheresulting,smallerpatches.

In orderto dealwith thelossof visual quality of
the simpli ed meshessomeauthorssuggestedo

usetexturesto presere at leastthe normal infor-
mationof the original meshandof theremoredde-
tailsin particular Thus,it is possibleto reconstruct
the lighting conditionsof the original mesh[1] or
even clearly outperformstandardOpenGLlighting
by introducingervironmentmapping[23]. Addi-
tional effortstry to presere otherattributeslik e col-
ors or textures[7]. All of theseapproachesave
in common, that they needto nd a parameteri-
zationto mapthe textureswith minimal distortion
onto the simpli ed mesh. A fundamentakolution
for this problemhasbeenpresenteddy [4], but it
turnsoutthatour approachdeliversa parameteriza-
tion automatically This is becausave usea two-
stageapproachto subdvide the meshcomponents
into patchesindplanarsubpatchesThisis basedn
theideato split the modelinto chartsandto assem-
ble thetexture patchesnto anatlasasrecentlypre-
sented14, 22]. By usingtextures,it is alsopossi-
ble to draw thewire framelines of a modelwithout
renderingthe modeltwice [13]. We enhancedhis
techniqueto facilitate high-resolutionwire frame
outlinesalsoon coarsemeshesindcombineit with
normal mappingto retainthe visual quality of the
non-simpli ed FE mesh.Thepresentednemoryef-
cient storageschemefor thesetexturesis applica-
ble to arbitrarymeshesndthereforenot restricted
to a certainsimpli cation algorithm. Our simpli -
cationalgorithmwhich is tailoredfor goodresults
on FE mesheswill be presentedn the following
Sectionwithout goinginto thedetails.

3 Simpli cation of FE Meshes

Theshapeof nite elementmeshedgliffersin mary
waysfrom other morenaturalshapese.g. human
faces. FE meshesare de ned by their “technical”
look which arisesfrom the fact, that mosttechni-
cal objectshave clear sharpedgesandthatin most
casessurfacesare bentin only one direction hav-
ing no or only minor curvaturein the orthogonal
direction. This applieseven moreto structuraland
supportingcomponentsnside a car or the chassis
wheremainly at or nearly at areascanbe found.
The only partsof a carthathave a “natural” style
with curvaturein two dimensionsbelong mainly
to the “outer” car body. However, from an struc-
tural engineers point of view, thesepartsareof mi-
norimportance Thereforethe obvioussolutionfor
goodsimpli cation resultsis to concentraten the
“technically” shapedarts.
Standardhpproachebk e edgecollapsingarenot
aware of thesespecialshapesandit is dif cult to
implement this behaior using those techniques.
Thereforewe decidedto develop a new algorithm
which takes adwvantageof the specialfeaturesof
nite elementmeshesand also tries to presere
theseimportantfeatures. Furthermore,our algo-
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rithm shouldbe computationallymoderateso that
it canbe run on large modelsduring loading the
datasetnto a pre-or postprocessintpol. Addition-
ally, we needto reusethe original nodecoordinates
tofulll thememoryconstraintof large models.

3.1 Feature Divided Patches

Themainideaof ourapproachsto nd typicalfea-
turelines of a carcomponensurfaceandusethese
to breakdown thecomponeninto multiple patches.
In this way we are able to split the simpli cation
probleminto multiple smallerproblems. Sincewe
wantto keepthesefeaturelines at a very high res-
olution aryway, this proceduredoesnot affect the
desiredresultandit decoupleghe analysisof the
inner partof theemeging surfacepatchegrom the
analysisof the patchboundaries.

The rst stepisto determinghefeaturdines. For
our purposegoodfeaturesarethe outerboundaries
of a componentjts angularedges,and changesn
cunature. Thesecriteriacorrespondo discontinu-
ities in Go, G1, andG;, respectrely. In orderto
detectall featurelines,we have to analyzeevery -
nite elementvith respecto itsimmediateneighbor
hood. Identifying outerboundariess trivial. If an
edgeof anelementhasno adjoiningelementsthis
edgebelongsto an outerboundary[5]. The outer
boundarie®f a samplecarcomponenaredepicted
in redin Figure4(b)in thecolor platesection.

Thegreenlinesin this Figureshav the detected
angularedgeswhich we determineby calculating
theangulardifferencebetweerthe normalsof adja-
centelementslf this differencelies abore a prede-

ned threshold ¢, , thecommonedgeis markedas
a G, discontinuity Sincethe surfaceis described
by discreteelementsthereis almostalwaysa small

angulardifferencesvenin at regions,andathresh-
old settoolow ( g, < 12 ) mayleadto mary small

patches. In most caseswe get contiguouslines
which eitherform a closedring or startandendat

anotheffeatureline. At smallangulardifferencest

might occurthatthe found G, featuresarediscon-
nectedor startand/orendin the middle of a patch
surface.In this casewe cantry to completethisline

by following thedirectionof the highestangularde-

viation. At pointswhereno particularGi disconti-
nuity canbe detectedwve just usethe shortestpath
to the next featureedgeto closethis featureline.

Thus,it is possibleto detectalsosmallcorrugations
or similar featuresrobustly. One of these“closing

edges’is depictedin white at the upperendof the

left bumpin Figure4(b).

The third case of reasonablefeaturesof FE
meshess the determinatiorof G, discontinuities.
Thesdeatureoccure.g.whereaplanarregionwith
no cunatureandanarcwith constancurvaturead-
join. In orderto achieve meaningfulresultswe have
toincludealsothe neighborhoodf the adjacentl-

ementsof an edgeconsideringthe 1-ring and the
2-ring of thetwo involvednodes.In our experience
thedetectiorof G, discontinuitiess ratherunstable
andnot alwayspossibleon coarselydiscretized=E
meshesn contrasto smoothCAD models.We de-
cidedto skiptheexplicit analysioof thisfeaturetype
because¢healgorithmpresentedn the next subsec-
tionis capableo detectsuchG; discontinuitiesm-
plicitly.

We have now determinedhe roughfeaturelines
of acomponenandit is guaranteethatthey either
endin themselesor at otherfeaturelines. Thus,
they canbeusedascuttinglinesto divide thecom-
ponentinto smallersurfacepatches.

3.2 LeastSquaresSubpatches

Each of the feature divided patchesis analyzed
more precisely Taking into accountthat most -
nite elementparts containmary at regions, we
partition eachpatchinto planarsubpatchesThese
subpatchesre built by successiely addingall el-
ementsthat are less than a thresholddistanced
away from theircommonleastsquarestting plane.
While addingelementghe parametersf the tting
planeareupdatedaccordingly If nomoreelements
in the neighborhoodul Il  the distancecriterion, a
new subpatchis initiated. The new subpatchlies
preferablyin the vicinity of anexisting oneto pre-
ventthecreationof small,isolatedislandswhenthe
subpatchesuccessiely cover the entire patch. In
theend,we obtainapproximatingplanarsubpatches
thatsubdvide the parentalpatchsurfaces whereas
the parameted allows usto control the quality of
theapproximation As expectedtheapproximation
of “technically” shapedbjectsusingthis approach
turns out to be much bettercomparedo standard
simpli cation algorithmsbecauseur methodpre-
senes more small detailsat a comparableamount
of triangles. The bordersbetweendifferent sub-
patchesareshavn in Figure4(b) asgraylinesand
one may think for someof themas additional G,
featurelines.

3.3 Simpli cation

After this preprocessinghe actual simpli cation
becomesa ratherabstracttask. We now have to
dealwith a bunchof subpatcheandmary feature
lines establishinghe glue betweenthe subpatches.
A simpli ed patchis thereforede ned by theplanes
of its subpatcheandthesurroundindgeatureedges.
The quality inside the subpatchess controlledby
theerrorboundd. The quality “outside” is de ned
by thelevel of simpli cation of thedifferentfeature
lines (including the subpatchhorders).This means
that we simplify lines insteadof surfaces,andwe
have to take careof only threeconditions.The rst
constraintis that we are not allowed to simplify a
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line in a way thatit departsmorethand from its
adjacentsubpatchtting planes. The secondcon-
straintis thatwe arenot allowedto remove a node
with otherfeatureedgesconnectedn orderto pre-
ventchangesn topology Thesex ednodeswhere
at leastthreefeatureedgesconverge, are marked
with bluedotsin Figure4(c).

The last constraintis adaptedo the type of fea-
tureline. To presere the silhouetteof a shapewe
wantto keepouterboundarieandsharpedgesat a
very highresolution.Featurdines,wheretheangu-
lar differenceof the adjacensubpatchess diminu-
tive, can be approximatedsery coarselysincethis
doesnot changethe silhouette. Let louer be the
errorboundfor the simpli cation of outerandcusp
featuresandlinner betheerrorboundfor thesimpli-
cation of lines betweennearlyidentical subpatch
planes.Then,we calculatethe errorboundl for an
arbitraryangulardifference  betweemeighbor
ing subpatcheby

I = linner 0052 + louter (l COSZ ) (1)
wherecos = r1 np with iq andnr, denoting
the normal vectorsof the subpatchplanes. These
error boundscorrespondo the maximumallowed
accumulatedieviation of asimpli ed line from the
originalline.

Thesethreeerror measureganbe usedto build
the priority queueof amodi ed edgecollapsealgo-
rithm. This algorithmcanbe keptvery simple be-
causeit collapsedine sggmentsinsteadof triangle
edgesandwe donotneedto calculateanexpensve
Hausdorf distancen R3.

3.4 Retriangulation

The polygonalsubpatchesgelimited by their sim-
plied outlinesmay have holes,asthe one shovn
in Figure4(d). Theseholesarenotconnectedo the
circumscribingsubpatchines. We de ne acounter
clockwisewinding orientationfor the circumscrib-
ing line and a clockwise orientationfor all holes.
Theni,it is possibleto successiely connectll holes
via a new line seggmentto the outerboundaryline.
The insertedline sggmentmustnot intersectwith
ary otherboundarylines. In the end,we getasin-
gle boundaryline circumscribinga simplepolygon
without holesandcorrectwinding orientation.Self
intersections preventedby the preliminaryfeature

analysisandthe planarcharacteof the subpatches.

To triangulatethe polygon, we usea standardear
clipping [15] algorithm that usesa priority queue
which prefersequilateraltrianglesover stretched
onesfor betterresults. Other priority criteria may
be concevable,e.g. to achiese long trianglestrips.
The orientationof the outline andthe nal triangu-
lation of a completesubpatctboundaryis depicted
in Figure4(d).

The connectvity information of the simpli ed
subpatchess storedin a separateopy of theorigi-
nalcomponenshapesharingthecoordinate®f the
nodeswith the original ones. This is valid since
noneof the coordinateshave beenaltered.It econ-
omizesmemoryusageandis mandatoryfor a huge
numberof vertices.

4 Low-Memory Normal and Wire

Frame Texturing

It is not always possibleto presere all informa-
tion, especiallywhen coarsererror boundsand a
moreextensve simpli cation aredesired.Thus,we
usetexturesto presere the normalinformation of
the original nodesand the wire frame representa-
tion of theelementsBoth, thenormalmapsandthe
wire frametextures,sharethe sametexture coordi-
nateset. To reducethe memoryrequirementsye
designedh specialstorageformatthattheoretically
needsonly four texelsto encodethe wire framein-
formationof a quadrilatera{seeSubsectiort.2).
Lik e previousapproachethatusetexturesto pre-
sene the appearancef simpli ed mesheq1, 23,
17] we needto nd a mappingfunctionto transfer
the surfacecoordinatesrom R® into R? of thetex-
ture coordinatespace. It should minimize texture
distortionbecaus@therwisethe appearanceetails
may be deformedor lost. Using our simpli cation
approachwe get this mappingautomatically In
Subsectior.2 we derived the leastsquarestting
planesof every subpatchThisis solvedby calculat-
ing the eigensystenof the subpatchTheeigervec-
tor belongingto the smallesteigervalueconstitutes
thenormalof the tting plane,theothertwo eigen-
vectorsde ne its tangenspace Sinceall verticesof
asubpatcharevery closeto the subpatchplane,we
introduceonly small distortions,whenwe project
themonto this planeor into the tangentspacede-
ned by the eigensystenrespectiely. Therefore,
it is reasonableo de ne the tangentspaceandthe
texture spaceascongruenexceptfor a scalingfac-
tor which canbederivedfrom the Nyquistcriterion.
This meansthat the smallest nite elementhasto
containat leasttwo full texelsin eachdimension.
In this context the smallestelementin the rst di-
mensiors mayvary from thesmallesin thesecond
dimensiont . As aresult,we obtainafactorin each
dimensionwhich is multiplied with the matrix of
theeigensystemaccordingly

4.1 Normal Presewation

Theideaof storingnormalsin a texture is not new
[1, 2] andusingthe eigensystenfor texture map-
ping s straightforvard. However, aswe mentioned
earlier currentcrashmodelscontainup to onemil-
lion mostly quadrilateralelements. Therefore,we
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Figurel: ShadermandCombinerSetupfor Lighting.

proposeto save memoryby storingonly two com-
ponentsof a normal. As long asall normalsgiven
atthenodesof the nite elementmesharenormal-
ized,it is possibleto determineghevalueof thethird
componenfrom the two othersexceptfor its sign.
Sincewe aim at two-sidedlighting, this is notare-
striction. In casethe third componenbf a normal
is negative we just invert the normalvectorandthe
visible resultis the samefor two-sidedlighting.

We alwaysdiscardthe largestvectorcomponent
to increaseaccurayg. For restoringthe normalvec-
tor, we neecthreedifferentlookuptexturesdepend-
ing on which components the largest. By clus-
tering patcheswhere the samecomponents dis-
cardedwe have to switch this lookup texture only
threetimesperobject. Oneof thesdookuptextures
canbeseenin themiddleof Figurel. Anotherpos-
itive effect of this lookup texture is thatit normal-
izesinterpolatechormals.Thatmeansf we actvate
bilinearinterpolationof thetwo-componenhormal
texture, we obtain a correctly interpolatednormal
fromthe rst shadestagefor perpixel Phongshad-
ing.

Adding speculathighlightscanbe donein mary
differentways. Oneis to usenVIDIA's register
combinersto calculatethe dot productof the nor
mal andthe halfway vectorandusesubsequerneg-
istercombinergo exponentiatehe result. This ap-
proachconsumesnary combinerstagesand pro-
ducesresultsof unacceptablguality. Anotherpos-
sibility areHILO texturesfor a high quality specu-
lar highlight, but thesearerathermemoryconsum-
ing and not affordablein our case. The third ap-
proachis anotherdependentexturelookupin a 3D
texture with the threecomponent®f the normalas
texture coordinatesvhich is alsomemoryandtime
consuming. We decidedto usethe alphacompo-
nentof the normalizationtexture introducedabove
to storethepre-shadedpeculahighlights.In doing
S0, we needto updatethe alphacomponentevery
time theviewpoint or thelight positionchangesin
generalthis is onceperframe. This approachhas

mary adwantages.The rst is thatwe canapply a
morecomplex lighting modelthanthe Phong-Blinn
modelof OpenGL.We decidedto implementa full
Phonglighting model. The otheradwantageis the
very high quality comparedo usingregistercom-
binersor a secondlookup. The last adwantageis
thatwe candothe speculatighting in software. At
rst, it doesnot seemplausibleto not usegraphics
hardwarefor lighting. However, whenwe generate
the speculartexture using HILO textures, it takes
about5 ms on a GeForce4 Ti 4600 including the
time to copy this imageinto the texture. In con-
trast, the software solution only needs4 mson an
AMD K7@1.8GHzandan additionaltransfertime
via AGPx4of 0.5 ms. In usingthe software solu-
tion, we are not only faster but we canspavn an
extra texture calculationthreadfor parallelcompu-
tationfor the next frame. This doesnot affect per
formancein ary way becauseluringthe rendering
procesghe CPU is idle mostof thetime. On our
systemwe hada 40% peakusageof the CPUtime
while calculatingthe speculatextureandrendering
acarmodelwith about250,000quadrilaterals.

Mostcomponentsf acarbodyareverythin and
thereforethey arerepresentedby two-dimensional

nite shellelementsi.e. we have no volumetricob-
jects. Therefore,we needto light also the back-
faces.We achieve this by usingtwo differentmate-
rial colors:whitefor thefrontandblackfor theback
faces With properregistercombinerinputmapping
thisdomaincanbestretchedrom [0; 1]to[ 1; 1].

Theresultingfactorm canbeusedto invertthenor

mals, if the backfaceof a primitive is seen. The
completdighting setupis draftedin Figurel.

We useOpenGLto generatéhe 2D normaltex-
tures by setting the correspondingransformation
matrix and renderingthe primitives of a subpatch
directly into the tangent/tgture space.At the out-
linesof asubpatctsometimeseighboringelements
loominto the subpatchyhich arenotrenderecand
thereforeat this texel the backgroundcolor is set.
Thisis dueto the simpli cation processandthe as-
sociatedslight change®f theboundary Therefore,
werenderalsoelementslirectly adjacento thebor-
derelementsof this subpatcho presere their nor-
mal information. However, sometimeshereareno
adjacentlementge.g. at outerboundariespr the
neighboringelementshave very differing normals.
Both casedeadto visible artifacts. They canbere-
moved by applying a morphologicaldilation Iter
[8] to the texture which exactly producesthe de-
siredresult. Finally, we packthe normalmapof all
subpatchegto onelargetexture[14, 17] for better
memorymanagement.

4.2 WireFrame Presentation

We usea special,denseencodingto storethe wire
framelines, sinceusing a standarduminancetex-
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ture for eachsimpli ed subpatchrequiresa lot of

memory If we wantto achieve avisually goodrep-
resentatiorof thin wire framelines, this meanghat
we needatleastaresolutionof 128 128texelsper
triangularor quadrilateraklement. If the graphics
cardis equippedwith 128 MB of memory an ap-
proachbasedon [13] would allow us to storethe
wire frame information of only < 7,500 nite ele-
mentswithoutinducingAGP swapping.

The mainideaof our approachs to encodethe
wire framelines usinga signeddistanceeld. If a
point on the subpatctsurfacelies outsideof the el-
ementwhich we wantto outline, its distanceto the
wire frame edgesis negative. Inside,the distance
is positive. The distances alwaysmeasuredo the
edgewhich is closestto the point. We canencode
this as a signedluminancetexture. To restorethe
wire frameinformation,we have to extracttheiso-
line with isovalue zero. To implementsuchaniso-
line extractionon graphicshardware,we only need
to enablebilineartextureinterpolationfor obtaining
the distancevaluesin-betweerthe texel valuesand
we needa 1D lookup texture which lters theiso-
valuezero.However, if theresolutionof thetexture
is not very high, this approachntroducesartifacts
nearthe verticesof an element. Two wire frame
linesarejoining thereandat somepoint therewill
be only onetexel to storethe distanceto thosetwo
lines.

The bettersolutionis to usetwo differentchan-
nelsto storethe distancesWe canthenencodethe
perpendiculadistanceto onewire frameedgee.g.
in thegreenchannelndthe perpendiculadistance
to the neighboringedgebelongingto the sameel-
ementin the blue channel. To achieve correctre-
sultsaroundthe nodewherethetwo wire linesjoin,
we have to ensurethatat leastonetexel lies inside
the elementand threetexels are outside. Only in
this way a correctbilinearinterpolationcanbe per
formed. Using thesefour distancevaluesgiven at
the surroundingtexels combinedwith a dependent
lookuptexture (seemid of Figure2) we areableto
restorea quarterof thewire frameoutline of one -
nite element.For encodingthe otherthreequarters
of aquadrilateralye canreusehesamecolorchan-
nels. As long aswe usethe samechannelfor the
sameedge,the wire frameline will t well, since
all 8 involvedtexel valuesto restorethis line lie on
the sameplanein the 3d vector spacespannecdy
the texture coordinatess, t andthe corresponding
color codeddistancevalue. The oppositeedgesof
a completequadrilateralcanusethe samechannel
aslong asthereis aminimumof 2 2 texelsinside
the elementso thatthe differentdistanceelds do
notoverlap.Beforethedistanceeld of anelement
is storedin texturememoryandthereforecorverted
from oating point to byte precision,a normaliza-
tion is performedfor maximum utilization of the
byte range. Theright imagein Figure2 shavs the
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Figure 2: Restorationof Wire FrameLines from
Color CodedDistancerield Textureof Size32 32.

wire frame outlines of somequadrilateralsihich
wererestoredoy thedescribedrocess.

Olviously, we do not needto drav wire frame
linesfor every elementsincein generalevery sec-
ond elementis alreadysurroundedby other wire
framedelements.For a meshconsistingof quadri-
lateralsonly we candistributetheoutlinedelements
likethedarktilesof acheclerboard.Thewire frame
lines of thewhite tiles arethendravn implicitly by
its four neighbortiles. Sincewe needsometexels
outsideanelemenfor correctinterpolationwe can-
not encodeadjoining dark tile elementsusing the
sametwo color channels. Therefore,we alternate
thecolorchannepairsgreen/blueandred/alphae-
tweenadjacentlements.For an exact restoration,
atleast2 2= 4 texels have to be enclosedn each
of the elements.Adding the memoryusageof the
normaltexture andconsideringsomeoverheaddue
to differentsizedelementsaandnon-optimaltexture
packingwe consumehememoryof 10to 12 RGBA
texelsperelementOnagraphicscardwith 128MB
memory—takinginto accounta double buffered
frame buffer of 1280 1024 andits corresponding
depth buffer—it is possibleto presere the infor-
mationof 2.5to 3 million quadrilateralsn texture
memorywithoutAGPswapping.An exampleof the
green/bluecolor pair of sucha denselypacledwire
frame distancetexture can be seenin Figure 5(a)
togetherwith its restoredwire framelines. Com-
binedwith the correspondinged/alphacounterpart
andthe 2d normalmapwe getFigure5(b).

In generala nite elemenmeshalsocontaingri-
angularelementsTo encodeall threeedgeof atri-
angle,we have to usethreedifferentdistancepairs
becauseénsidethe triangleall threedistancemaps
are superposedWith only two color pairsat least
one wire frame edgecannotbe restoredcorrectly
However, we canmapatrianglewire framedirectly
via adependenibokupontothe surfacewithout us-
ing distanceelds. Thisis possibleonly with trian-
gles,in contrasto quadrilateralsin generalwhen
mappingquadrilateralslirectly via adependento-
ordinatetexture,two edgesaredistortedbecaus¢he
opposingedgesarenotalwaysparallel. We mayad-
dressboth, quadrilateralsandtriangles,by extend-
ing the lookup texture of Figure 2 with a triangle
wire frameprimitive. However, somecarehasto be
taken, thatthe two typesarenot intermixed during
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restorationBasically we have to increasehereso-
lution of our distanceeld texturesto 3 3 instead
of 2 2 sothatwe have enoughspaceto resetthe
dependentoordinateso neutralvaluesbetweena
triangleanda quadrilateralin its vicinity.
Additionally, a triangle destrgs the well struc-
turedcheclerboardarrangementThis meanghatat
leastatonenodeof atriangletwo adjacentlements
with the samecolor pair arejoining. Thereforewe
needa third color pair anyway to addressone of
theseelementsand to make a distortion free wire
frame presentatiorpossible. Regarding this, the
highermemoryconsumptionandthe lower resolu-
tion of thelookuptexture (the quadrilaterabindthe
triangle wire framelookup primitive have to share
the sametexture) we decidedto supportexplicit
wire frame mappingof quadrilateralsonly andto
restorethe outlinesof trianglesby theimplicit out-
lines of the directneighborsof thetriangle. Dueto
thefactthattrianglestendto berarelyusedin nite
elementmeshedecauseahey give inferior numer
ical results,this is no grave restriction. Problems
only arisewheremultiple triangularelementoccur
in clusters.In thesevery uncommoncaseswe fall
backto a hybrid approachand renderthe lacking
partsof thewire framelinesdirectlyasGLLINES.
Altough we needonly about4 texels per ele-
ment the restoredwire frame is very true to its
original. Sometimesthis can be confusingwhen
the underlying,simpli ed geometryis different,as
Figure 3(a) illustrates. In fact, thesedifferences
are small—in our examplelessthan 0.2mm—and
thereforeclearly inside the intendedsimpli cation
limits. To overcomethis we may usea stenciltex-
ture, which canbe compresseth a similar manner
asthe wire frametexture. However, regardingthe
smallerrorthis is exaggeratedinstead we correct
thewire framepositionby asmallamount.Thecor-
rectiondistancedepend®nthetypeof edge—outer
boundaryor insidethe surface—andn theangular
differenceto the adjacentelements. The result of
thesecorrectionds shavn in Figure3(b).

=

Figure3: Wire FrameAdjustment:(a) correctwire
frame position in conjunctionwith simpli ed ge-
ometryis confusing(encircled),(b) adjustedwire
frametexture.

5 Results

While FE modelsof up to onemillion elementsare
currently usedin crashsimulations,thesemodels
representarswhich will not be on the market for

sometime, which makesthemhighly classi ed. For
thevalidationof ouralgorithmswe wereableto use
a smallermodel consistingof about250,000 nite
elements7% outof theseweretriangularelements,
the otherswere quadrilaterals. All measurements
have beenaccomplishednanAthlon K7@1.8GHz
with a GeForce4Ti 4600anda GeForceFX Quat-
tro 2000. The GeForceFXis an alphaboardand
thereforerunsonly at half speed.

5.1 Simpli cation

To evaluatethe simpli cation partwe appliedour
algorithm with two different quality settings(see
Tablel). Theresultof simpli cation A canbeseen
in Figure6. For the sameviewing parameterssim-
pli cation B did not resultin visible differences.
Thetimesneededo preprocesshe completecrash
modelarelisted in Table 2 shawving the contritu-
tions of the threemajor stepsof our technique.Of
coursethefeatureanalysisandthe simpli cation of
theresultingsubpatctbordersconsumenostof the
time. Reorientatiorandtriangulationof the simpli-
ed subpatchess ratherfastaswell asthe texture
building processlueto theuseof graphicshardware
for texture generation. The total times are about
50% fasterthan an older simpli cation algorithm
[12] built into our crashpreprocessingool [20].
However, thisalgorithmdid notsupportary appear
ancepreseration andthereforethe speedgain ac-
cordinglyincreasesvhenjustthesimpli cation part
of our approachis taken into account. Comparing
the quality, our new approachprovides much bet-
ter resultswith the samenumberof triangles.Since
all datastructuresof our crashpreprocessingool
aredesignedor ef cient memorymanagemenive
hadto build the temporarydatastructuredor each
car componenton the y . Although using binary
searchstratgieswe still needsomeamountof time
to get accesdo the desiredelementor node and

Simpli cation G, d louter linner
TestSample [] [Mm]  [mm]  [mm]
A 12 1.0 0.5 8.0
B 18 3.0 25 15.0

Table 1: Simpli cation ParametersAccording to
Section3.1and3.2. Notethatthelengthsl areno
absoluteboundshut limits of theaccumulateerror
over severalnodes.

Simpl. Analysis+ Retriangu- Building Sum
Test Simpl.[s] lation[s] Textures[s] [s]

A 153.7 8.1 30.2 192.0
B 117.2 7.3 25.3 149.8

Table2: Preprocessingerformance.
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thereforea stand-aloneémplementationof our al-
gorithmsmay outperformthe numbersof Table 2
signi cantly.

5.2 Rendering

The completerenderingalgorithm,which includes
lighting andwire framerestorationneeds4 depen-
denttexturelookupsandatleast6 texture units. On
a Geforce3/4this canbe doneonly in two passes.
Therefore the frameratesof the GeForce4shovn
in Table3 arehalved, whenthe wire framepresen-
tation is activatedon the simpli ed mesh. On the
GeForceFXor thenewer ATI cardsthis taskcanbe
managedh onepass.Thealgorithmis encapsulated
in aspecialCosmo3D/OpenGIOptimizernodefor
easyusagewithin ourscengraphbasedreprocess-
ing tool.

Triangle Frameratgips] Speedactor
Count[-] Gf4 GfFX for GIFX[]
Original
without WF 479,629 104 8.3
standardVF 479,629 4.3 4.2 1.0
WF Texture[13 479,629 8.6 6.0 1.0
Simpli ed
A 122,384 209 165
A + WF Texture 122,384 11.3 15.8 2.6 3.8
B 85,406 26.8 19.0
B + WF Texture 85,406 148 17.7 3.0 4.2

Table 3: Rendering Performanceof Simpli ed
Mesh with Normal Texture and with or without
denseWire Frame(WF) Texture.

6 Conclusionsand Futur e Work

In this paperwe have presentedh novel combina-
tion of speci cally tailored algorithmsto improve
the visualizationof large nite elementmodelsas
they areusede.g. in crashworthinesssimulations.
We achieve asigni cant renderingspeedughrough
meshsimpli cation while retainingthe visual de-
tails especiallythe wire frame structureof the un-
derlying FE model. Our main contritutions are
the robust sggmentationand simpli cation of FE
meshesthevery compacencodingof normalmaps
andwire frametextures,andthehardware-basede-
constructiorof theassociate#isualdetails.

Since our techniqueis evaluated and applied
in an industrial setting, we integrated the algo-
rithmsinto a commerciallyavailablepreprocessing
tool. Thus,we hadto restrictoursehesto graphics
hardware availablein the CAE workplacelike the
GeForce3/4. Currently we adaptour techniqueto
ARBfragment _program functionality reduc-
ing the numberof requiredtexture units and im-
proving lighting andwire framecalculation. A yet
unoptimizedprogramruns e.g. on an SGI Onyx4
UltimateMsion (ATl FireGL X1 chip set) offering
speedupsomparableo the onesof a GeForceFX.
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© (d)

Figure4: Simpli cation Processia) original meshof a car componentvith wire frame, (b) patchbound-
aries:outline (red), edge(green) closingedge(white), subpatchhoundarieggray), (c) x edmege points
(blue), (d) orientedboundary(red) of a subpatctwith holesandits nal triangulation(yellow).

@ (b)

Figure 5: Wire Frame Restoration:
(a) with underlyingbilinear interpo-
lation of G/B componentof 32 32
texture,(b) nal resultwith normal
maplighting.

(DataCourtesy
of BMW AG)

Figure6: Simpli ed CarCrashModel
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