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Abstract. Sincecrash-verthinesssimulationsget more and moreimportantas
partof the cardevelopmentprocessn orderto reducethe costof development,
enhancehe productquality, and minimize the time-to-marlet, the reliability of
thesimulationresultsplaysadecisve role concerningheirsigni cance.Recently
thesimulationdepartmentsf severalautomotve companiestartednvestigating
the quantityandreasorfor deviationsduringa numberof simulationrunsonthe
sameinputmodel.

In this casestudywe discusddifferentmeasurementfor instability and present
a texture-basedsisualizationmethodwhich allows the engineerdo ef ciently
explore the simulationresultsby interactvely hiding nite elementstructures
with nearlyconstantrashperformanceFurthermorewe describehosepartsof
our prototypewhich usea CORBA layer for providing the sameview on a set
of simulationresultsand allowing the visual comparisonby using the marker
functionality

1 Intr oduction

In recentyearssimulationhasbecomemoreandmoreimportantfor the development
of new cars.It supportghetestingwith hardware-prototypesy delivering simulation
resultswhich arecloseto testresults.This makesthereductionof hardware-prototype
testspossibleandthereforeallows the developmentat a lower price. Furthermorethe
shortercycle of simulationallowstheevaluationof moreiterationsof variants andthus
betteror safercarbody partswhichimprovesthe productquality.

In the eld of crashsimulationthe continuouslhyincreasingCPU power of high-end
simulationsenersandthe parallelizatiorof the simulationsoftwareleadsto

— modelsof ner meshresolutions Finermodelsmapthecrash-vorthinesof acar
bodymoreexactly.

— extensve tracking of more model parameters The chanceo correlatethe tem-
poralbehaior of differentsimulationvariablesby usingstate-of-the-artisualiza-
tion techniquesllowsthe engineerso cometo adeepeunderstanding.

— more simulations runs. The moreiterationscanbe computedhe moreimprove-
mentscanbe doneto the structureof carbodyparts.

Recentlythe stability of the simulationprocesss investigatedn orderto ensure
thereliability of simulationresults.For this purposeone andthe samemodelwill be
simulatedseveraltimesandtheresultsarecomparedo eachothet



In this casestudywe describethe statisticalmethodghat are usedto comparethe
simulationoutputandto evaluatethe achievable stability. We will discusstwo cate-
goriesof comparisorfunctions.We presenta visualizationmethodwhich allows the
engineergo detectregionsof instability evenin comple« models.And nally, the di-
rectvisualcomparisorof multiple simulationrunsusingmarker functionalitytogether
with a CORBA connectionayerwill bepresented.

2 Stability calculation

Todaya nite elementmeshof a whole car body model consistsof about500.000
elementsaandnodes For crash-vorthinesssimulationsthe rst 120 millisecondsof an
impactare computedandthe coordinatesare storedin 60 time steps(state$ together
with tracked variableslike velocities,forcesor strains,which takes about50 hours
on 6 CPUsof a modernsimulationsener. 2000 simulationiterationsare calculated
beforethe next stateis appendedo the result le. During simulationseveral kinds
of rami cations will causediffering results.They originateaswell from the limited

precisionof the numericalprocessas from the structureof the nite elementmesh.
For example,if oneshellelementA is pressedgainstanotherelementB which hasa
normalthatliesin the planeof A thenthe simulatorhasto determinethe directionin

which A will slideon B. Thoserami cations arecalledthe instability of a simulation
process.

In orderto evaluatethe effectsof thereplacementf any carbody partby a variant
it is absolutelynecessaryo be ableto reducethe impactof instabilitiescausedy the
designof themeshedarbodymodel. At thetimetheengineersry to spotthoseregions
which areresponsibldor unstablecrashdynamics Multiple runsfor the samemodel
with the sameboundaryconditionsarecomputedThe simulationresultsarecompared
againstachotherby usingappropriateevaluationfunctions.

Thesetof evaluationfunctionscanbesplitin differentclassesif they usetheoutput
datadirectly or proceecbn a previously computedmeasureif they representilocal or
aglobalcriterion,andif they useone-or multi-dimensionatlata.In thefollowing three
examplesof geometriccomparisorfunctionsareillustrated.

2.1 Global measuementfunctions

ThefunctionV measurethedisplacementf themeshnode
in the 'th statefrom its original positionin the initial statefor one simulationrun
. Thisis donepercomponentr EuclideanThelengthof the displacementectoris
compareabver all simulationruns

p(t,1)
'SCp.t,1)

Fig.1. The outline shaws the position of node

in the initial state ( ) and after time
P(t3) stepsof threedifferentsimulationruns. The solid
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SP(t2) dashedinesthescattefunctionSC
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The scatterfunction SC expresseghe distanceof node to the centroid
which is calculatedas — , Where is the numberof
runs.Here theprojectionto onemainaxiscouldalsobeinvestigatedo focuson differ-
encesn thespeci eddimension.
The drawbackof both, the displacemenandthe scatterfunction s, thatthey are
global measureskor example,during a front-crashsimulationan instability at some
nite elementf theenginemountwill in uence thevaluesof awide areaof adjacent
car body partsandwill evenforce deviationsin the rear part of the car The largest
differencedetweersimulationrunsoccurin regionsof intensedeformationasFig. 2
shaws. The deviation of correspondingneshcoordinatedecomedessfor larger dis-
tancedrom the centerof mostbuckling.

Fig. 2. Thecolor mapsthe lengthof differencevectorsof correspondingnodes After
80 millisecondsthe largestdeviation canbe foundin the left front side (red regions)
andsmallervaluesin the rear However, usinga global measuremerit is hardto spot
regionswheredifferentcrashbehaior originates.

In orderto spottheorigin of instabilitytheengineersieedanothercriterionbecause
theseglobalmeasuremeritinctionsdetectiarge regionswithout determiningf thede-
formationof a setof nite elementds the reasonor the resultof instability. A more
adequateneasuremeris providedby alocal criterion.

2.2 Local measuementfunction

At the Institutefor Algorithms and Scienti c Computing(SCAI) of the GermanNa-

tional ResearctCenterfor Information Technology(GMD) a local deformationcrite-

rion [2] hasbeendevelopedwithin the Autobenchproject,a researchprojectdriven

by someof the leadingautomotve industry companiesand nanced by the German
Bundesministeriuniiir Bildung und Forschung[1]. This criterion considershe dis-

placemenbf anodeattime step with regardto its neighborhooshodesn comparison
to theinitial state andthusthedeformatiorof its adjacentnite elementgFig. 3).
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Fig. 3. is computedasthe Euclideandistance(seeEq. (1)) of node to its
neighbomode in state of the 'th simulationrun.

The meshdeformationDNM aroundnode having iNum  neighborss
calculatedas the averagedsum of all distancedifferences to their initial
distances which arethe samefor eachsimulationrun  (Fig. 3):

time stepindex
simulationrunindex

1)

DNM — iNum(p) (2)

ThedeformatiorDNM is calculatedor eachnode in eachtimestep andover
all simulationruns . This scalarquantityis only in uencedby thelocal neighborhood
which contrastdo the global measuremerfunctions.Now, the expectedvalue of the
deformation

DNMAV — DNM # simulationruns €))

overall simulationrunsis determinedandits standarddeviation is evaluatedasa
measuremerfor thelocal instability of the simulationaroundnode .

2.3 Efcient calculation

Sincelarge datasetsconsistingof abouthalf a million nite elementsaandnodeshave
to be handled,it is impossibleto storeall the datain main memory For an ef cient
calculationof DNMAV we generate tablewhich representthe neighborhoodf
eachnode.Thistableholdsentriesof index pairs.Onepointsto the neighbomodeand
the otheroneto the correspondingeld in the nodedistancearray Thetablestructure
makes surethat the distanceof eachnodepair is computedust onceandit provides
quick accesdo the pre-calculatechode distances of the currentand the
initial time step.
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Node/Inde& pairlist
(2,0) (41) (5.2 (7.3)
(1,0) (3,4) (7,5) (9.6) (10,7)
(2,4) (9,8) (10,9)
(1,1) (5,10)(7,11)
(1,2) (4,10)(6,12)(7,13) (8,14)
(5,12) (7,15) (8,16)
(1,3) (2,5) (4,11)(5,13) (6,15) (8,17)(9,18),
(5,14) (6,16) (7,17) (9,19)
(2,6) (3,8) (7,18)(8,19)(10,20)
(2,7) (3,9) (9,20)
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Fig. 4. This exampleoutlinesthe structureof the node/inde& pair tablewhich contains
alist (row) for eachnode.Thelist storespairsof anadjacennodeandanindex to an
arraywherethe correspondingodedistancds stored.

Firstof all thenode/inde pair table(Fig. 4) is initialized evaluatingthe meshcon-
nectvity which is constanover all statesThenthe nodedistancedor theinitial state
arecomputedandstoredin anarraywhichis usedfor all simulationruns.Startingwith
the rst simulationrun the nodedistancef the currentstateare calculatedandthe
differenceto the correspondingpre-calculatedlistanceof the initial stateis storedin
asecondarray Eachtime thetableis traversedfrom bottomto top andthelistsin the
rows aretraversedrom tail to headaslong asthenodeindex of theentryis largerthan
thenodeindex of the currentrow (bold entriesin Fig. 4). Now, DNM isthesum
of eachreferencedvaluein row divided by the numberof entriesin the row. A third
array holdsthe accumulatedsum of DNM in orderto getthe expectedvalue
DNMAV attheendof all runs.

After all statesof onesimulationrun have beenprocessethe DNM is tem-
porarily written to disk. After we have generatedhis le for eachsimulationrun and
divided the valuesin the third arrayby the numberof simulationruns,the valuesare
readbackin andthe standardieviation of thelocal deformationcanbe computedand
storedto disk asa measurdor instability. Later on the instability canbe mappedonto
thegeometryof onesimulationrun usingthetechniquedescribedn the next section.

Furthermorethe spanbetweenthe minimum and maximumdeformationis of in-
terest.Hence for eachstate andeachnode theextremevaluesof DNM are
storedtogethemwith theindex sothatthe mostdifferentsimulationrunscanbedeter
minedlateron.

3 Visualization usingindex texture maps

The adwantageof mappingscalardataascolorsdirectly ontogeometryis thatthe data
is visualizedwhereit appearsandthusthe causalrelationshipbetweengeometryand
mappeddatais morecomprehensibldn the eld of CAE at shadingcanbe usedfor
element-basedatavisualization.As the datais node-basedh the majority of cases
Gouraudshadingwill notleadto meaningfuimagesbecausehe colorsareassignedo
verticesandinterpolatedn RGB color spaceinsidethe polygonduring rasterization.
Insteadthe visualizationcould be enhancedby addinggeometryandassigningappro-
priatecolorsto the subdviding vertices but thatwill increaseheload of the graphics
pipeline.



The bestway to visualizenode-basedlatais the utilization of a one-dimensional
texture which is de ned ascolor band.Eachvertex is combinedwith a texture coor
dinate.During rasterizatiorthe texture coordinatds evaluatedat every pixel andthen
thecoloris lookedupin thetexture.Hence high deviation of mappedraluesinsidethe
samepolygonwill resultin color-bandswithoutthe needof additionalgeometry[12].

In complex modelswith mary occludingpartsin the sceneit is dif cult to spot
regionswith critical values.This problemcanbe solvedby usinga four channetexture
map.Theadditionalalphachanneprovidestheopportunityto restrictthe datamapping
or the geometryrenderingdependingon the texture ervironmentsettingin the context
of OpenGL[11]. If GLDECALIis used,the resultingcolor is composeds

while the transpareng is not modi ed by the texture

( ). Providedwe setthe componenbf eachtexel eitherto  or , the

datavisualizationis only visible for thosevalueswherethe correspondingexel hasan
componenbf . Otherwisethe geometryis renderedn theoriginal color.

If we switch the texture ervironmentto GL REPLACEand enablethe alphatest
the geometryrenderingis controlledby the mappedvalues.In [10] booleantextures
werealreadyusedto clip geometryduringtherasterizatiorstage We usethis clipping
functionality of the texture subsystemn correlationwith the valuessimulatedat the
geometry While the texture de nes the outgoingcolor, the relation of the texel's
componento the alphatestreferencevalue decides,if the fragmentis renderedor
not. Thus,this techniquecanbe usedto restrictthe geometryrenderingto interesting
datavaluerangesasalreadyassociateavith, for example thevisualizationof potential
anges|[4]. Thealphatesthasto be enabledo avoid z-buffer pollution; otherwisethe
invisible geometrycould hide othergeometrywhich lies behindthe transparenparts
andthereforewill fail thez-buffer test.

For visual dataexplorationand analysisthe interactve modi cation of the map-
ping hasturnedout asvery useful.lt allows the engineergo interactively restrictthe
color mappingor the geometryrenderingto the regionsof interestingvalues.In order
to provide high interactvity the texture map doesnot containRGB quadruplesout
indices.Theseindicesareusedto referencehe color andtransparengof thetexel in a
hardware-supportetexture color lookup table. The contentsof this tablerepresents
transferfunctionwhich canbemodi ed in a color editordialog.

For the investigationof instability this techniqueallows an interactve searchfor
regionswheredifferentcrashbehaior originates.First the standarddeviation of the
elementeformatiorasdescribedn section2.3is loadedfrom diskandmappedo the
indicesof thetexture color lookuptable.By switchingto the GL REPLACHalphatest
modeandadjustingthe alphatransferfunctionthe engineercanhide all geometrythat
behaesconstantor shavs only a small standarddeviation acrossall simulationruns.
Thenthe usercanzoominto a remainingarea,lock the camerato the geometryand
analyzethereasorfor theinstableperformancén severalsimulationrunsactivatingthe
time animation A semi-transparemenderingnsteadof hidingthatgeometrywith low
deviation mayhelpto orientateoneselfin acomplex model(Fig. 7).

Thedescribedsisualizationmethodshave beenintegratedinto crash\iewer, a pro-

totypefor pre-andpost-processinfunctionality [8, 9] in the areaof crash-vorthiness
simulationausingthe PAM-CRASH code[5]. Theapplicatiorhasbeendevelopedn co-



operatiorwith theBMW Groupandis in productveuse. It useOpenGLOptimizer[7],
atool setfor largemodelvisualizationwhich is basedon Cosmo3D[6], a scenegraph
layerontop of OpenGL.

4 Comparing geometryusing synchronizedviewers

If the mostdiffering simulationruns have beendeterminedhe engineercould getan
impressiorof the real deformationdeviation only if it is possibleto visually compare
both nite elementmeshesn detail. A CORBA connectioriayerwhich hasoriginally
beenimplementedo supporicollaborationof two or moredistantengineergvaluating
simulationresults[3] canbe usedfor this taskto synchronizemultiple viewerson the
samedisplay

Thereforea small controlapplication(SessionSemr, Fig. 5) is startedwhich links
the participatingviewer instancedogetherandassignghe mastertokento them.After
the sessionsener hasbeenstarted,it storesa CORBA referenceto disk. Using this
referencea crashVlewer instancecanregisteritself to the sessionThe registrationis
propagatedo the otherviewersby thesessiorsener. Any eventmessagvill betrans-
mitted from the mastewiewer (which is the onethat currentlyholdsthe token) to the
slave viewersdirectly withoutinvolvemenif thesessiorsener. Eachslave viewer can
claimfor thetokenby sendinga messagéo thesessiorsener. After thecurrentmaster
hasreleasedhetoken, it will betransferedo thenext claimingslave.

The camergpositionis sentby the masterasa transformatiormatrix. Furthermore,
markers can be insertedinto the sceneto de ne referencepoints. Fig. 6 shows four
differentsimulationresults.The upperleft viewer visualizesthe standarddeviation of
all results The3D arrow marksthesameglobalcoordinaten eachviewerandpointsout
thegeometridifferencebetweerthe simulationruns.Theupperright window shavs a
completelydifferentdeformationaroundthe circled nodewhich marksthe samemesh
nodein eachwindow.

Of coursethis functionality can also be usedto comparethe crashperformance
of variantswhenthe reasondor instability have beenremoved. This would enhance

SessionServer
~ ~
/ logon()\

| | logOff( )
askForToken( )

transferEvent( )
ransferMarker( )

Fig. 5. The sessiorsener actsasa controlerof a multi-viewer sessiorand controlsthe master
token. Theviewer which currentlyholdsthe tokensendssventmessagesdirectly to otherpartic-
ipatingviewers.




Fig. 6. Our prototypecrash\ewer is startedfour timesandshaws differentsimulationresultsof

thesamdnputdeck.Thecameranovementis synchronizedisinga CORBA connectionThe3D

arrav marksthe sameglobalcoordinatewhile thecircle tagsthe samenite elementmeshnode.
The mappedstandarddeviation in the upperleft window points out the different deformation
behaior.

thecardevelopmenprocessigni cantly becausehedifferencedbetweerconstructie
variantsandtheir effectsto the whole modelregardingcrashdynamicswould directly
bevisible.

5 Results

The calculationof a measurdor theinstability of crash-vorthinessimulationss con-
struedto betime andmemoryef cient. Thetestdatasetthatcanbe shavn herecon-
tainsabout60.000shell elementsandnearly55.000nodes Eachof the 15 result les

store81 simulatedtime stepsof the samesourcemodel. On a SGI Octanewith one
R12k/300MHzCPUthestandardleviationof thelocaldeformatiorasdescribedn sec-
tion 2.2is computedor all result les in 4.5minutes.The procesmeedsabout45MB

mainmemory Thememoryconsumptiordepend®nthenumberof nodesandthenum-
berof statesbut it is independantf the numberof simulationruns.Simulationresults



with 500.000nodesover60time stepsshouldrequirelessthan500MB. For largermod-
elsorresult les with moretime stepsit is possibleto make the memoryconsumption
alsoindependanof the numberof statesvhich would lower the performance.
With the describedmethodsintegratedour prototypecrash\Vewer allows for the
rst time the comparatie visualizationof instability in crash-vorthinesssimulations.
The interactve modi cation of transferfunctionsusedby the index texture map pro-
videsvalue-basedgeometryclipping. The engineeiis visually guidedto regionsin the
nite elementmodelwheredifferentcrashbehaior originates The detailedinvestiga-
tion of suchareads supportedy severalfunctionslik e thecamerdocking mechanism.

Fig.7. To detectregions of primary instability it turnedout to be very usefulif the
transferfunctionof thealphachanneis setlowerthanthealphatestreferencevaluefor
valuesof smalldeviation. For a betterorientationthe usercaninteractvely fadein the
neighborhoodsshawn in therightimage.

Fig. 8. This sequencehaws the developmenf aninstability over threetime steps.

6 Conclusion

Weintroducecamethodo determineandvisualizetheinstabilityacrossnultiplecrash-
worthinessimulationof thesamesourcemodel.Theintegrationof thepresentedech-
niquesinto our prototypecrashVewer, allows the engineerof the crashsimulation
departmento explore the origins of instability. Finally, the useof multiple synchro-
nized viewersdisplayingdifferentsimulationresultsmakes a direct comparisorpos-



sible.Only the combinationof advancedrenderingtechniquesndexploiting graphics
hardware allows an innovative visualizationapplicationwhich is in productive useat
BMW.
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