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

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

1 Intr oduction

In recentyearssimulationhasbecomemore andmoreimportantfor the development
of new cars.It supportshe testingwith hardware-prototypesy delivering simulation
resultswhich arecloseto testresults.This makesthe reductionof hardware-prototype
testspossibleandthereforeallows the developmentat a lower price. Furthermorethe
shortercycle of simulationallows the evaluationof moreiterationsof variants andthus
betteror safercarbody partswhich improvesthe productquality.

In thefield of crashsimulationthe continuouslyincreasingCPU power of high-end
simulationsenersandthe parallelizationof the simulationsoftwareleadsto

— modelsof finer meshresolutions Finermodelsmapthe crash-vorthinesof a car
bodymoreexactly.

— extensie tracking of more model parameters The chancdo correlatethetem-
poralbehaior of differentsimulationvariableshy usingstate-of-the-artisualiza-
tion techniquesllowsthe engineerso cometo adeepemunderstanding.

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

Recentlythe stability of the simulationprocesss investigatedn orderto ensure
the reliability of simulationresults.For this purposeoneandthe samemodelwill be
simulatedseveraltimesandtheresultsarecomparedo eachother



In this casestudywe describethe statisticalmethodsthatare usedto comparethe
simulationoutputandto evaluatethe achievable stability. We will discusstwo cate-
goriesof comparisorfunctions.We presenta visualizationmethodwhich allows the
engineergo detectregionsof instability evenin complex models.And finally, the di-
rectvisualcomparisorof multiple simulationrunsusingmarker functionalitytogether
with a CORBA connectiodayerwill bepresented.

2 Stability calculation

Today a finite elementmeshof a whole car body model consistsof about500.000
elementsaandnodes For crash-vorthinesssimulationsthe first 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 resultfile. During simulationseveral kinds
of ramificationswill causediffering results.They originateaswell from the limited
precisionof the numericalprocessas from the structureof the finite elementmesh.
For example,if oneshellelementA is pressedigainstanotherelementB which hasa
normalthatlies in the planeof A thenthe simulatorhasto determinethe directionin
which A will slideon B. Thoseramificationsarecalledthe instability of a simulation
process.

In orderto evaluatethe effectsof thereplacementf any carbody partby avariant
it is absolutelynecessaryo be ableto reducetheimpactof instabilitiescausedy the
designof themeshedarbodymodel. At thetime theengineersry to spotthoseregions
which areresponsibldor unstablecrashdynamics Multiple runsfor the samemodel
with the sameboundaryconditionsarecomputedThe simulationresultsarecompared
againstachotherby usingappropriatevaluationfunctions.

Thesetof evaluationfunctionscanbesplitin differentclassesif they usetheoutput
datadirectly or proceedn a previously computedneasureif they represengalocal or
aglobalcriterion,andif they useone-or multi-dimensionatiata.ln thefollowing three
examplesof geometriccomparisorfunctionsareillustrated.

2.1 Global measuementfunctions

ThefunctionV(p, t,r) = p(t,r) — p(0, r) measurethedisplacementf themeshnode
p in the t'th statefrom its original positionin theinitial statefor one simulationrun
r. This is donepercomponenor Euclidean.Thelengthof the displacementectoris
compareabver all simulationrunsR.
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Fig.1. The outline shavs the position of nodep

in the initial state(p(t = 0)) and after ¢ time
p(t3) stepsof threedifferentsimulationruns. The solid
, linesmarkthedisplacemenfunctionV(p, ¢, r), the
5P(12) dashedinesthescatteffunctionSC(p, t, ).
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The scatterfunction SC(p, t,r) expresseghe distanceof nodep to the centroid
gc(p,t) which is calculatedasg.(p,t) = & Elep(t, r), whereR is the numberof
runs.Here theprojectionto onemainaxiscouldalsobeinvestigatedo focuson differ-
encesn thespecifieddimension.

The drawbackof both, the displacemenandthe scatterfunction s, thatthey are
global measureskor example,during a front-crashsimulationan instability at some
finite elementf the enginemountwill influencethe valuesof awide areaof adjacent
car body partsandwill even force deviationsin the rearpart of the car The largest
differencedetweensimulationrunsoccurin regionsof intensedeformationasFig. 2
shaws. The deviation of correspondingneshcoordinatesecomedessfor larger dis-
tancedrom the centerof mostbuckling.

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

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

2.2 Local measurementfunction

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

tional ResearctCenterfor Information Technology(GMD) a local deformationcrite-

rion [2] hasbeendevelopedwithin the Autobenchproject,a researctprojectdriven

by someof the leadingautomotie industry companiesand financedby the German
Bundesministeriuniiir Bildung und Forschung[1]. This criterion considerghe dis-

placemenbf anodeattime stept with regardto its neighborhoodchodesn comparison
to theinitial state andthusthe deformatiorof its adjacenfinite elementgFig. 3).
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Fig.3. d(p,1,t,r) is computedasthe Euclideandistance(seeEg. (1)) of nodep to its
neighbomodei in statet of ther’th simulationrun.

The meshdeformationDNM (p, ¢, ) aroundnodep having iNum(p) neighborsis
calculatedas the averagedsum of all distancedifferencesd(p,,t,r) to their initial
distancesi(p, i, 0, r) which arethe samefor eachsimulationrunr (Fig. 3):

. i Tp ¢ : time stepindex
d(p,3,t,m) = H Yi | = | 9 ’ r - simulationrunindex V)
i Zp t,r
1 & .
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ThedeformatiorDNM(p, ¢, r) is calculatedor eachnodep in eachtime stept andover
all simulationrunsr. This scalarquantityis only influencedby thelocal neighborhood
which contrastdo the global measuremerfunctions.Now, the expectedvalue of the
deformation

R
1 . .
DNMAV (p,t) = = E DNM(p, t,r) , R : # simulationruns 3

r=1

over all R simulationrunsis determinedandits standarddeviation is evaluatedas a
measuremerfor thelocal instability of the simulationaroundnodep.

2.3 Efficient calculation

Sincelarge datasetsconsistingof abouthalf a million finite elementsandnodeshave
to be handled,it is impossibleto storeall the datain main memory For an efficient
calculationof DNMAV (p, t) we generate tablewhich representthe neighborhoodf
eachnode.This tableholdsentriesof index pairs.Onepointsto the neighbomodeand
the otheroneto the correspondindield in the nodedistancearray Thetablestructure
makes surethat the distanceof eachnodepair is computedust onceandit provides
quick accesdgo the pre-calculatechodedistancesd(p, i,t,r) of the currentandthe
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 correspondingodedistances stored.

Firstof all thenode/inde pair table(Fig. 4) is initialized evaluatingthe meshcon-
nectvity which is constanibver all statesThenthe nodedistancedor theinitial state
arecomputedandstoredin anarraywhichis usedfor all simulationruns.Startingwith
the first simulationrun the nodedistancef the currentstateare calculatedandthe
differenceto the correspondingre-calculatedlistanceof theinitial stateis storedin
asecondarray Eachtime thetableis traversedfrom bottomto top andthelists in the
rows aretraversedrom tail to headaslong asthe nodeindex of the entryis largerthan
thenodeindex of thecurrentrow (bold entriesin Fig. 4). Now, DNM(p, t, ) is thesum
of eachreferencedraluein row p divided by the numberof entriesin therow. A third
array holdsthe accumulatedsumof DNM(p, ¢, r) in orderto getthe expectedvalue
DNMAV (p, t) attheendof all runs.

After all statesof onesimulationrun have beenprocessethe DNM(p, ¢, ) is tem-
porarily written to disk. After we have generatedhis file for eachsimulationrun and
divided the valuesin the third array by the numberof simulationruns,the valuesare
readbackin andthe standardeviation of the local deformationcanbe computedand
storedto disk asa measurdor instability. Lateron the instability canbe mappedonto
thegeometryof onesimulationrun usingthe techniquedescribedn the next section.

Furthermorethe spanbetweenthe minimum and maximumdeformationis of in-
terest.Hence for eachstatet andeachnodep the extremevaluesof DNM(p, t,r) are
storedtogethemith theindex r sothatthe mostdifferentsimulationrunscanbedeter
minedlateron.

3 Visualization usingindex texture maps

The adwantageof mappingscalardataascolorsdirectly onto geometryis thatthe data
is visualizedwhereit appearsandthusthe causalrelationshipbetweengeometryand
mappeddatais morecomprehensibldn thefield of CAE flat shadingcanbe usedfor
element-basedatavisualization.As the datais node-basedh the majority of cases
Gouraudshadingwill notleadto meaningfulimagesbecausehe colorsareassignedo
verticesandinterpolatedn RGB color spaceinsidethe polygonduring rasterization.
Insteadthe visualizationcould be enhancedy addinggeometryandassigningappro-
priatecolorsto the subdviding vertices but thatwill increasahe load of the graphics
pipeline.



The bestway to visualizenode-basediatais the utilization of a one-dimensional
texture which is definedas color band.Eachvertex is combinedwith a texture coor
dinate.During rasterizatiorthe texture coordinateis 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 difficult to spot
regionswith critical values.This problemcanbe solvedby usinga four channetexture
map.Theadditionalalphachanneprovidesthe opportunityto restrictthedatamapping
or the geometryrenderingdependingon the texture ervironmentsettingin the context
of OpenGL[11]. If GL_DECAL is used,the resultingcolor is composedas Cy,; =
(1 — 0tez)Cfrag + CuexCrer While the transpareng is not modified by the texture
(0out = afrag). Providedwe setthea componenbf eachtexel eitherto 0.0 or 1.0, the
datavisualizationis only visible for thosevalueswherethe correspondingexel hasan
a componendf 1.0. Otherwisethe geometryis renderedn the original color.

If we switch the texture ervironmentto GL_REPLACE and 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 definesthe outgoingcolor, the relation of the texel's «
componento the alphatest referencevalue decides,f the fragmentis renderedor
not. Thus,this techniquecanbe usedto restrictthe geometryrenderingto interesting
datavaluerangesasalreadyassociateavith, for example thevisualizationof potential
flangeq4]. Thealphatesthasto be enabledo avoid z-buffer pollution; otherwisethe
invisible geometrycould hide othergeometrywhich lies behindthe transparenparts
andthereforewill fail the z-buffer test.

For visual dataexplorationand analysisthe interactive modificationof the map-
ping hasturnedout asvery useful.lt allows the engineergo interactvely restrictthe
color mappingor the geometryrenderingto the regionsof interestingvalues.ln order
to provide high interactvity the texture map doesnot containRGBa quadruplesut
indices.Theseindicesareusedto referencehe color andtransparengof thetexel in a
hardware-supportetexture color lookup table. The contentsof this tablerepresenta
transferfunctionwhich canbe modifiedin a color editordialog.

For the investigationof instability this techniqueallows an interactive searchfor
regions wheredifferentcrashbehaior originates.First the standarddeviation of the
elementdeformationasdescribedn section2.3is loadedfrom diskandmappedo the
indicesof thetexture color lookuptable.By switchingto the GL_REPLACE/alphatest
modeandadjustingthe alphatransferfunctionthe engineercanhide all geometrythat
behaesconstanior shaovs only a small standarddeviation acrossall simulationruns.
Thenthe usercanzoominto a remainingarea,lock the camerato the geometryand
analyzethereasorfor theinstableperformancén severalsimulationrunsactivatingthe
time animation A semi-transparemenderingnsteadof hiding thatgeometrywith low
deviation mayhelpto orientateoneselfin acomple« model(Fig. 7).

Thedescribedsisualizationmethodshave beenintegratedinto crashVewer, a pro-

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



operatiorwith theBMW Groupandis in productiveuse It useOpenGLOptimizer|[7],
atool setfor largemodelvisualizationwhich is basedbn Cosmo3D{6], a scenegraph
layerontop of OpenGL.

4 Comparing geometryusing synchronizedviewers

If the mostdiffering simulationrunshave beendeterminedhe engineercould getan
impressiorof the realdeformationdeviation only if it is possibleto visually compare
bothfinite elementmeshesdn detail. A CORBA connectiorlayerwhich hasoriginally
beenimplementedo supportcollaboratiorof two or moredistantengineergvaluating
simulationresults[3] canbe usedfor this taskto synchronizenultiple viewerson the
samedisplay

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

The camergpositionis sentby the masterasa transformatiormatrix. Furthermore,
markers can be insertedinto the sceneto definereferencepoints. Fig. 6 shavs four
differentsimulationresults.The upperleft viewer visualizesthe standardieviation of
all resultsThe3D arrov marksthesameglobalcoordinaten eachviewerandpointsout
thegeometridifferencebetweerthe simulationruns.The upperright 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()
transferMarker( )

Fig. 5. The sessiorsener actsasa controlerof a multi-viewer sessiorand controlsthe master
token. Theviewer which currentlyholdsthe token sendssventmessagesdirectly to otherpartic-
ipatingviewers.
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Fig. 6. Our prototypecrash\iewer is startedfour timesandshaws differentsimulationresultsof
thesamdnputdeck.Thecameranovementis synchronizedisinga CORBA connectionThe3D
arrav marksthe sameglobal coordinatewhile thecircle tagsthe samefinite elementmeshnode.
The mappedstandarddeviation in the upperleft windowv pointsout the differentdeformation
behaior.

the cardevelopmeniprocessignificantlybecaus¢he differencebetweerconstructve
variantsandtheir effectsto the whole modelregardingcrashdynamicswould directly
bevisible.

5 Results

The calculationof a measurdor theinstability of crash-vorthinesssimulationss con-
struedto be time andmemoryefficient. The testdatasetthat canbe shavn herecon-
tainsabout60.000shell elementsandnearly55.000nodes Eachof the 15 resultfiles
store81 simulatedtime stepsof the samesourcemodel. On a SGI Octanewith one
R12k/300MHzCPUthestandardleviation of thelocal deformatiorasdescribedn sec-
tion 2.2is computedor all resultfilesin 4.5 minutes.The processieedsabout45MB
mainmemory Thememoryconsumptiordepend®nthenumberof nodesandthenum-
ber of statesbut it is independantf the numberof simulationruns.Simulationresults



with 500.000nodesover60time stepsshouldrequirelessthan500MB. For largermod-
elsor resultfiles with moretime stepsit is possibleto make the memoryconsumption
alsoindependanof the numberof statesvhich would lower the performance.

With the describedmethodsintegratedour prototype crashVewer allows for the
first time the comparatre visualizationof instability in crash-vorthinesssimulations.
The interactve modificationof transferfunctionsusedby the index texture map pro-
videsvalue-basegeometryclipping. The engineeiis visually guidedto regionsin the
finite elementmodelwheredifferentcrashbehaior originates.The detailedinvestiga-
tion of suchareads supportedy severalfunctionslik e the camerdocking 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
neighborhoodsshavn in therightimage.
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Fig. 8. This sequencshavs thedevelopmenbf aninstability over threetime steps.

6 Conclusion

Weintroducedamethodo determineandvisualizetheinstabilityacrossmultiple crash-
worthinessimulationf thesamesourcemodel. Theintegrationof the presentedech-
niquesinto our prototype crashVewer, allows the engineerf the crashsimulation
departmento explore the origins of instability. Finally, the use of multiple synchro-
nized viewersdisplayingdifferentsimulationresultsmakesa direct comparisorpos-



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