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Abstract. Sincecrash-worthinesssimulationsget moreandmoreimportantas
partof thecardevelopmentprocessin orderto reducethecostof development,
enhancethe productquality, andminimize the time-to-market, the reliability of
thesimulationresultsplaysadecisiveroleconcerningtheirsigni�cance.Recently
thesimulationdepartmentsof severalautomotivecompaniesstartedinvestigating
thequantityandreasonfor deviationsduringanumberof simulationrunson the
sameinputmodel.
In this casestudywe discussdifferentmeasurementsfor instability andpresent
a texture-basedvisualizationmethodwhich allows the engineersto ef�ciently
explore the simulationresultsby interactively hiding �nite elementstructures
with nearlyconstantcrashperformance.Furthermore,wedescribethosepartsof
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 thedevelopment
of new cars.It supportsthe testingwith hardware-prototypesby deliveringsimulation
resultswhich arecloseto testresults.This makesthereductionof hardware-prototype
testspossibleandthereforeallows thedevelopmentat a lower price.Furthermore,the
shortercycleof simulationallowstheevaluationof moreiterationsof variants,andthus
betteror safercarbodypartswhich improvestheproductquality.

In the�eld of crashsimulationthecontinuouslyincreasingCPUpowerof high-end
simulationserversandtheparallelizationof thesimulationsoftwareleadsto

– modelsof �ner meshresolutions. Finermodelsmapthecrash-worthinessof acar
bodymoreexactly.

– extensive tracking of more model parameters. Thechanceto correlatethetem-
poralbehavior of differentsimulationvariablesby usingstate-of-the-artvisualiza-
tion techniquesallowstheengineersto cometo adeeperunderstanding.

– more simulations runs. Themoreiterationscanbecomputedthemoreimprove-
mentscanbedoneto thestructureof carbodyparts.

Recentlythe stability of the simulationprocessis investigatedin order to ensure
the reliability of simulationresults.For this purposeoneandthe samemodelwill be
simulatedseveraltimesandtheresultsarecomparedto eachother.



In this casestudywe describethestatisticalmethodsthatareusedto comparethe
simulationoutputand to evaluatethe achievablestability. We will discusstwo cate-
goriesof comparisonfunctions.We presenta visualizationmethodwhich allows the
engineersto detectregionsof instability even in complex models.And �nally , thedi-
rectvisualcomparisonof multiplesimulationrunsusingmarker functionalitytogether
with a CORBA connectionlayerwill bepresented.

2 Stability calculation

Today a �nite elementmeshof a whole car body model consistsof about500.000
elementsandnodes.For crash-worthinesssimulationsthe �rst 120millisecondsof an
impactarecomputedandthe coordinatesarestoredin 60 time steps(states) together
with tracked variableslike velocities,forcesor strains,which takes about50 hours
on 6 CPUsof a modernsimulationserver. 2000simulationiterationsarecalculated
beforethe next stateis appendedto the result �le. During simulationseveral kinds
of rami�cations will causediffering results.They originateas well from the limited
precisionof the numericalprocessas from the structureof the �nite elementmesh.
For example,if oneshellelementA is pressedagainstanotherelementB which hasa
normalthat lies in theplaneof A thenthesimulatorhasto determinethedirectionin
which A will slideon B. Thoserami�cationsarecalledtheinstability of a simulation
process.

In orderto evaluatetheeffectsof thereplacementof any carbodypartby a variant
it is absolutelynecessaryto beableto reducethe impactof instabilitiescausedby the
designof themeshedcarbodymodel.At thetimetheengineerstry to spotthoseregions
which areresponsiblefor unstablecrashdynamics.Multiple runsfor thesamemodel
with thesameboundaryconditionsarecomputed.Thesimulationresultsarecompared
againsteachotherby usingappropriateevaluationfunctions.

Thesetof evaluationfunctionscanbesplit in differentclasses:if they usetheoutput
datadirectlyor proceedona previouslycomputedmeasure,if they representa localor
aglobalcriterion,andif they useone-or multi-dimensionaldata.In thefollowing three
examplesof geometriccomparisonfunctionsareillustrated.

2.1 Global measurementfunctions

ThefunctionV �������	��
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� measuresthedisplacementof themeshnode
� in the � ' th statefrom its original positionin the initial statefor onesimulationrun


 . This is donepercomponentor Euclidean.The lengthof thedisplacementvectoris
comparedoverall simulationruns � .
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Fig.1. The outline shows the position of node �

in the initial state (�����! #"%$ ) and after � time
stepsof threedifferentsimulationruns.The solid
linesmarkthedisplacementfunctionV �&��'(�)'+*,$ , the
dashedlinesthescatterfunctionSC�&��'-��'+*,$ .



The scatterfunction SC�.�����	��

� expressesthe distanceof node � to the centroid
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� , where � is the numberof
runs.Here,theprojectionto onemainaxiscouldalsobeinvestigatedto focusondiffer-
encesin thespeci�eddimension.

The drawbackof both, the displacementandthe scatterfunction is, that they are
global measures.For example,during a front-crashsimulationan instability at some
�nite elementsof theenginemountwill in�uence thevaluesof awideareaof adjacent
car body partsandwill even force deviationsin the rearpart of the car. The largest
differencesbetweensimulationrunsoccurin regionsof intensedeformationasFig. 2
shows. Thedeviation of correspondingmeshcoordinatesbecomeslessfor largerdis-
tancesfrom thecenterof mostbuckling.

Fig.2. Thecolor mapsthelengthof differencevectorsof correspondingnodes.After
80 millisecondsthe largestdeviation canbe found in the left front side(red regions)
andsmallervaluesin therear. However, usinga globalmeasurementit is hardto spot
regionswheredifferentcrashbehavior originates.

In orderto spottheorigin of instabilitytheengineersneedanothercriterionbecause
theseglobalmeasurementfunctionsdetectlargeregionswithoutdeterminingif thede-
formationof a setof �nite elementsis the reasonor the resultof instability. A more
adequatemeasurementis providedby a local criterion.

2.2 Local measurementfunction

At the Institutefor AlgorithmsandScienti�c Computing(SCAI) of the GermanNa-
tional ResearchCenterfor InformationTechnology(GMD) a local deformationcrite-
rion [2] hasbeendevelopedwithin the Autobenchproject,a researchprojectdriven
by someof the leadingautomotive industrycompaniesand�nanced by the German
Bundesministeriumfür Bildung und Forschung[1]. This criterion considersthe dis-
placementof anodeat timestep� with regardto its neighborhoodnodesin comparison
to theinitial state,andthusthedeformationof its adjacent�nite elements(Fig. 3).
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>� is computedastheEuclideandistance(seeEq. (1)) of node� to its
neighbornode < in state� of the 
 ' th simulationrun.

ThemeshdeformationDNM �.�����	��

� aroundnode� having iNum ����� neighborsis
calculatedas the averagedsum of all distancedifferences;��.����<=���	��

� to their initial
distances;��.����<=������

� whicharethesamefor eachsimulationrun 
 (Fig. 3):

;��.����<=���	��

���

?

?

?

?

?

?

@ACB�D

E

D

F

D

GH

�

@ACB�I

E

I

F

I

GH

?

?

?

?

?

?KJML

9

�

�ON timestepindex

�N simulationrun index

(1)

DNM �������	��

���QP
R S

T

D

:

4

U

U

;��.����<=���	��

�V�W;��.����<=������

�

U

U

�

R

N.� iNum(p) (2)

ThedeformationDNM �.�����	��
>� is calculatedfor eachnode� in eachtimestep� andover
all simulationruns 
 . Thisscalarquantityis only in�uencedby thelocalneighborhood
which contraststo the globalmeasurementfunctions.Now, the expectedvalueof the
deformation
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over all � simulationruns is determinedand its standarddeviation is evaluatedasa
measurementfor thelocal instabilityof thesimulationaroundnode� .

2.3 Ef�cient calculation

Sincelargedatasetsconsistingof abouthalf a million �nite elementsandnodeshave
to be handled,it is impossibleto storeall the datain main memory. For an ef�cient
calculationof DNMAV �.������� wegeneratea tablewhichrepresentstheneighborhoodof
eachnode.This tableholdsentriesof index pairs.Onepointsto theneighbornodeand
theotheroneto thecorresponding�eld in thenodedistancearray. Thetablestructure
makessurethat the distanceof eachnodepair is computedjust onceandit provides
quick accessto the pre-calculatednodedistances;��.����<=���	��

� of the currentand the
initial timestep.
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1 Node Node/Index pair list
1 (2,0) (4,1) (5,2) (7,3)
2 (1,0) (3,4) (7,5) (9,6) (10,7)
3 (2,4) (9,8) (10,9)
4 (1,1) (5,10) (7,11)
5 (1,2) (4,10) (6,12) (7,13) (8,14)
6 (5,12) (7,15) (8,16)
7 (1,3) (2,5) (4,11) (5,13) (6,15) (8,17) (9,18)
8 (5,14) (6,16) (7,17) (9,19)
9 (2,6) (3,8) (7,18) (8,19) (10,20)

10 (2,7) (3,9) (9,20)

Fig.4. This exampleoutlinesthestructureof thenode/index pair tablewhich contains
a list (row) for eachnode.Thelist storespairsof anadjacentnodeandanindex to an
arraywherethecorrespondingnodedistanceis stored.

First of all thenode/index pair table(Fig. 4) is initializedevaluatingthemeshcon-
nectivity which is constantover all states.Thenthenodedistancesfor theinitial state
arecomputedandstoredin anarraywhich is usedfor all simulationruns.Startingwith
the �rst simulationrun the nodedistancesof the currentstatearecalculatedandthe
differenceto the correspondingpre-calculateddistanceof the initial stateis storedin
a secondarray. Eachtime thetableis traversedfrom bottomto top andthelists in the
rowsaretraversedfrom tail to headaslongasthenodeindex of theentryis largerthan
thenodeindex of thecurrentrow (boldentriesin Fig. 4).Now, DNM �.�����	��
>� is thesum
of eachreferencedvaluein row � dividedby thenumberof entriesin therow. A third
arrayholdsthe accumulatedsumof DNM �.�����	��
>� in order to get the expectedvalue
DNMAV �.������� at theendof all runs.

After all statesof onesimulationrunhavebeenprocessedtheDNM �������	��

� is tem-
porarily written to disk. After we have generatedthis �le for eachsimulationrun and
divided the valuesin the third arrayby the numberof simulationruns,the valuesare
readbackin andthestandarddeviation of thelocal deformationcanbecomputedand
storedto disk asa measurefor instability. Lateron theinstability canbemappedonto
thegeometryof onesimulationrunusingthetechniquedescribedin thenext section.

Furthermore,thespanbetweenthe minimumandmaximumdeformationis of in-
terest.Hence,for eachstate� andeachnode� theextremevaluesof DNM �.�����	��

� are
storedtogetherwith theindex 
 sothatthemostdifferentsimulationrunscanbedeter-
minedlateron.

3 Visualization using index texture maps

Theadvantageof mappingscalardataascolorsdirectly ontogeometryis thatthedata
is visualizedwhereit appearsandthusthe causalrelationshipbetweengeometryand
mappeddatais morecomprehensible.In the�eld of CAE �at shadingcanbeusedfor
element-baseddatavisualization.As the datais node-basedin the majority of cases
Gouraudshadingwill not leadto meaningfulimagesbecausethecolorsareassignedto
verticesandinterpolatedin RGB color spaceinsidethe polygonduring rasterization.
Insteadthevisualizationcouldbeenhancedby addinggeometryandassigningappro-
priatecolorsto thesubdividing vertices,but thatwill increasetheloadof thegraphics
pipeline.



The bestway to visualizenode-baseddatais the utilization of a one-dimensional
texture which is de�ned ascolor band.Eachvertex is combinedwith a texture coor-
dinate.During rasterizationthe texturecoordinateis evaluatedat every pixel andthen
thecolor is lookedup in thetexture.Hence,highdeviationof mappedvaluesinsidethe
samepolygonwill resultin color-bandswithout theneedof additionalgeometry[12].

In complex modelswith many occludingpartsin the sceneit is dif�cult to spot
regionswith critical values.Thisproblemcanbesolvedby usingafour channeltexture
map.Theadditionalalphachannelprovidestheopportunityto restrictthedatamapping
or thegeometryrenderingdependingon thetextureenvironmentsettingin thecontext
of OpenGL[11]. If GL DECALis used,the resultingcolor is composedas Z\[�]
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). Providedwesetthe ^ componentof eachtexel eitherto �ji � or
P

i � , the
datavisualizationis only visible for thosevalues,wherethecorrespondingtexel hasan

^ componentof
P

i � . Otherwisethegeometryis renderedin theoriginalcolor.
If we switch the texture environmentto GL REPLACEandenablethe alphatest

the geometryrenderingis controlledby the mappedvalues.In [10] booleantextures
werealreadyusedto clip geometryduringtherasterizationstage.We usethis clipping
functionality of the texture subsystemin correlationwith the valuessimulatedat the
geometry. While the texture de�nes the outgoingcolor, the relationof the texel's ^

componentto the alphatest referencevalue decides,if the fragmentis renderedor
not. Thus,this techniquecanbeusedto restrictthe geometryrenderingto interesting
datavaluerangesasalreadyassociatedwith, for example,thevisualizationof potential
�anges [4]. Thealphatesthasto beenabledto avoid z-buffer pollution; otherwisethe
invisible geometrycould hide othergeometrywhich lies behindthe transparentparts
andthereforewill fail thez-buffer test.

For visual dataexplorationandanalysisthe interactive modi�cation of the map-
ping hasturnedout asvery useful.It allows the engineersto interactively restrictthe
color mappingor thegeometryrenderingto theregionsof interestingvalues.In order
to provide high interactivity the texture mapdoesnot containRGB̂ quadruplesbut
indices.Theseindicesareusedto referencethecolorandtransparency of thetexel in a
hardware-supportedtexturecolor lookuptable.Thecontentsof this tablerepresentsa
transferfunctionwhichcanbemodi�ed in a coloreditordialog.

For the investigationof instability this techniqueallows an interactive searchfor
regionswheredifferentcrashbehavior originates.First the standarddeviation of the
elementdeformationasdescribedin section2.3 is loadedfrom diskandmappedto the
indicesof thetexturecolor lookuptable.By switchingto theGL REPLACE/alphatest
modeandadjustingthealphatransferfunctiontheengineercanhideall geometrythat
behavesconstantor shows only a small standarddeviation acrossall simulationruns.
Thenthe usercanzoominto a remainingarea,lock the camerato the geometry, and
analyzethereasonfor theinstableperformancein severalsimulationrunsactivatingthe
timeanimation.A semi-transparentrenderinginsteadof hidingthatgeometrywith low
deviationmayhelpto orientateoneselfin acomplex model(Fig. 7).

Thedescribedvisualizationmethodshave beenintegratedinto crashViewer, a pro-
totypefor pre-andpost-processingfunctionality[8,9] in theareaof crash-worthiness
simulationsusingthePAM-CRASHcode[5]. Theapplicationhasbeendevelopedin co-



operationwith theBMW Groupandis in productiveuse.It usesOpenGLOptimizer[7],
a tool setfor largemodelvisualizationwhich is basedon Cosmo3D[6], a scenegraph
layeron topof OpenGL.

4 Comparing geometryusingsynchronizedviewers

If the mostdiffering simulationrunshave beendeterminedthe engineercouldget an
impressionof the realdeformationdeviation only if it is possibleto visually compare
both�nite elementmeshesin detail.A CORBA connectionlayerwhich hasoriginally
beenimplementedto supportcollaborationof two or moredistantengineersevaluating
simulationresults[3] canbeusedfor this taskto synchronizemultiple viewerson the
samedisplay.

Thereforea smallcontrolapplication(SessionServer, Fig. 5) is startedwhich links
theparticipatingviewer instancestogetherandassignsthemastertokento them.After
the sessionserver hasbeenstarted,it storesa CORBA referenceto disk. Using this
referencea crashViewer instancecanregisteritself to the session.The registrationis
propagatedto theotherviewersby thesessionserver. Any eventmessagewill betrans-
mittedfrom themasterviewer (which is theonethatcurrentlyholdsthe token) to the
slaveviewersdirectlywithout involvementof thesessionserver. Eachslaveviewercan
claimfor thetokenby sendingamessageto thesessionserver. After thecurrentmaster
hasreleasedthetoken,it will betransferedto thenext claimingslave.

Thecamerapositionis sentby themasterasa transformationmatrix.Furthermore,
markerscanbe insertedinto the sceneto de�ne referencepoints.Fig. 6 shows four
differentsimulationresults.Theupperleft viewer visualizesthestandarddeviation of
all results.The3Darrow marksthesameglobalcoordinatein eachviewerandpointsout
thegeometricdifferencebetweenthesimulationruns.Theupperright window showsa
completelydifferentdeformationaroundthecirclednodewhich marksthesamemesh
nodein eachwindow.

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

transferMarker( )

logOn( )
logOff( )

askForToken( )

transferEvent( )

SessionServer

Viewer 2

Viewer 3Viewer 1

Fig.5. The sessionserver actsasa controlerof a multi-viewer sessionandcontrolsthe master
token.Theviewer whichcurrentlyholdsthetokensendseventmessagesdirectly to otherpartic-
ipatingviewers.



Fig.6. OurprototypecrashViewer is startedfour timesandshows differentsimulationresultsof
thesameinputdeck.Thecameramovementis synchronizedusingaCORBA connection.The3D
arrow marksthesameglobalcoordinatewhile thecircle tagsthesame�nite elementmeshnode.
The mappedstandarddeviation in the upperleft window pointsout the differentdeformation
behavior.

thecardevelopmentprocesssigni�cantly becausethedifferencesbetweenconstructive
variantsandtheir effectsto thewholemodelregardingcrashdynamicswould directly
bevisible.

5 Results

Thecalculationof a measurefor theinstabilityof crash-worthinesssimulationsis con-
struedto be time andmemoryef�cient. The testdatasetthatcanbeshown herecon-
tainsabout60.000shellelementsandnearly55.000nodes.Eachof the15 result�les
store81 simulatedtime stepsof the samesourcemodel.On a SGI Octanewith one
R12k/300MHzCPUthestandarddeviationof thelocaldeformationasdescribedin sec-
tion 2.2 is computedfor all result�les in 4.5minutes.Theprocessneedsabout45MB
mainmemory. Thememoryconsumptiondependsonthenumberof nodesandthenum-
berof statesbut it is independantof thenumberof simulationruns.Simulationresults



with 500.000nodesover60timestepsshouldrequirelessthan500MB.For largermod-
elsor result�les with moretime stepsit is possibleto make thememoryconsumption
alsoindependantof thenumberof stateswhichwould lower theperformance.

With the describedmethodsintegratedour prototypecrashViewer allows for the
�rst time the comparative visualizationof instability in crash-worthinesssimulations.
The interactive modi�cation of transferfunctionsusedby the index texture mappro-
videsvalue-basedgeometryclipping.Theengineeris visuallyguidedto regionsin the
�nite elementmodelwheredifferentcrashbehavior originates.Thedetailedinvestiga-
tion of suchareasis supportedby severalfunctionslikethecameralockingmechanism.

Fig.7. To detectregionsof primary instability it turnedout to be very useful if the
transferfunctionof thealphachannelis setlowerthanthealphatestreferencevaluefor
valuesof smalldeviation.For a betterorientationtheusercaninteractively fadein the
neighborhoodasshown in theright image.

Fig.8. Thissequenceshows thedevelopmentof aninstabilityover threetimesteps.

6 Conclusion

Weintroducedamethodto determineandvisualizetheinstabilityacrossmultiplecrash-
worthinesssimulationsof thesamesourcemodel.Theintegrationof thepresentedtech-
niquesinto our prototypecrashViewer, allows the engineersof the crashsimulation
departmentto explore the origins of instability. Finally, the useof multiple synchro-
nizedviewersdisplayingdifferentsimulationresultsmakesa direct comparisonpos-



sible.Only thecombinationof advancedrenderingtechniquesandexploiting graphics
hardwareallows an innovative visualizationapplicationwhich is in productive useat
BMW.
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