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Abstract

Finiteelementpost-processinghasbeendominatedby softwarethat
is tightly integratedwith simulationpackages.Many of thesepack-
ageshave not kept up with the state-of-the-artdevelopmentsin
graphicstechnologyandvisualizationtechniques.Especiallythe
largeandtime-dependentdatasetsresultingfrom crash-worthiness
simulationsin theautomotivedevelopmentprocessdemandfor new
visualizationtools which allow interactive manipulationof com-
plex geometriesand meaningfulmappingof physicalproperties.
This articledemonstratesthatcarefuldesignof scenegraphstruc-
turesandextensive useof texturemappingcanimprove rendering
performanceandvisualappearancefor post-processingtaskssuch
asinspectingfinite elementdiscretizationandanalyzingintrusion
depthor vectorquantities.Furthermore,a new iconicvisualization
methodis introducedwhich improvesthe understandingof cross-
sectionforcesandbendingmomentsin longitudinalstructuresof
thecarbody.

Visualization in crash sim ulation

One of the main goals in the developmentof a new car is the
achievementof an optimal ”crash-worthiness”usingasmany an-
alytical toolsaspossibleandminimizing hardware-prototypetest-
ing. During the last few years,the absolutesimulationtime for
modeling,computingandinvestigatingacompletecrashmodelhas
beenreducedsignificantly. However, we noticea shift of thepro-
portionsbetweenthetimerequiredfor pre-processing,computation
andpost-processingrespectively. Thepost-processingstageturned
out to becomethemosttime consumingactivity performedby the
simulationengineers.Thesechangesand the rapid development
of computergraphicstechnologyduring the last few yearshasin-
creasedthe needfor new visualizationtechniquesto facilitatethe
analysisof crash-worthinesssimulations.

Consideringtheprogressof scientificvisualizationin variousa-
reasduring the last decade,it becomesobvious that the applica-
tion of 3D visualizationtechniquesto finite elementanalysishas
not beena primaryfocus[4, 7, 12]. Nevertheless,theuseof com-
mercialvisualizationpackagesis now well establishedin theauto-
motive industry. In the caseof crashanalysis,thesetraditionally
employedpost-processorshave beendesignedto managetheenor-
mousamountof simulationdataonworkstationswith limitedmem-
ory by performinganimationsof wire-framemeshesandpolygonal
representationsof the simulatedcrashmodels. However, associ-
atedwith thesedesigncriteriaandwith wide platformavailability
is a trade-off which leadsto poorgraphicsperformancein termsof
availableframeratesonhigh-endgraphicssubsystems.

Thedeficit of many commercialpost-processingtools in taking
full advantageof thepotentialof moderngraphicsworkstationwas
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thestartingpoint for a joint researchbetweenthecomputergraph-
ics groupof the University of Erlangen,Germany, andthe BMW
AG in Munich. Thisarticledescribessomeof theresultswhichwe
achieved whenapplyingstate-of-the-artrenderingtechniqueslike
scenegraphdesignandextensive useof texturesaswell asiconic
techniquesfrom scientificvisualizationto time-dependentfinite el-
ementdatasetsfrom structuralmechanics.

Effective scene graph design

Several graphicsAPIs, suchasIRIS Performeror OpenGLOpti-
mizer, havebeendevelopedto take advantageof recentprogressin
computeserver andworkstationarchitecturewith multiprocessing
hardwarein mind. SincethoseAPIsareusuallyscenegraphbased,
we cantake advantageof modeloptimizationduring scenegraph
creationandbenefitfrommultiprocessingusingfrustumcullingand
occlusioncullingwhile traversingthescenegraphto increaseframe
andinteractionrates.Sincethetime-dependentdatabasesof ourFE
modelsarevery bulky, an efficient scenegraphdesignis very im-
portantin orderto handlethecomplex datainterdependenciesand
to achieve high renderingspeed.

Ourgoalis to visualizemeshesof about250,000finite elements
with nearlythesamenumberof nodesfor eachoneof 60timesteps.
Additionally, wehave to representtheconnectivity of thefinite ele-
ments.Storingbothcoordinatesandconnectivity for eachtimestep
wouldbeawasteof memoryresources,sincetheelementtopology
doesnotchangeduringthecrash.Thereforeamuchbetterapproach
is to useanindexedgeometry.

In OpenInventor, a widely used object-oriented3D graphics
toolkit, we can store the coordinatesof eachtime stepunder a
stateSwitch nodeandwe canplacethetime-invariantdescriptionof
theconnectivity to theright sideof thatnodeonce(seetop of Fig-
ure 1). For eachframe the scenegraphis traversedby a render
actionobjectwhich holdsthe traversalstate. Onememberof the
traversalstateis theactualsetof coordinateswhich aredefinedby
one of the coordinate� nodesand which will be referencedby the
indexedShape� nodes. This approachappearsto be a very memory
efficient representationof ourdatain ascenegraphstructure,but it
wouldnotallow localscenegraphoptimizationsor multiprocessing
of independentsubgraphs.Thisis becauseobjectsontheright hand
sideof thescenegraphmaydependonsettingsof thetraversalstate
whichhavebeenmadeby scenegraphnodeson theleft handside.

Hence,we decidedto useSGI’s Cosmo3Dwhich formstheun-
derlying3D toolkit for OpenGLOptimizer, anAPI for large-model
visualizationsupportingfeaturessuchas multiprocessing,occlu-
sionculling,andacceleratedhardware-assistedscenemanipulation.
Cosmo3Dprovides a scenegraphstructurewhich resemblesthe
semanticsof the Virtual Reality Modeling Language[1]. It ba-
sically differs from that of the OpenInventor scenegraph. There
is no information inherited horizontally in the Cosmo3Dscene
graphwhich is traversedjustdownwardfrom top to bottomin each
branch.Thus,we have to choosea differentscenegraphstructure
(seebottomof Figure1) which reducesredundantdatastorageas
muchaspossibleby taking advantageof indexed geometriesand
by sharedinstancingof scenegraphnodes.
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Figure1: OpenInventor(top)andCosmo3D(bottom)scenegraph

Thatmeanswecanassigna coordSet nodecontainingall coordi-
natesof time steps to several geoSet nodes.Eachof thesegeoSet
nodesonly storesa referenceto thedatawhich is residentin main
memoryjust once.Therefore,appearance � and indexSet � , which rep-
resentone and the samepart of a car acrossall time steps,can
alsobe sharedby the shape � subgraphs.In analogyeachgeoSet � , �
in thesubgraphof groupOfState� hasareferenceto oneandthesame
coordSet� . If wewantto providenormalsfor eachvertex wecanex-
pandindexSet � andcoordSet� andusetheindex arrayalsoto referto a
normalarrayheldin normalSet� .

Basedonthisscenegraphdesignwearenow ableto visualizean
entirecrashdataseton a moderndesktopmultiprocessorgraphics
workstationat interactive framerates.

Efficient visualization of physical and
structural proper ties using texture map-
ping

Using traditional visualizationsystems,physical propertieslike
plasticstrainsonFEsurfacesarevisualizedthroughcolorcodingof
thepolygonsrepresentingthesurfaceelements.Surfaceareaswith
nearlyequalphysicalvalueswithin predefinedrangesare visual-
izedwith iso-contouringandcolor bands.Usually, theintersection
pointsbetweenthecontouredgesandthepolygonsrepresentingthe
elementshave to becalculatedandadditionalpolygonswith differ-
entcolorshave to becreatedonbothsidesof thecontourline.

In our approach,the physicalvaluesserve asentriesinto a one
dimensionaltexture. Texture mappingis a well establishedand
widely usedtechniquein computergraphics(seethe survey by
Heckbert[6]) and in scientificvisualization[3, 2]. The color of
the object,onto which the texture is applied,is modifiedat each
pixel by a correspondingcolor from the texture image. Hardware

supportfor texturemappingis now widely availablefrom high-end
graphicsworkstationsof variousvendorsdown to PCs.

A texturecanbe thoughtof not only asan image,but alsoasa
lookuptable[5]. We usea color tabletextureandmapthe physi-
cal valuesinto floatsbetween0 and1 servingascoordinatesof the
one-dimensionaltexturewhich areassignedto thevertices.Utiliz-
ingatexturewith fewercolorsandsharpbordersbetweenthecolors
wecreateiso-contoursonthetexturedmodelautomaticallywithout
any calculationof intersectionpointsandwithout renderingaddi-
tional polygonsresultingin lower calculationandrenderingcosts
ascomparedto traditionalvisualizationpackages.

Similarly, we usea 1-D texturein orderto analyzetheintrusion
of componentsinto the passengercell in the caseof a frontal or
side impact collision. Iso-contoursshow wherein the deformed
structuretheintrusionof thepassengercell is unacceptableandhow
far it is away from theacceptablelimit.

Figure2: Intrusionof thecarbodyduringa sideimpactcollision.
By using1D-texturemappingwecandeterminewithoutadditional
renderingcost,whetherthe acceptablequantitative intrusionlimit
is exceededin someareas.

We determinethe natureandthe magnitudeof the intrusionby
relatingthenodesof theFE structureto a referenceplanefor each
time stepof the crashsimulation. We definethe referenceplane
within anappropriatelychosencoordinatesystemso that it moves
with thecarbodyduringthe simulatedcrash.Thedifferencesbe-
tweenthedistanceof theundeformedstructureandthedistanceof
thedeformedstructurefrom theplanearecalculatedandscaledto
valuesbetween0 and1, with respectto apredefinedrangeof inter-
est.Thescaledvaluesserveastexturecoordinatesof theverticesof
thestructure.

If the acceptablelimit is changedor the intrusionhasto be in-
vestigatedusingabroaderor tighterrangeof interest,noadditional
computationaleffort is necessary, only thetexturedefinitionhasto
be adapted. Iso-contourvisualizationof the intrusion of the car
bodyduringa sideimpactcollision is shown in Figure2. Render-
ing of a modelof 12888elementson a SGI O- canbe performed
with a framerateof 6.2 framesper second,in comparisonto 1.8
framesper secondusing the traditional visualizationmethod. A
SGI Indigo- with MaximumImpactGraphicsdisplaysa modelof
104768elementswith 2.4 framespersecondwhichcorrespondsto
aspeed-upby a factorof 3.

In many situationsthe modeldiscretizationof the FE structure
hasto bedisplayed.However, sincethequadrilateralFE elements
aresubdividedinto trianglesduringrendering,thegrid is visualized
combiningwire-frameandshadedpolygonrepresentations.Using
traditionalpost-processors,the polygonalmodel is renderedin a
first step,andthelinesrepresentingtheelementbordersaredrawn
in anadditionalstep,resultingin renderingthegeometrytwice.



Figure3: VisualizingFEmodeldiscretizationusinga2-D texture.

Besidesthe describedpropertymappings,texturescanalsobe
usedto improve the understandingof theshapeof complex struc-
tures[10, 9]. In our casewevisualizethegrid of thefinite element
modelsby mappinga texture,which paintsbordersontoeachele-
mentof theFE model.Themaingoal is to eliminatetherendering
cost inducedby the additionaldrawing of wire-framelines. We
employ a two-dimensionaltexture,which is representedby awhite
imagewith ablackborder. Figure3showstheFEmeshof adummy
modelvisualizedwith wire-framemapping.

In thecaseof crashsimulations,usually90 percentof thefinite
elementsarefour-sided,10percentof theelementsarethree-sided.
Thecoordinatesof thecornersof thetextureimageareassignedto
the correspondingverticesof the polygonsto be rendered.If the
elementis threesided,an additionalvertex with the samespatial
coordinatesandthesamenormalasthethird vertex is created.The
fourth texturecoordinateof the imageis assignedto this new ver-
tex. Sincean efficient visualizationrequiresthe creationof trian-
gle stripsfrom thepolygonalmodel,commonverticesof adjacent
polygonsmusthave the sametexture coordinates.Therefore,the
texturecoordinatesaremirroredalongthesharededgesof adjacent
elements.

Using the samemodelsas in the iso-contouringexamplewe
achievedanincreasein renderingspeedfrom 4.0 fps to 5.7 fps on
the O- (small model)andfrom 1.6 fps to 2.4 fps on the Indigo- ,
becauseno additionalline drawing is necessary.

Visualization of vector data using ani-
mated textures

Traditionalpost-processorsvisualizevectordatalike nodeveloc-
ities with thin andopaquelines and arrow heads. Sinceonecar
componentusually comprisesthousandsof nodesand finite ele-
ments,thesamelargenumberof vectorarrows is drawn, covering
eachotherandtheunderlyingstructure.Thismakestheanalysisof
vectordatadifficult in many cases.Our goalis thevisualizationof
thevectordatain away thatleavestheunderlyingstructuremostly
visible. We followedanideaof Yamrom,whovisualizedflow vec-
tor fields usinganimatedtextures[11], andadaptedandextended
this methodfor the visualizationof nodal velocitiesof structural
dynamicnon-linearFEmodels.

In contrastto thetraditionalwayweuselineswithoutarrows,but
with segmentsof changingopacity, which move in thedirectionof
thevector. Weachieve thismotionby switching6 differenttextures
with 16 texelseachat eachvectorline.

In thefirst texture,westartwith two semi-transparenttexelsfol-

Figure4: Theupperimageshows thevisualizationof thenodeac-
celerationvectorsof a FE modelof the front bumperstructureus-
ing a traditionalpost-processingsystem.Thelinesandarrowshide
partsof thestructure.Thesamebumperstructurecanberecognized
muchbetterin the lower image,whereanimatedopacitychanging
texturesareused.

lowedby four totally transparenttexels,againfollowedby two tex-
elswith opacityvaluesgreaterthanthevaluesof thefirst two texels
andso on. The six texturesdiffer in the positionof these”opac-
ity fields” within the texture. By switchingthe texturesthe fields
movewith growing opacitytowardsthetop of thevectorsallowing
us to recognizethe directionof the nodalaccelerationsaswell as
thestructurebehindthevectors.

In Figure4 we show the front bumperstructurewith additional
nodalaccelerationvectors.The upperimageis visualizedusinga
traditionalpost-processor, thelower imageemploysour texturean-
imationtechnique,whichshowsasnapshotof theanimatedvectors
revealingthestructurebehind.

Force flux visualization with force tubes

During a carcollision,eachcomponentof thecarbody is stressed
in a differentmanner. Somepartsabsorbvery high forces,other
partstransferthe forcesto the passengercell. The determination
of thestructuralcomponents,whichguidethemainforces,enables
theengineerto designcarcomponentswith anoptimalcrashbehav-
ior. Sincethe longitudinalstructureswithin the front partof a car
bodyplay an importantrole for increasingthe ability of the body
to absorbforcesin a frontal crash,it is necessaryto detectandto
understandtheforceprogressionwithin thesecomponents.

In order to calculatethe forces that act inside a car compo-
nent, sectionforce calculationsare performed. In existing post-
processors,first a sectionplanemust be definedand positioned
within the component.Next, the sectionforce is calculated. Fi-
nally, a diagramis displayedshowing the sectionforce asa sum
of theforcesof theelementsinfluencedby thesectionplaneat this
positionof the longitudinalstructureandits time progressiondur-
ing thecrash.For the investigationof thewholecomponentmany



differentsectionshave to bepositionedwithin thecomponentanda
largenumberof diagramshave to beinvestigatedin avery abstract
andtimeconsumingtask.

Our new approachfor the visualizationof the force flux is to
positionanadditionaltubular elementnext to thedeforminglongi-
tudinalstructure,whoseradiusvariationvisuallyrelatesto thelocal
force. The sectionforcesare displayedjust like water flow in a
flexible tube.Certainpartsof thetubeareexpanding,whenthelon-
gitudinal force throughthe correspondingpart increases,whereas
otherpartsof thetubeareconstricting,showing adecreaseof force
in thestructure.Using thetubingmethod,we cananalyzethebe-
havior of longitudinalstructuresby investigatingtheir deformation
andsimultaneouslytheirability to absorbforces.

Thesectionplanesfor thecomputationof thesectionforcesare
positionedautomaticallyperpendicularto thestructurealongatrace
line, that follows theshapeof the longitudinal. During thevisual-
ization,weinvestigatethoseelementsthatareintersectedby aplane
andcalculatethe forcesthataffect the elementnodeslying on the
normalsideof theplane.For eachsection,theforcesareaccumu-
latedandthevectorcomponentof theaccumulatedforcevectorthat
is parallelto theplane’s normalis computed.

x
y.

Figure5: Forcetubegenerationusingsectionforcevalues.

We canpositionthe tubenext to the longitudinalstructurewith
a reasonablespacingandparallel to a line throughthe centersof
gravity of the structure. Several rings are positionedaroundthis
tubular midpoint-line.Eachring representsonesectionforce. The
positionof a ring in thetubecorrespondsto thepositionof thesec-
tion in thestructurewhile thediameteris dynamicallyrelatedto the
valueof the scaledsectionforce. A numberof pointsarecreated
aroundthecircle of eachring servingasverticesfor polygonsthat
connecttheringsandform thetube.Thecreationof a forcetubeis
outlinedin Figure5.

Visualization of bending moments

Theanalysisof bendingmomentsin longitudinalstructuresis very
important,becausethesebendingmomentscancausehigh torsion
stressesin components,which are connectedwith the longitudi-
nals. In the following paragraphs,we describea new methodfor
thevisualizationof suchbendingmomentsbasedon theforcetube
approach.

We calculatethe bending momentsthrough the longitudinal
structures– similar to the sectionforces– from the nodal forces
lying onthenormalsideof thesectionplanes.For eachsection,we
calculatetwo bendingmomentsin relationto two differentmoment
axes(definingthe local x-axis andthe local y-axis of the section
plane).Eachaxisintersectsthecenterof gravity of thelongitudinal
structurewithin thesection.Wecomputethetwo bendingmoments
by accumulatingtheproductsof thenodalforcesandtheleverarms
definedby thedistancesbetweenthenodesandtherespective mo-
mentaxis.Eachaccumulatedmomentcarriesasigndefiningabend
that is causedby either a positive rotation or a negative rotation
aroundthemomentaxis.

Similarly to the force tube,a momenttubeis createdbasedon
thecalculatedbendingmomentspersection.Eachring of thetube
is cut resultinga half tube which shows the sign of the bending
momentin thatsection.

Figure6: Momenttubeover theleft longitudinalstructure,display-
ing bendingmomentsthataffect thefront partof thelongitudinalat
the time of 12 msafter thecrash.After cutting thetubetheupper
half tuberemainsandshowsapositivebendingof thestructure”to-
wardsthe top”, whereasthe rearpartof the longitudinalis not yet
affectedby bendingstresses.

Basedon this visualizationwe canderive informationaboutthe
momentprogressionaswell asboththemagnitudeandthesignof
thebendingmomentsthataffectthelongitudinalstructure.Figure6
shows thebendingmomentsin theleft longitudinalstructure.



Conc lusions

The useof efficient visualizationtechniquesis very importantfor
aneffective simulationof thecrash-worthinessof a vehicle. Since
large amountsof dataresult from the simulation,we investigated
efficient datahandlingandscenegraphdesignin orderto manage
both memoryrequirementsaswell ashigh frameand interaction
rates.

Furthermore,thepresentedexamplesshow thattheuseof texture
mappingis a powerful methodto improve thequality andtheease
of thevisualanalysisof crashsimulations.Usingefficientmapping
techniqueswhich requirea minimum of memory, we ensurethat
ourapplicationscanberunby agreatnumberof engineersworking
onmid-rangeworkstationswith limited texturememory.

Combiningtheseapplicationswith our new techniquesfor the
visualizationof forcefluxesthroughacarbodystructureandbend-
ing momentsin longitudinalstructuresweachieveasignificantim-
provementoverconventionalpost-processingtools,becausethein-
vestigationof thesestressescannow beperformedmoreintuitively
andmuchfasterthanbefore.Togetherwith polygonreductionalgo-
rithmsthepresentedvisualizationmethodsaresufficiently interac-
tiveonevenhugeFEmodels,thusformingabasisfor virtual reality
applications[8].
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