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Finiteelementmodelsusedin crashworthinesssim-
ulationsnow containmorethanonemillion mostly
quadrilateralelements.Interactive visualizationof
thosemodelsfor pre- andpostprocessingapplica-
tions cannotbe achieved by brute force rendering
of all triangleson even advancedgraphicshard-
ware. Well-known meshsimpli�cation algorithms
are rarely applied, since the �nite elementstruc-
ture needsto be retained,which is usuallyaccom-
plishedby drawing anadditionalwire framearound
eachsingleelement.We proposea new visualiza-
tion techniquewhich combinestheadvantagesof a
speci�cally adaptedmeshreductionalgorithmwith
a texture basedrenderingof surfacedetails. We
start out with a two-stagesegmentationbasedon
continuity featuresof the FE model. The result-
ing patchesform a parameterizationdomainwhere
lost surfacedetailsandelementboundariescanbe
storedin a normalmapand in a denselyencoded
wire frame texture. The triangulatedpatchesare
renderedwith a fragmentshaderperformingper-
pixel lighting and high quality outline generation
for each�nite elementin a singlepass.We achieve
a signi�cant speedupin the visualizationwhile re-
taining the visual detailsof the FE modelandwe
expectour methodto be applicableto all areasof
Computer-AidedEngineering.

1 Intr oduction

Computersimulationsof realworld situationshave
signi�cantly in�uenced many engineering�elds
duringthelastdecade.Especiallyin theautomotive
industry, theemploymentof Computer-AidedEngi-
neering(CAE) methodsfor structuralanddynamic
analysisof carbodieshasdrasticallyincreaseddue
to improvementsin the numericalalgorithmsand
the available processingpower. Nowadays,crash
worthinesssimulationsby non-linear�nite element
(FE) analysishave reducedreal crash tests to a
minimum. While the computationalprogresscon-
tinues with a high paceallowing even stochastic
simulations,the visualizationof the �nite element
modelsfor assemblyduring preprocessingandfor

the analysisof the simulationresultsduring post-
processingstill usesratherconventionaland slow
computergraphicsmethods. Usually, eachof the
large numberof �nite elements—typicallyquadri-
lateralsandtriangles—ismappedone-to-oneto the
correspondinggraphicalprimitive. Currently, crash
modelsarerepresentedby up to 1 million quadri-
lateral �nite elementswhich meansthat a number
of 2 million triangleshave to be renderedtwice, if
the engineerwantsto visualizethe shadedmodel
togetherwith the wire frameoutlinesof the �nite
elements.Even on moderngraphicshardwarethis
results in low, non-�uent frame ratesand it can
be easilyseenthat the conventionalapproachgets
thwartedby the geometrybandwidthof the graph-
ics card. In other �elds with even higher poly-
gon counts,e.g. CAD or 3D modelsfrom scan-
ners,many solutionsexist to overcomethis prob-
lem. Most of themtry to reducethenumberof tri-
anglesby decreasingthe complexity of the model
andby suppressingsmalldetails.However simula-
tion engineersrely on thesesmalldetailsandthere-
fore almostalwayswantto seethewire framelines
of theelementswhichgetdiscardedduringthesim-
pli�cation process.Especiallyin crashsimulations,
a small changein the modelmay leadto a drastic
differencein the resultsand thereforesucha sim-
pli�ed presentationwithout theoutlinesof the�nite
elementsis notacceptable.

In thispaperwepresentanovel techniquewhich
overcomesthoseproblemsallowing interactivema-
nipulation and visualization of large FE models
while retaining the visual details. Our approach
consistsof � ve major steps. First we exploit the
specialpropertiesof a typical FE modelin orderto
segmentit into patchesseparatedby geometricfea-
tures. Then,we subdivide thosepatchesinto sub-
patchesformedby leastsquares�tting planes.The
featurelines forming the boundaryof thoseplanar
subpatchesaresimpli�ed andtheresultingpolygon
is triangulated.Theplanarityof thesubpatchestriv-
ially givesus a surfaceparameterizationwhich we
usetogenerateatextureatlas.Speci�cally, wecom-
putea two componentnormalmapandaverycom-
pactstoragetexturefor thewire frameoutlines.Fi-
nally, theresultingcoarsetrianglemeshis rendered
on a GeForce4or GeForceFXgraphicscardusing
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texture shadersandregistercombinersto compute
perfragmentlighting andthewire framerepresent-
ing the�nite elementboundaries.

In the following Section2 we discussrelated
work. Thenwe presentour simpli�cation strategy
for �nite elementsurfacesin Section3. In Section4
wedescribethegenerationandrenderingof thenor-
mal mapsandof thewire frametexture. Somere-
sults and comparisonsare presentedin Section5,
and�nally wedraw someconclusions.

2 PreviousWork

Thecombinationof techniquespresentedin thispa-
per is tailored to a speci�c applicationscenario—
FEpre-andpostprocessing.Thealgorithmsweuse
build uponthe work of researchersin the areasof
meshsimpli�cation, atlas generation,surface pa-
rameterizationandnormalmapping,which we will
shortlyreview in thefollowing paragraphs.

A lot of researchhas beendone over the past
yearsin the �eld of geometrysimpli�cation algo-
rithms. Most of themusesomesortof errormetric
to determineverticesor areasthat are not needed
for anapproximative surfacedescription.As men-
tionedby GarlandandHeckbert[6] therearethree
oftenadoptedapproachesto simplify meshes:ver-
tex clustering[18], edge collapsingor contraction
[9, 16] and vertex decimation[19]. The �rst two
techniquesdonotalwaysprovidegoodresultswhen
applied to simpli�cation of FE meshesand they
tendto remove small features.Thelatterusesa lo-
cal error criterion to �nd the bestvertex to be re-
moved next in an iterative process. The affected
facesarediscardedandtheemerging holeis closed
by re-triangulation.The simpli�cation part of our
algorithm is comparableto this approach,but we
analyzecompletepatchesand retriangulatelarger
areas.

Someeffort hasbeenput into simpli�cation is-
suesrelatedto CAD models[10, 21]. However,
thesealgorithmsneedaccessto the CAD surface
description,which is not available in early con-
ceptdesignstageswheretheevaluationof structural
dynamicsis basedon modi�ed FE meshesgained
from previousmodels.RegardingFE modelsa dis-
tinct featuredetectionis not as easyas for CAD
models.[3] suggestssubdivision for thefastgener-
ationof asimpli�ed model,but thisprovidesproper
resultsfor smoothsurfacesonly. Anotherapproach
[11] seemsto be suitablefor FE modelsbut it re-
lies on many rulesandveri�cations to guaranteea
valid mesh.In contrastouralgorithmperformsbet-
tersinceit explicitly dissectsthemeshalongfeature
lines beforedoing any further, moretime consum-
ing analysisonly on theresulting,smallerpatches.

In orderto dealwith thelossof visualquality of
the simpli�ed meshes,someauthorssuggestedto

usetexturesto preserve at least the normal infor-
mationof theoriginalmeshandof theremovedde-
tails in particular. Thus,it is possibleto reconstruct
the lighting conditionsof the original mesh[1] or
evenclearlyoutperformstandardOpenGLlighting
by introducingenvironmentmapping[23]. Addi-
tionaleffortstry to preserveotherattributeslikecol-
ors or textures[7]. All of theseapproacheshave
in common, that they needto �nd a parameteri-
zationto mapthe textureswith minimal distortion
onto the simpli�ed mesh. A fundamentalsolution
for this problemhasbeenpresentedby [4], but it
turnsout thatourapproachdeliversaparameteriza-
tion automatically. This is becausewe usea two-
stageapproachto subdivide the meshcomponents
into patchesandplanarsubpatches.Thisis basedon
theideato split themodelinto chartsandto assem-
ble thetexturepatchesinto anatlasasrecentlypre-
sented[14, 22]. By usingtextures,it is alsopossi-
ble to draw thewire framelinesof amodelwithout
renderingthe modeltwice [13]. We enhancedthis
techniqueto facilitate high-resolutionwire frame
outlinesalsoon coarsemeshesandcombineit with
normalmappingto retain the visual quality of the
non-simpli�edFEmesh.Thepresentedmemoryef-
�cient storageschemefor thesetexturesis applica-
ble to arbitrarymeshesandthereforenot restricted
to a certainsimpli�cation algorithm. Our simpli�-
cationalgorithmwhich is tailoredfor goodresults
on FE mesheswill be presentedin the following
Sectionwithoutgoinginto thedetails.

3 Simpli�cation of FE Meshes

Theshapeof �nite elementmeshesdiffersin many
waysfrom other, morenaturalshapes,e.g. human
faces. FE meshesarede�ned by their “technical”
look which arisesfrom the fact, that most techni-
calobjectshaveclear, sharpedges,andthatin most
casessurfacesare bent in only onedirectionhav-
ing no or only minor curvature in the orthogonal
direction. This appliesevenmoreto structuraland
supportingcomponentsinsidea car or the chassis
wheremainly �at or nearly�at areascanbefound.
The only partsof a car that have a “natural” style
with curvature in two dimensionsbelong mainly
to the “outer” car body. However, from an struc-
turalengineer'spointof view, thesepartsareof mi-
nor importance.Therefore,theobvioussolutionfor
goodsimpli�cation resultsis to concentrateon the
“technically” shapedparts.

Standardapproacheslikeedgecollapsingarenot
awareof thesespecialshapesand it is dif�cult to
implement this behavior using those techniques.
Thereforewe decidedto develop a new algorithm
which takes advantageof the special featuresof
�nite elementmeshesand also tries to preserve
theseimportant features. Furthermore,our algo-
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rithm shouldbe computationallymoderateso that
it can be run on large modelsduring loading the
datasetinto apre-or postprocessingtool. Addition-
ally, we needto reusetheoriginal nodecoordinates
to ful�ll thememoryconstraintsof largemodels.

3.1 Feature Divided Patches

Themainideaof ourapproachis to �nd typical fea-
turelinesof a carcomponentsurfaceandusethese
to breakdown thecomponentinto multiplepatches.
In this way we are able to split the simpli�cation
probleminto multiple smallerproblems.Sincewe
want to keepthesefeaturelinesat a very high res-
olution anyway, this proceduredoesnot affect the
desiredresult and it decouplesthe analysisof the
innerpartof theemerging surfacepatchesfrom the
analysisof thepatchboundaries.

The�rst stepis todeterminethefeaturelines.For
our purposegoodfeaturesaretheouterboundaries
of a component,its angularedges,andchangesin
curvature.Thesecriteriacorrespondto discontinu-
ities in G0 , G1 , andG2 , respectively. In order to
detectall featurelines,we have to analyzeevery �-
niteelementwith respectto its immediateneighbor-
hood. Identifying outerboundariesis trivial. If an
edgeof anelementhasno adjoiningelements,this
edgebelongsto an outerboundary[5]. The outer
boundariesof a samplecarcomponentaredepicted
in redin Figure4(b) in thecolorplatesection.

Thegreenlines in this Figureshow thedetected
angularedgeswhich we determineby calculating
theangulardifferencebetweenthenormalsof adja-
centelements.If this differencelies above a prede-
�ned threshold� G 1 , thecommonedgeis markedas
a G1 discontinuity. Sincethe surfaceis described
by discreteelements,thereis almostalwaysasmall
angulardifferenceevenin �at regions,andathresh-
old settoo low (� G 1

<
� 12� ) mayleadto many small

patches. In most caseswe get contiguouslines
which eitherform a closedring or startandendat
anotherfeatureline. At smallangulardifferencesit
might occurthat the foundG1 featuresarediscon-
nectedor startand/orendin the middle of a patch
surface.In thiscasewecantry to completethis line
by following thedirectionof thehighestangularde-
viation. At pointswhereno particularG1 disconti-
nuity canbe detectedwe just usethe shortestpath
to the next featureedgeto closethis featureline.
Thus,it is possibleto detectalsosmallcorrugations
or similar featuresrobustly. Oneof these“closing
edges”is depictedin white at theupperendof the
left bumpin Figure4(b).

The third case of reasonablefeaturesof FE
meshesis the determinationof G2 discontinuities.
Thesefeaturesoccure.g.whereaplanarregionwith
no curvatureandanarcwith constantcurvaturead-
join. In orderto achievemeaningfulresultswehave
to includealsotheneighborhoodof theadjacentel-

ementsof an edgeconsideringthe 1-ring and the
2-ringof thetwo involvednodes.In ourexperience
thedetectionof G2 discontinuitiesis ratherunstable
andnot alwayspossibleon coarselydiscretizedFE
meshesin contrastto smoothCAD models.We de-
cidedtoskiptheexplicit analysisof thisfeaturetype
becausethealgorithmpresentedin thenext subsec-
tion is capableto detectsuchG2 discontinuitiesim-
plicitly.

We have now determinedtheroughfeaturelines
of a componentandit is guaranteedthatthey either
end in themselvesor at other featurelines. 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 contain many �at regions, we
partition eachpatchinto planarsubpatches.These
subpatchesarebuilt by successively addingall el-
ementsthat are less than a thresholddistanced
awayfrom theircommonleastsquares�tting plane.
While addingelementstheparametersof the�tting
planeareupdatedaccordingly. If nomoreelements
in the neighborhoodful�ll the distancecriterion,a
new subpatchis initiated. The new subpatchlies
preferablyin thevicinity of anexisting oneto pre-
ventthecreationof small,isolatedislandswhenthe
subpatchessuccessively cover the entirepatch. In
theend,weobtainapproximatingplanarsubpatches
thatsubdivide theparentalpatchsurfaces,whereas
the parameterd allows us to control the quality of
theapproximation.As expected,theapproximation
of “technically” shapedobjectsusingthis approach
turns out to be much bettercomparedto standard
simpli�cation algorithmsbecauseour methodpre-
servesmoresmall detailsat a comparableamount
of triangles. The bordersbetweendifferent sub-
patchesareshown in Figure4(b) asgray linesand
onemay think for someof themasadditionalG2
featurelines.

3.3 Simpli�cation

After this preprocessingthe actual simpli�cation
becomesa ratherabstracttask. We now have to
dealwith a bunchof subpatchesandmany feature
linesestablishingthegluebetweenthesubpatches.
A simpli�ed patchis thereforede�nedby theplanes
of its subpatchesandthesurroundingfeatureedges.
The quality inside the subpatchesis controlledby
theerrorboundd. Thequality “outside” is de�ned
by thelevel of simpli�cation of thedifferentfeature
lines(includingthesubpatchborders).This means
that we simplify lines insteadof surfaces,andwe
have to take careof only threeconditions.The�rst
constraintis that we arenot allowed to simplify a
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line in a way that it departsmore than d from its
adjacentsubpatch�tting planes. The secondcon-
straintis thatwe arenot allowedto remove a node
with otherfeatureedgesconnectedin orderto pre-
ventchangesin topology. These�x ednodes,where
at least three featureedgesconverge, are marked
with bluedotsin Figure4(c).

The last constraintis adaptedto the typeof fea-
ture line. To preserve thesilhouetteof a shape,we
wantto keepouterboundariesandsharpedgesat a
veryhighresolution.Featurelines,wheretheangu-
lar differenceof theadjacentsubpatchesis diminu-
tive, canbe approximatedvery coarselysincethis
doesnot changethe silhouette. Let louter be the
errorboundfor thesimpli�cation of outerandcusp
featuresandl inner betheerrorboundfor thesimpli-
�cation of lines betweennearly identicalsubpatch
planes.Then,we calculatetheerrorboundl for an
arbitraryangulardifference� � betweenneighbor-
ing subpatchesby

l = l inner cos2 � � + louter (1 � cos2 � � ) (1)

wherecos� � = ~n1 � ~n2 with ~n1 and ~n2 denoting
the normalvectorsof the subpatchplanes. These
error boundscorrespondto the maximumallowed
accumulateddeviation of a simpli�ed line from the
original line.

Thesethreeerror measurescanbe usedto build
thepriority queueof amodi�ed edgecollapsealgo-
rithm. This algorithmcanbe kept very simplebe-
causeit collapsesline segmentsinsteadof triangle
edges,andwedonotneedto calculateanexpensive
Hausdorff distancein R3 .

3.4 Retriangulation

The polygonalsubpatches,delimitedby their sim-
pli�ed outlinesmay have holes,as the oneshown
in Figure4(d). Theseholesarenotconnectedto the
circumscribingsubpatchlines.Wede�ne acounter-
clockwisewinding orientationfor thecircumscrib-
ing line and a clockwiseorientationfor all holes.
Then,it is possibleto successively connectall holes
via a new line segmentto the outerboundaryline.
The insertedline segmentmust not intersectwith
any otherboundarylines. In theend,we geta sin-
gle boundaryline circumscribinga simplepolygon
without holesandcorrectwinding orientation.Self
intersectionis preventedby thepreliminaryfeature
analysisandtheplanarcharacterof thesubpatches.
To triangulatethe polygon,we usea standardear
clipping [15] algorithm that usesa priority queue
which prefersequilateraltrianglesover stretched
onesfor betterresults. Otherpriority criteria may
beconceivable,e.g. to achieve long trianglestrips.
Theorientationof theoutlineandthe�nal triangu-
lation of a completesubpatchboundaryis depicted
in Figure4(d).

The connectivity information of the simpli�ed
subpatchesis storedin a separatecopy of theorigi-
nalcomponentshape,sharingthecoordinatesof the
nodeswith the original ones. This is valid since
noneof thecoordinateshave beenaltered.It econ-
omizesmemoryusageandis mandatoryfor a huge
numberof vertices.

4 Low-Memory Normal and Wir e
Frame Texturing

It is not always possibleto preserve all informa-
tion, especiallywhen coarsererror boundsand a
moreextensivesimpli�cation aredesired.Thus,we
usetexturesto preserve the normal informationof
the original nodesand the wire frame representa-
tion of theelements.Both,thenormalmapsandthe
wire frametextures,sharethesametexturecoordi-
nateset. To reducethe memoryrequirements,we
designeda specialstorageformat that theoretically
needsonly four texels to encodethewire framein-
formationof aquadrilateral(seeSubsection4.2).

Likepreviousapproachesthatusetexturesto pre-
serve the appearanceof simpli�ed meshes[1, 23,
17] we needto �nd a mappingfunction to transfer
thesurfacecoordinatesfrom R3 into R2 of thetex-
ture coordinatespace. It shouldminimize texture
distortionbecauseotherwisetheappearancedetails
maybedeformedor lost. Usingour simpli�cation
approach,we get this mappingautomatically. In
Subsection3.2 we derived the leastsquares�tting
planesof everysubpatch.Thisis solvedby calculat-
ing theeigensystemof thesubpatch.Theeigenvec-
tor belongingto thesmallesteigenvalueconstitutes
thenormalof the�tting plane,theothertwo eigen-
vectorsde�ne its tangentspace.Sinceall verticesof
a subpatcharevery closeto thesubpatchplane,we
introduceonly small distortions,when we project
themonto this planeor into the tangentspacede-
�ned by the eigensystemrespectively. Therefore,
it is reasonableto de�ne the tangentspaceandthe
texturespaceascongruentexceptfor a scalingfac-
tor whichcanbederivedfrom theNyquistcriterion.
This meansthat the smallest�nite elementhasto
containat leasttwo full texels in eachdimension.
In this context the smallestelementin the �rst di-
mensions mayvaryfrom thesmallestin thesecond
dimensiont . As aresult,weobtaina factorin each
dimensionwhich is multiplied with the matrix of
theeigensystem,accordingly.

4.1 Normal Preservation

The ideaof storingnormalsin a texture is not new
[1, 2] andusing the eigensystemfor texture map-
ping is straightforward. However, aswe mentioned
earlier, currentcrashmodelscontainup to onemil-
lion mostly quadrilateralelements.Therefore,we
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Figure1: ShaderandCombinerSetupfor Lighting.

proposeto save memoryby storingonly two com-
ponentsof a normal. As long asall normalsgiven
at thenodesof the�nite elementmesharenormal-
ized,it is possibleto determinethevalueof thethird
componentfrom the two othersexceptfor its sign.
Sincewe aim at two-sidedlighting, this is not a re-
striction. In casethe third componentof a normal
is negative we just invert thenormalvectorandthe
visible resultis thesamefor two-sidedlighting.

We alwaysdiscardthe largestvectorcomponent
to increaseaccuracy. For restoringthenormalvec-
tor, weneedthreedifferentlookuptexturesdepend-
ing on which componentis the largest. By clus-
tering patcheswhere the samecomponentis dis-
carded,we have to switch this lookup textureonly
threetimesperobject.Oneof theselookuptextures
canbeseenin themiddleof Figure1. Anotherpos-
itive effect of this lookup texture is that it normal-
izesinterpolatednormals.Thatmeansif weactivate
bilinearinterpolationof thetwo-componentnormal
texture, we obtain a correctly interpolatednormal
from the�rst shaderstagefor perpixel Phongshad-
ing.

Adding specularhighlightscanbedonein many
different ways. One is to use nVIDIA's register
combinersto calculatethe dot productof the nor-
malandthehalfwayvectorandusesubsequentreg-
istercombinersto exponentiatetheresult.This ap-
proachconsumesmany combinerstagesand pro-
ducesresultsof unacceptablequality. Anotherpos-
sibility areHILO texturesfor a high quality specu-
lar highlight, but thesearerathermemoryconsum-
ing and not affordablein our case. The third ap-
proachis anotherdependenttexturelookupin a 3D
texturewith thethreecomponentsof thenormalas
texturecoordinateswhich is alsomemoryandtime
consuming. We decidedto usethe alphacompo-
nentof thenormalizationtexture introducedabove
to storethepre-shadedspecularhighlights.In doing
so, we needto updatethe alphacomponentevery
time theviewpoint or thelight positionchanges.In
general,this is onceper frame. This approachhas

many advantages.The �rst is that we canapply a
morecomplex lighting modelthanthePhong-Blinn
modelof OpenGL.We decidedto implementa full
Phonglighting model. The otheradvantageis the
very high quality comparedto usingregistercom-
binersor a secondlookup. The last advantageis
thatwe cando thespecularlighting 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 GeForce4Ti 4600 including the
time to copy this imageinto the texture. In con-
trast, the softwaresolutiononly needs4 ms on an
AMD K7@1.8GHzandanadditionaltransfertime
via AGPx4of 0.5 ms. In usingthe softwaresolu-
tion, we arenot only faster, but we canspawn an
extra texturecalculationthreadfor parallelcompu-
tation for thenext frame. This doesnot affect per-
formancein any way becauseduring the rendering
processthe CPU is idle mostof the time. On our
systemwe hada 40%peakusageof theCPUtime
while calculatingthespeculartextureandrendering
acarmodelwith about250,000quadrilaterals.

Mostcomponentsof acarbodyarevery thin and
thereforethey arerepresentedby two-dimensional
�nite shellelements,i.e. wehavenovolumetricob-
jects. Therefore,we needto light also the back-
faces.We achieve this by usingtwo differentmate-
rial colors:whitefor thefrontandblackfor theback
faces.With properregistercombinerinputmapping
thisdomaincanbestretchedfrom [0; 1] to [� 1; 1].
Theresultingfactorm canbeusedto invert thenor-
mals, if the back faceof a primitive is seen. The
completelighting setupis draftedin Figure1.

We useOpenGLto generatethe2D normaltex-
tures by setting the correspondingtransformation
matrix and renderingthe primitives of a subpatch
directly into the tangent/texture space.At the out-
linesof asubpatchsometimesneighboringelements
loom into thesubpatch,whicharenot renderedand
thereforeat this texel the backgroundcolor is set.
This is dueto thesimpli�cation processandtheas-
sociatedslight changesof theboundary. Therefore,
werenderalsoelementsdirectlyadjacentto thebor-
derelementsof this subpatchto preserve their nor-
mal information.However, sometimesthereareno
adjacentelements(e.g. at outerboundaries)or the
neighboringelementshave very differing normals.
Both casesleadto visible artifacts.They canbere-
moved by applyinga morphologicaldilation �lter
[8] to the texture which exactly producesthe de-
siredresult.Finally, we packthenormalmapof all
subpatchesinto onelargetexture[14, 17] for better
memorymanagement.

4.2 Wir eFrame Presentation

We usea special,denseencodingto storethewire
framelines, sinceusinga standardluminancetex-
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ture for eachsimpli�ed subpatchrequiresa lot of
memory. If wewantto achieveavisuallygoodrep-
resentationof thin wire framelines,this meansthat
we needat leasta resolutionof 128� 128texelsper
triangularor quadrilateralelement.If the graphics
card is equippedwith 128 MB of memory, an ap-
proachbasedon [13] would allow us to storethe
wire frameinformationof only <

� 7,500�nite ele-
mentswithout inducingAGPswapping.

The main ideaof our approachis to encodethe
wire framelinesusinga signeddistance�eld. If a
point on thesubpatchsurfacelies outsideof theel-
ementwhich we want to outline,its distanceto the
wire frameedgesis negative. Inside, the distance
is positive. Thedistanceis alwaysmeasuredto the
edgewhich is closestto the point. We canencode
this asa signedluminancetexture. To restorethe
wire frameinformation,we have to extract the iso-
line with isovaluezero. To implementsuchan iso-
line extractionon graphicshardware,we only need
to enablebilineartextureinterpolationfor obtaining
thedistancevaluesin-betweenthetexel valuesand
we needa 1D lookup texture which �lters the iso-
valuezero.However, if theresolutionof thetexture
is not very high, this approachintroducesartifacts
near the verticesof an element. Two wire frame
linesarejoining thereandat somepoint therewill
beonly onetexel to storethedistanceto thosetwo
lines.

The bettersolutionis to usetwo differentchan-
nelsto storethedistances.We canthenencodethe
perpendiculardistanceto onewire frameedgee.g.
in thegreenchannelandtheperpendiculardistance
to the neighboringedgebelongingto the sameel-
ementin the blue channel. To achieve correctre-
sultsaroundthenodewherethetwo wire linesjoin,
we have to ensurethatat leastonetexel lies inside
the elementand threetexels are outside. Only in
this way a correctbilinearinterpolationcanbeper-
formed. Using thesefour distancevaluesgiven at
the surroundingtexels combinedwith a dependent
lookuptexture(seemid of Figure2) we areableto
restoreaquarterof thewire frameoutlineof one�-
nite element.For encodingtheotherthreequarters
of aquadrilateral,wecanreusethesamecolorchan-
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 vectorspacespannedby
the texture coordinatess, t and the corresponding
color codeddistancevalue. The oppositeedgesof
a completequadrilateralcanusethe samechannel
aslong asthereis a minimumof 2� 2 texels inside
theelement,so that thedifferentdistance�elds do
not overlap.Beforethedistance�eld of anelement
is storedin texturememoryandthereforeconverted
from �oating point to byte precision,a normaliza-
tion is performedfor maximumutilization of the
byte range.The right imagein Figure2 shows the

dependentlookup

s
-

t
6X Xz

X X XX 6
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Figure 2: Restorationof Wire FrameLines from
ColorCodedDistanceFieldTextureof Size32� 32.

wire frame outlinesof somequadrilateralswhich
wererestoredby thedescribedprocess.

Obviously, we do not needto draw wire frame
lines for every element,sincein generalevery sec-
ond elementis alreadysurroundedby other wire
framedelements.For a meshconsistingof quadri-
lateralsonly wecandistributetheoutlinedelements
likethedarktilesof acheckerboard.Thewire frame
linesof thewhite tiles arethendrawn implicitly by
its four neighbortiles. Sincewe needsometexels
outsideanelementfor correctinterpolation,wecan-
not encodeadjoining dark tile elementsusing the
sametwo color channels.Therefore,we alternate
thecolorchannelpairsgreen/blueandred/alphabe-
tweenadjacentelements.For an exact restoration,
at least2� 2= 4 texels have to be enclosedin each
of the elements.Adding the memoryusageof the
normaltextureandconsideringsomeoverheaddue
to differentsizedelementsandnon-optimaltexture
packingweconsumethememoryof 10to12RGBA
texelsperelement.Onagraphicscardwith 128MB
memory—takinginto accounta double buffered
framebuffer of 1280� 1024and its corresponding
depthbuffer—it is possibleto preserve the infor-
mationof 2.5 to 3 million quadrilateralsin texture
memorywithoutAGPswapping.An exampleof the
green/bluecolorpairof suchadenselypackedwire
frame distancetexture can be seenin Figure 5(a)
togetherwith its restoredwire frame lines. Com-
binedwith thecorrespondingred/alphacounterpart
andthe2dnormalmapwegetFigure5(b).

In general,a�nite elementmeshalsocontainstri-
angularelements.To encodeall threeedgesof atri-
angle,we have to usethreedifferentdistancepairs
becauseinsidethe triangleall threedistancemaps
aresuperposed.With only two color pairsat least
onewire frameedgecannotbe restoredcorrectly.
However, wecanmapatrianglewire framedirectly
via adependentlookupontothesurfacewithoutus-
ing distance�elds. This is possibleonly with trian-
gles,in contrastto quadrilaterals.In general,when
mappingquadrilateralsdirectlyvia adependentco-
ordinatetexture,two edgesaredistortedbecausethe
opposingedgesarenotalwaysparallel.Wemayad-
dressboth,quadrilateralsandtriangles,by extend-
ing the lookup texture of Figure 2 with a triangle
wire frameprimitive. However, somecarehasto be
taken, that the two typesarenot intermixedduring
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restoration.Basically, wehave to increasethereso-
lution of our distance�eld texturesto 3� 3 instead
of 2� 2 so that we have enoughspaceto resetthe
dependentcoordinatesto neutralvaluesbetweena
triangleandaquadrilateralin its vicinity.

Additionally, a triangle destroys the well struc-
turedcheckerboardarrangement.Thismeansthatat
leastatonenodeof atriangletwo adjacentelements
with thesamecolor pair arejoining. Therefore,we
needa third color pair anyway to addressone of
theseelementsand to make a distortion free wire
frame presentationpossible. Regarding this, the
highermemoryconsumption,andthelower resolu-
tion of thelookuptexture(thequadrilateralandthe
trianglewire framelookup primitive have to share
the sametexture) we decidedto supportexplicit
wire frame mappingof quadrilateralsonly and to
restoretheoutlinesof trianglesby theimplicit out-
linesof thedirectneighborsof thetriangle.Dueto
thefactthattrianglestendto berarelyusedin �nite
elementmeshesbecausethey give inferior numer-
ical results,this is no grave restriction. Problems
only arisewheremultiple triangularelementsoccur
in clusters.In thesevery uncommoncaseswe fall
back to a hybrid approachand renderthe lacking
partsof thewire framelinesdirectlyasGL LINES.

Altough we needonly about 4 texels per ele-
ment the restoredwire frame is very true to its
original. Sometimesthis can be confusingwhen
theunderlying,simpli�ed geometryis different,as
Figure 3(a) illustrates. In fact, thesedifferences
are small—in our examplelessthan 0.2mm—and
thereforeclearly insidethe intendedsimpli�cation
limits. To overcomethis we mayusea stenciltex-
ture,which canbecompressedin a similar manner
asthe wire frametexture. However, regardingthe
smallerror this is exaggerated.Instead,we correct
thewire framepositionby asmallamount.Thecor-
rectiondistancedependsonthetypeof edge—outer
boundaryor insidethesurface—andon theangular
differenceto the adjacentelements.The resultof
thesecorrectionsis shown in Figure3(b).

(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a)(a) (b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)(b)

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

5 Results

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

sometime,whichmakesthemhighly classi�ed.For
thevalidationof ouralgorithmswewereableto use
a smallermodelconsistingof about250,000�nite
elements.7%outof theseweretriangularelements,
the otherswere quadrilaterals.All measurements
havebeenaccomplishedonanAthlon K7@1.8GHz
with a GeForce4Ti 4600anda GeForceFXQuat-
tro 2000. The GeForceFX is an alphaboardand
thereforerunsonly athalf speed.

5.1 Simpli�cation

To evaluatethe simpli�cation part we appliedour
algorithm with two different quality settings(see
Table1). Theresultof simpli�cation A canbeseen
in Figure6. For thesameviewing parameters,sim-
pli�cation B did not result in visible differences.
Thetimesneededto preprocessthecompletecrash
model are listed in Table 2 showing the contribu-
tionsof the threemajorstepsof our technique.Of
coursethefeatureanalysisandthesimpli�cation of
theresultingsubpatchbordersconsumemostof the
time. Reorientationandtriangulationof thesimpli-
�ed subpatchesis ratherfastaswell asthe texture
buildingprocessdueto theuseof graphicshardware
for texture generation. The total times are about
50% fasterthan an older simpli�cation algorithm
[12] built into our crashpreprocessingtool [20].
However, thisalgorithmdid notsupportany appear-
ancepreservation andthereforethe speedgain ac-
cordinglyincreaseswhenjustthesimpli�cation part
of our approachis taken into account.Comparing
the quality, our new approachprovidesmuchbet-
ter resultswith thesamenumberof triangles.Since
all datastructuresof our crashpreprocessingtool
aredesignedfor ef�cient memorymanagementwe
hadto build the temporarydatastructuresfor each
car componenton the �y . Although using binary
searchstrategieswestill needsomeamountof time
to get accessto the desiredelementor node and

Simpli�cation � G 1 d louter l inner
TestSample [ � ] [mm] [mm] [mm]
A 12 1.0 0.5 8.0
B 18 3.0 2.5 15.0
Table 1: Simpli�cation ParametersAccording to
Section3.1and3.2. Notethatthelengthsl � areno
absoluteboundsbut limits of theaccumulatederror
overseveralnodes.

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: PreprocessingPerformance.
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thereforea stand-aloneimplementationof our al-
gorithmsmay outperformthe numbersof Table 2
signi�cantly.

5.2 Rendering

The completerenderingalgorithm,which includes
lighting andwire framerestoration,needs4 depen-
denttexturelookupsandat least6 textureunits.On
a GeForce3/4this canbe doneonly in two passes.
Therefore,the frameratesof the GeForce4shown
in Table3 arehalved,whenthewire framepresen-
tation is activatedon the simpli�ed mesh. On the
GeForceFXor thenewer ATI cardsthis taskcanbe
managedin onepass.Thealgorithmis encapsulated
in a specialCosmo3D/OpenGLOptimizernodefor
easyusagewithin ourscenegraphbasedpreprocess-
ing tool.

Triangle Framerate[fps] Speedfactor
Count[-] Gf4 GfFX for GfFX [-]

Original
withoutWF 479,629 10.4 8.3
standardWF 479,629 4.3 4.2 1.0
WF Texture[13] 479,629 8.6 6.0 1.0
Simpli�ed
A 122,384 20.9 16.5
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 14.8 17.7 3.0 4.2

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

6 Conclusionsand Futur eWork

In this paperwe have presenteda novel combina-
tion of speci�cally tailoredalgorithmsto improve
the visualizationof large �nite elementmodelsas
they areusede.g. in crashworthinesssimulations.
Weachieveasigni�cant renderingspeedupthrough
meshsimpli�cation while retainingthe visual de-
tails especiallythe wire framestructureof the un-
derlying FE model. Our main contributions are
the robust segmentationand simpli�cation of FE
meshes,theverycompactencodingof normalmaps
andwire frametextures,andthehardware-basedre-
constructionof theassociatedvisualdetails.

Since our techniqueis evaluated and applied
in an industrial setting, we integrated the algo-
rithmsinto a commerciallyavailablepreprocessing
tool. Thus,we hadto restrictourselvesto graphics
hardwareavailable in 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
UltimateVision (ATI FireGLX1 chip set)offering
speedupscomparableto theonesof aGeForceFX.
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ColorPlate:D. RoseandT. Ertl: InteractiveVisualizationof LargeFinite ElementModels

(a) (b)

(c) (d)

Figure4: Simpli�cation Process:(a) original meshof a carcomponentwith wire frame,(b) patchbound-
aries:outline(red),edge(green),closingedge(white), subpatchboundaries(gray),(c) �x edmergepoints
(blue),(d) orientedboundary(red)of asubpatchwith holesandits �nal triangulation(yellow).

(a) (b)

Figure 5: Wire FrameRestoration:
(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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