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Abstract

Finite elemenpost-processingjasbeendominatedy softwarethat
is tightly integratedwith simulationpackagesMary of thesepack-
ageshave not kept up with the state-of-the-artlevelopmentsin

graphicstechnologyand visualizationtechniques.Especiallythe
largeandtime-dependerdatasetsresultingfrom crash-vorthiness
simulationsn theautomotve developmenprocessiemandor nev

visualizationtools which allow interactve manipulationof com-
plex geometriesand meaningfulmappingof physical properties.
This article demonstratethat carefuldesignof scenegraphstruc-
turesandextensve useof texture mappingcanimprove rendering
performanceandvisual appearancér post-processintaskssuch
asinspectindfinite elementdiscretizationand analyzingintrusion
depthor vectorquantities.Furthermorea new iconic visualization
methodis introducedwhich improvesthe understandin®f cross-
sectionforcesand bendingmomentsin longitudinal structuresof

thecarbody

Visualization in crash simulation

One of the main goalsin the developmentof a new car is the
achievementof an optimal "crash-worthiness”usingas mary an-
alytical tools as possibleand minimizing hardware-prototypeest-
ing. During the last few years,the absolutesimulationtime for

modeling,computingandinvestigatinga completecrashmodelhas
beenreducedsignificantly However, we noticea shift of the pro-

portionsbetweerthetimerequiredfor pre-processing;omputation
andpost-processingespectrely. The post-processingtageturned
outto becomethe mosttime consumingactivity performedby the
simulationengineers. Thesechangesand the rapid development
of computergraphicstechnologyduring the last few yearshasin-

creasedhe needfor new visualizationtechniquego facilitatethe
analysisof crash-verthinesssimulations.

Consideringhe progresof scientificvisualizationin variousa-
reasduring the last decadejt becomeshvious that the applica-
tion of 3D visualizationtechniguego finite elementanalysishas
not beena primaryfocus[4, 7, 12]. Neverthelessthe useof com-
mercialvisualizationpackagess now well establishedn the auto-
motive industry In the caseof crashanalysis,thesetraditionally
employed post-processottsave beendesignedo managehe enor
mousamounf simulationdataon workstationswith limited mem-
ory by performinganimationsof wire-framemeshesandpolygonal
representationsf the simulatedcrashmodels. However, associ-
atedwith thesedesigncriteriaandwith wide platform availability
is atrade-of whichleadsto poorgraphicgperformancen termsof
availableframerateson high-endgraphicssubsystems.

The deficit of mary commercialpost-processingpolsin taking
full advantageof the potentialof moderngraphicsawvorkstationwas
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the startingpointfor ajoint researctbetweerthe computergraph-
ics groupof the University of Erlangen,Germarn, andthe BMW
AG in Munich. This articledescribesomeof the resultswhich we
achived when applying state-of-the-artenderingtechniquedike
scenegraphdesignand extensve useof texturesaswell asiconic
techniquedrom scientificvisualizationto time-dependerfinite el-
ementdatasetsfrom structuralmechanics.

Effective scene graph design

Several graphicsAPIs, suchasIRIS Performeror OpenGLOpti-
mizer, have beendevelopedto take advantageof recentprogressn
computesener andworkstationarchitecturewith multiprocessing
hardwarein mind. SincethoseAPIs areusuallyscenggraphbased,
we cantake adwantageof model optimizationduring scenegraph
creatiorandbenefitfrom multiprocessingisingfrustumculling and
occlusionculling while traversingthescenggraphto increasdrame
andinteractionrates.Sincethetime-dependerdatabasesf our FE
modelsarevery bulky, an efficient scenegraphdesignis very im-
portantin orderto handlethe complex datainterdependencieand
to achieve high renderingspeed.

Ourgoalis to visualizemeshe®f about250,000finite elements
with nearlythesamenumberof nodedor eachoneof 60time steps.
Additionally, we have to representheconnectiity of thefinite ele-
ments.Storingbothcoordinatesndconnectiity for eachtime step
would be awasteof memoryresourcessincethe elementopology
doesnotchangeduringthecrash.Thereforeamuchbetterapproach
is to useanindexedgeometry

In Openliventor a widely used object-oriented3D graphics
toolkit, we can store the coordinatesof eachtime stepundera
stateSwitch nodeandwe canplacethe time-invariantdescriptionof
the connectyity to theright sideof thatnodeonce(seetop of Fig-
ure 1). For eachframethe scenegraphis traversedby a render
actionobjectwhich holdsthe traversalstate. One memberof the
traversalstateis the actualsetof coordinatesvhich aredefinedby
one of the coordinate; nodesand which will be referencedy the
indexedShape; nodes. This approachappeargo be a very memory
efficientrepresentationf our datain ascenegraphstructure put it
would notallow local scenggraphoptimizationsor multiprocessing
of independensubgraphsThisis becaus@bjectsontheright hand
sideof thescenegraphmaydependn settingof thetraversalstate
which have beenmadeby scenegraphnodeson theleft handside.

Hence we decidedto useSGI's Cosmo3Dwhich formsthe un-
derlying3D toolkit for OpenGLOptimizer anAPI for large-model
visualizationsupportingfeaturessuch as multiprocessingocclu-
sionculling, andacceleratetiardware-assistedcenananipulation.
Cosmo3Dprovides a scenegraph structurewhich resembleshe
semanticof the Virtual Reality Modeling Language[1]. It ba-
sically differs from that of the Openlventor scenegraph. There
is no information inherited horizontally in the Cosmo3Dscene
graphwhichis traversedust dovnwardfrom top to bottomin each
branch.Thus,we have to choosea differentscenegraphstructure
(seebottomof Figure 1) which reducesedundantlatastorageas
muchas possibleby taking adwantageof indexed geometriesand
by sharednstancingof scenggraphnodes.



Figurel: Openlventor(top) andCosmo3D(bottom)scenegraph

Thatmeanswve canassigna coordSet nodecontainingall coordi-
natesof time steps to several geoSet nodes. Eachof thesegeoSet
nodesonly storesa referenceo the datawhich is residentin main
memoryjust once. Therefore appearance; andindexset;, which rep-
resentone and the samepart of a car acrossall time steps,can
alsobe sharedby the shape; subgraphs.In analogyeachgeoSet;
in the subgraphof groupofstate, hasareferencdo oneandthesame
coordSet,. If wewantto provide normalsfor eachvertex we canex-
pandindexset; andcoordset, andusetheindex arrayalsoto referto a
normalarrayheldin normalSet,.

Basedonthis scengyraphdesignwe arenow ableto visualizean
entirecrashdataseton a moderndesktopmultiprocessographics
workstationatinteractve framerates.

Efficient visualization of physical and
structural properties using texture map-
ping

Using traditional visualization systems,physical propertieslike

plasticstrainson FE surfacesarevisualizedthroughcolor codingof

the polygonsrepresentinghe surfaceelements Surfaceareaswith

nearly equal physicalvalueswithin predefinedrangesare visual-
izedwith iso-contouringandcolor bands.Usually theintersection
pointsbetweenthecontouredgesandthe polygonsrepresentinghe
elementdave to becalculatecandadditionalpolygonswith differ-

entcolorshave to be createdon both sidesof the contourline.

In our approachthe physicalvaluessere asentriesinto a one
dimensionaltexture. Texture mappingis a well establishecand
widely usedtechniguein computergraphics(seethe suney by
Heckbert[6]) andin scientific visualization[3, 2]. The color of
the object, onto which the texture is applied,is modified at each
pixel by a correspondingolor from the texture image. Hardware

supportfor texture mappingis now widely availablefrom high-end
graphicsworkstationof variousvendorsdownn to PCs.

A texture canbethoughtof not only asanimage,but alsoasa
lookuptable[5]. We usea color tabletexture andmapthe physi-
calvaluesinto floatsbetweerD and1 servingascoordinate®f the
one-dimensionakexture which areassignedo the vertices.Utiliz-
ing atexturewith fewer colorsandsharpborderdetweerthecolors
we creataso-contour®nthetexturedmodelautomaticallywithout
ary calculationof intersectionpoints and without renderingaddi-
tional polygonsresultingin lower calculationand renderingcosts
ascomparedo traditionalvisualizationpackages.

Similarly, we usea 1-D texturein orderto analyzetheintrusion
of componentsnto the passengecell in the caseof a frontal or
sideimpactcollision. Iso-contoursshav wherein the deformed
structureheintrusionof thepassengerellis unacceptablandhow
farit is away from theacceptabldimit.

Figure2: Intrusionof the carbody during a sideimpactcollision.
By using1D-texture mappingwe candeterminewithout additional
renderingcost, whetherthe acceptablguantitatve intrusionlimit

is exceededn someareas.

We determinethe natureandthe magnitudeof the intrusionby
relatingthe nodesof the FE structureto a referenceplanefor each
time stepof the crashsimulation. We definethe referenceplane
within anappropriatelychoserncoordinatesystemso thatit moves
with the car body during the simulatedcrash. The differencede-
tweenthe distanceof the undeformedstructureandthe distanceof
the deformedstructurefrom the planearecalculatedandscaledto
valuesbetweerD and1, with respecto a predefinedangeof inter-
est. Thescaledvaluessene astexturecoordinate®f theverticesof
thestructure.

If the acceptabldimit is changedor the intrusionhasto bein-
vestigatedusinga broaderor tighterrangeof interest,no additional
computationaéffort is necessaryonly the texture definitionhasto
be adapted. Iso-contourvisualizationof the intrusion of the car
bodyduring a sideimpactcollision is shavn in Figure2. Render
ing of amodelof 12888elementona SGI O canbe performed
with a framerate of 6.2 framesper second,in comparisorto 1.8
framesper secondusing the traditional visualizationmethod. A
SGlIndigo with Maximum ImpactGraphicsdisplaysa modelof
104768elementswith 2.4 framespersecondwvhich correspond$o
aspeed-upby afactorof 3.

In mary situationsthe modeldiscretizationof the FE structure
hasto be displayed.However, sincethe quadrilateraFE elements
aresubdvidedinto trianglesduringrenderingthegrid is visualized
combiningwire-frameandshadedolygonrepresentationdJsing
traditional post-processorghe polygonalmodel is renderedn a
first step,andthelinesrepresentinghe elementbordersaredravn
in anadditionalstep,resultingin renderinghe geometrytwice.



Figure3: VisualizingFE modeldiscretizatiorusinga 2-D texture.

Besidesthe describedpropertymappings texturescanalso be
usedto improve the understandingf the shapeof comple struc-
tures[10, 9]. In our casewe visualizethe grid of thefinite element
modelsby mappinga texture, which paintsbordersonto eachele-
mentof the FE model. Themaingoalis to eliminatetherendering
costinducedby the additionaldrawing of wire-framelines. We
emplg/ atwo-dimensionatexture,whichis representetly awhite
imagewith ablackborder Figure3 shavstheFE meshof adummy
modelvisualizedwith wire-framemapping.

In the caseof crashsimulationsusually90 percentof thefinite

elementsarefour-sided,10 percentof theelementsarethree-sided.

The coordinate®f the cornersof the textureimageareassignedo
the correspondingerticesof the polygonsto be rendered.If the
elementis threesided,an additionalvertex with the samespatial
coordinatesndthe samenormalasthethird vertex is created The
fourth texture coordinateof the imageis assignedo this new ver-
tex. Sincean efficient visualizationrequiresthe creationof trian-
gle stripsfrom the polygonalmodel,commonverticesof adjacent
polygonsmusthave the sametexture coordinates.Therefore the
texture coordinatesremirroredalongthe sharededgef adjacent
elements.

Using the samemodelsasin the iso-contouringexample we
achieved anincreasen renderingspeedrom 4.0fpsto 5.7 fpson
the O (smallmodel)andfrom 1.6 fps to 2.4 fps on the Indigo ,
becaus&o additionalline drawing is necessary

Visualization of vector

mated textures

data using ani-

Traditional post-processorgisualize vector datalike nodeveloc-
ities with thin and opaquelines and arrav heads. Sinceone car
componentusually comprisesthousandf nodesand finite ele-
ments,the samelarge numberof vectorarrows is dravn, covering

eachotherandtheunderlyingstructure . This makesthe analysisof

vectordatadifficult in mary casesOur goalis thevisualizationof

thevectordatain away thatleavesthe underlyingstructuremostly
visible. We followed anideaof Yamrom who visualizedflow vec-
tor fields usinganimatedtextures[11], and adaptedand extended
this methodfor the visualizationof nodal velocitiesof structural
dynamicnon-linear-E models.

In contrasto thetraditionalway we uselineswithoutarravs, but
with segmentsof changingopacity which move in thedirectionof
thevector We achieve this motionby switching6 differenttextures
with 16 texelseachat eachvectorline.

In thefirst texture, we startwith two semi-transparenéxelsfol-

Figure4: Theupperimageshaws the visualizationof the nodeac-

celerationvectorsof a FE modelof the front bumperstructureus-

ing atraditionalpost-processingystem.Thelinesandarrows hide

partsof thestructure Thesamebumperstructurecanberecognized
muchbetterin the lowerimage,whereanimatedopacitychanging
texturesareused.

lowedby four totally transparentexels,againfollowed by two tex-
elswith opacityvaluesgreateithanthevaluesof thefirst two texels
andso on. The six texturesdiffer in the positionof these"opac-
ity fields” within the texture. By switchingthe texturesthe fields
move with growing opacitytowardsthetop of thevectorsallowing
usto recognizethe directionof the nodalaccelerationgaswell as
the structurebehindthevectors.

In Figure4 we shav the front bumperstructurewith additional
nodalacceleratiorvectors. The upperimageis visualizedusinga
traditionalpost-processpthelowerimageemplo/s our texturean-
imationtechniquewhich shavs a snapshobf theanimatedrectors
revealingthe structurebehind.

Force flux visualization with force tubes

During a car collision, eachcomponenbf the carbodyis stressed
in a differentmanner Somepartsabsorbvery high forces,other
partstransferthe forcesto the passengecell. The determination
of the structuralcomponentswhich guidethe mainforces,enables
theengineeto designcarcomponentsvith anoptimalcrashbeha-
ior. Sincethe longitudinalstructureswithin the front partof a car
body play animportantrole for increasingthe ability of the body
to absorbforcesin a frontal crash,it is necessaryo detectandto
understandheforce progressiorwithin thesecomponents.

In order to calculatethe forcesthat act inside a car compo-
nent, sectionforce calculationsare performed. In existing post-
processorsfirst a sectionplane must be definedand positioned
within the component. Next, the sectionforce is calculated. Fi-
nally, a diagramis displayedshawving the sectionforce asa sum
of theforcesof the elementsnfluencedby the sectionplaneat this
positionof the longitudinalstructureandits time progressiordur
ing the crash.For the investigationof the whole componenmary



differentsectionshave to bepositionedwithin thecomponenanda
largenumberof diagramshave to beinvestigatedn a very abstract
andtime consumingask.

Our new approachfor the visualizationof the force flux is to
positionanadditionaltubular elementext to the deforminglongi-
tudinalstructurewhoseradiusvariationvisually relatego thelocal
force. The sectionforcesare displayedjust like water flow in a
flexible tube.Certainpartsof thetubeareexpanding whenthelon-
gitudinal force throughthe correspondingart increaseswhereas
otherpartsof thetubeareconstricting shaving adecreasef force
in the structure.Using the tubing method,we cananalyzethe be-
havior of longitudinalstructuredy investigatingtheir deformation
andsimultaneouslyheir ability to absorbforces.

The sectionplanesfor the computatiorof the sectionforcesare
positionedautomaticallyperpendiculato thestructurealongatrace
line, thatfollows the shapeof the longitudinal. During the visual-
ization,weinvestigatehoseelementghatareintersectedby aplane
andcalculatethe forcesthataffect the elementnodeslying on the
normalsideof the plane. For eachsection theforcesareaccumu-
latedandthevectorcomponenbf theaccumulatedorcevectorthat
is parallelto theplanes normalis computed.

Figure5: Forcetubegeneratiorusingsectionforcevalues.

We canpositionthe tubenext to the longitudinal structurewith
a reasonablepacingand parallelto a line throughthe centersof
gravity of the structure. Several rings are positionedaroundthis
tubular midpoint-line. Eachring represent®nesectionforce. The
positionof aring in thetubecorrespondso the positionof the sec-
tion in thestructurewhile thediameteiis dynamicallyrelatedto the
value of the scaledsectionforce. A numberof pointsare created
aroundthe circle of eachring servingasverticesfor polygonsthat
connectheringsandform thetube. The creationof a forcetubeis
outlinedin Figure5.

Visualization of bending moments

Theanalysisof bendingmomentsn longitudinalstructuress very
important,becaus¢hesebendingmomentscancausehigh torsion
stressesn componentswhich are connectedwith the longitudi-
nals. In the following paragraphswe describea nev methodfor
thevisualizationof suchbendingmomentsasedn theforcetube
approach.

We calculatethe bending momentsthrough the longitudinal
structures- similar to the sectionforces— from the nodalforces
lying onthenormalsideof thesectionplanes.For eachsectionwe
calculatewo bendingmomentsn relationto two differentmoment
axes (definingthe local x-axis andthe local y-axis of the section
plane).Eachaxisintersectghe centerof gravity of thelongitudinal
structurewithin the section.We computehetwo bendingmoments
by accumulatinghe productsof thenodalforcesandtheleverarms
definedby the distancedetweerthe nodesandthe respectie mo-
mentaxis. Eachaccumulatednomentcarriesasigndefiningabend
thatis causedby either a positive rotation or a negative rotation
aroundthe momentaxis.

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

Figure6: Momenttubeover theleft longitudinalstructuredisplay-
ing bendingmomentghataffectthefront partof thelongitudinalat
thetime of 12 msafterthe crash. After cuttingthe tubethe upper
half tuberemainsandshavs a positive bendingof thestructure'to-

wardsthetop”, whereaghe rearpartof the longitudinalis not yet
affectedby bendingstresses.

Basedon this visualizationwe canderive informationaboutthe
momentprogressioraswell asboththe magnitudeandthe sign of
thebendingmomentghataffectthelongitudinalstructure Figure6
shawvs thebendingmomentsn theleft longitudinalstructure.



Conclusions

The useof efficient visualizationtechniquess very importantfor
an effective simulationof the crash-verthinessof a vehicle. Since
large amountsof dataresultfrom the simulation,we investigated
efficient datahandlingandscenegraphdesignin orderto manage
both memoryrequirementsas well as high frame andinteraction
rates.

Furthermorethepresented@xamplesshaw thattheuseof texture
mappingis a powverful methodto improve the quality andthe ease
of thevisualanalysisof crashsimulations.Usingefficientmapping
techniquesvhich requirea minimum of memory we ensurethat
ourapplicationsanberun by agreatnumberof engineersvorking
on mid-rangeworkstationswith limited texture memory

Combiningtheseapplicationswith our new techniquedor the
visualizationof forcefluxesthrougha carbodystructureandbend-
ing momentsn longitudinalstructuresve achieve a significantim-
provementover corventionalpost-processintpols,becausé¢hein-
vestigatiorof thesestressesannow beperformedmoreintuitively
andmuchfasterthanbefore.Togethewith polygonreductionalgo-
rithmsthe presentedisualizationmethodsaresuficiently interac-
tive onevenhugeFE models thusformingabasisfor virtual reality
applicationd8].
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