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Abstract

Numericalfinite elementsimulationsof thebehavior of a carbody
in frontal, sideor rearimpactcollision scenarioshave becomein-
creasinglycomplex aswell asreliableandprecise.They arewell
establishedasa standardevaluationtool in the automotive devel-
opmentprocess.Both, theincreasedcomplexity plustheadvances
in computergraphicstechnologyhave resultedin theneedfor new
visualizationtechniquesto facilitate the analysisof the immense
amountof dataoriginatingfrom suchscientificengineeringcompu-
tations.Expandingtheeffectivenessof traditionalpost-processing
techniquesis onekey to achieve shorterdesigncyclesand faster
time to market. In this paperwe describehow the extensive use
of texturemappingandnew visualizationmappingslike forcetub-
ing canconsiderablyenhancethepost-processingof structuraland
physicalpropertiesof car componentsin crashsimulations. We
show, thatusingthesetechniquesboththecalculationcostsandthe
renderingcostswill bereducedandthequalityof thevisualization
will beimproved.

1 INTRODUCTION

The analyticalprocessin the developmentof prototypevehicles
usesfinite elementanalysis(FEA) with the primarygoal to do as
much developmentas possiblewith analyticaltools and to mini-
mize hardware-prototypetesting. Taking into accountthe grow-
ing knowledgeandexperienceof thesimulationengineersandthe
increasinglyreliable and stablecalculationsoftware the absolute
simulationtime for modeling,computingandinvestigatinga com-
plete crashmodel could be significantly decreased.However, a
shift of theproportionsbetweenpre-processing,analysisandpost-
processinghasto be notedwith the post-processingstageturning
out to becomethemosttime consumingactivity performedby the
simulationengineers.

The changesin the proportionsof relative simulationtime and
the developmentof computergraphicstechnologyin the last few
yearshasresultedin the needfor new visualizationtechniquesto
facilitate the analysisof crash-worthinesssimulations,sincethey
offer a high potentialto optimizetheproductdevelopmentprocess
and to improve the quality of post-processing.The study of re-
alistically simulatedcrashscenariosinvolvesvery large datasets.
FE modelstypically consistof 60 time stepswith about400,000
triangleseach. The FEA datacomprisenot only spatialdisplace-
mentsof nodesandrelationshipsbetweennodesandelements,but
alsophysicalpropertiesof thesurfacestructuresuchasstressesor
plastic strains. Besidesthesephysicalproperties,other informa-
tion characterizingthe deformationbehavior of the structure,e.g.
the intrusionof componentsinto thepassengercell, areof special

�
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interest.Also theanalysisof the flux of forcesalonglongitudinal
structuresis very important.

In this casestudywe describethe productive applicationof vi-
sualizationtechniquesin computeraidedengineering,especiallyin
crashsimulations,utilizing recentresearchresultsin the field of
texturemappingtechniques.Additionally, we introducenew tech-
niquesfor thevisualizationof thestructuralandphysicalbehavior
of finiteelementcarcrashmodels.First,weshow thedisadvantages
of traditionalmethodscurrentlyusedto visualizesuchproperties.
Thereafter, we describetheuseof texturemappingfor achieving a
moreefficientvisualization,consideringtherecentdevelopmentsof
hardwareandgraphicssubsystems,which allow theapplicationof
texturemappingwithoutadditionalperformancecosts.Then,anew
technique,calledforce tubing, is introducedwhich canbeusedto
analyzetheforceflux throughcarcomponents.Finally, wepresent
ourconclusionsandsuggestionsfor furtherinvestigations.

2 CRASH VISUALIZATION USING TRADI-
TIONAL POST-PROCESSORS

Consideringtheprogressof scientificvisualizationin variousareas
during the last decade,it becomesobvious that the applicationof
3Dvisualizationtechniquesto finite elementanalysishasnotbeena
primaryfocus[2, 5]. Nevertheless,theuseof commercialvisualiza-
tion packagesis now well established,i.e. in theautomotive indus-
try. In thecaseof crashanalysis,thesetraditionallyemployedpost-
processorshave beendesignedto managetheenormousamountof
simulationdataon workstationswith limited memoryby perform-
inganimationsof wire-framemeshesandpolygonalrepresentations
of thesimulatedcrashmodels.

Physicalpropertieslike plasticstrainson FE surfaceshave been
visualizedthroughcolor codingof the polygonsrepresentingthe
surfaceelements.Thestrainvaluesof the elementsarereadfrom
thesimulationoutputfile. After beingscaled,they serveasanentry
into a HSV color table. The HSV valuesareconvertedinto RGB
values(requiringadditionalcomputation)andthey areassignedto
thecorrespondingverticesin thepolygonalmodel. Unfortunately,
this approachdoesnot resultin colorsthatappearequallyspaced.
Onepair of adjacentcolorsin a HSV color tablemayseemnearly
identicalwhile anotherpair seemssignificantlydifferent[9].

Therefore,surfaceareaswith nearlyequalstrainvalueswithin
predefinedrangesare visualizedusing iso-contouringand color
bands.Usually, theedgesbetweentwo iso-contoursintersectacer-
tain amountof polygonsrepresentingthe elementsof the surface.
Theintersectionpointsbetweencontouredgeandpolygonmustbe
calculated,and additionalpolygonswith different colors have to
becreatedon bothsidesof thecontourline. Using this technique
resultsin morecostlycomputationalandrenderingprocedures.

In many situationsthe discretizationof the FE structurehasto
bedisplayedin combinationwith scalaror vectorialvalues.How-
ever, sincethe quadrilateralFE elementsare subdivided into tri-
anglesduring rendering,the grid is visualizeddeploying a hidden



Figure1: Mappingof strainvaluesusingplain color mapping(up-
perpicture)andusingiso-contours(lowerpicture).

wire-framegeometricrepresentationor combiningwire-frameand
shadedpolygons,respectively. In a first step,thepolygonalmodel
is renderedandin anadditionalstep,the linesrepresentingtheel-
ementbordersaredrawn. This means,that the geometrymustbe
renderedtwice.

In orderto calculatethe forcesthatact insidea carcomponent,
sectionforce calculationsare performed. Using traditional post-
processors,first a sectionmust be definedand positionedwithin
the component.Then, the sectionforce is calculated,andfinally
a diagramis poppedup showing thesectionforceasa sumof the
forcesof theelementsinfluencedby thesectionplane.Thediagram
containsinformationabouttheprogressionof theforceat thisposi-
tion duringthecrash.For theinvestigationof thewholecomponent
many differentsectionshaveto bepositionedwithin thecomponent.
Obviously, this way of investigationinvolving thesuccessive eval-
uationof various1D line drawings is very inconvenientandtime
consuming.

3 EFFECTIVE USE OF TEXTURES

3.1 Mapping of physical proper ties

Texturemappingasfirst introducedby Catmull[1] is now awell es-
tablishedandwidely usedtechniquein computergraphics(seethe
survey by Heckbert[4]). Traditionally, texture mappinghasbeen
usedto addrealismto computergeneratedimages.Thecolorof the
object,ontowhich the texture is applied,is modifiedat eachpixel
by a correspondingcolor from thetexture image.This is obtained
performinga transformationof thetexture from texturespaceinto
objectspace.Hardwaresupportfor texture mapping,i.e. fast in-
terpolationandmipmappingin the texturememoryis now widely
availablefrom high-endgraphicsworkstationsof variousvendors
down to PCs. A texture canbe thoughtof not only asan image,
but alsoasa lookup table[3]. We usea color tabletexture to vi-
sualizethe valuesof maximumplastic strainsat the surfaceof a
componentwith lesscalculationandrenderingcostsin comparison
to traditionalvisualizationmethods.Consideringthe perceptional
drawbacksof theHSV colorsystemamorereasonableapproachis
theuseof a color tablederivedfrom CIE Lab color space[9]. The
entriesof the color tablearemappedinto floatsbetween0 and1
andserveascoordinatesof theone-dimensionaltexture.Thestrain
valuesarescaleddown andareusedasentriesinto this texturemap.
Thecolor valuesof thetextureareRGB values,thetexturecoordi-
natesrepresentvaluesof theCIE Labcolorsystemandscaledstrain
valueslikewise. The strain valuesare transformeddirectly into
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Figure2: Thereferencecoordinatesystemfor theintrusioncompu-
tationwith initial RCS-angles,referenceplaneandinitial distance
of thenode��� .

RGB values,anda conversionbetweenthe differentcolor spaces
is omitted.

Anotherapproachfor theuseof one-dimensionaltexturesis the
creationof iso-contours.Usinga texturewith lesscolorsandsharp
bordersbetweenthe colorsautomaticallycreatesiso-contourson
the texturedmodel without any calculationof intersectionpoints
betweenthecontouredgesandthepolygonsof themodel[10]. No
additionalpolygonshave to berendered.Theuseof iso-contouring
with texturesfor thevisualizationof strainvalueson thesurfaceof
acarcomponentis shown in Figure1.

3.2 Visualization of intrusion values

Whereasin the caseof the perceptionof plasticstrainson model
surfacesthe analysisusing iso-contourswill be qualitatively im-
proved,theuseof suchcontoursis absolutelynecessaryin orderto
analyzethe intrusionof componentsof the passengercell in case
of a frontal or sideimpactcollision. Iso-contoursshow, at which
partsof thedeformedstructuretheintrusionof thepassengercell is
acceptableandhow far it is awayfrom theacceptablelimit. Thebe-
havior andthevaluesof theintrusionsinfluencingthecomponents
are determinedusing one-dimensionaltexture coordinatesrepre-
sentingthe differencebetweenthe initial positionof the nodesof
theFEstructureandthepositionatany timestepof thecrashsimu-
lationin relationto areferenceplane.Thereferenceplane�
	 must
be definedwithin a referencecoordinatesystem(RCS),which is
createdfor the initial state,i.e. in theundeformedstructure.First,
threenodesaredefinedwithin a referencecomponent,thatwill not
bedeformedandthatwill move minimally in relationto thewhole
passengercell. Thethreepointsdefinethex-axis � �
 	 andthey-axis
��� 	 of the RCS.The fourth point, which definesthe z-axis �� � 	 , is
referencedby a nodeof thestructure,thatwill bedeformedby the
intrusionandis to beinvestigated.Theanglesbetweenthecoordi-
nateaxesof the RCS,which we call initial RCS-angles� , � and� , arecalculatedandstored.Theorigin andthenormalof ��	 are
definedby theorigin of theRCSand �� � 	 . Now, theinitial distances
betweenall nodesof the structureto be investigatedand �
	 have
to be computed(seeFigure2). During the crash,the origin, the
x-axis � �
�� andthey-axis ����� of theRCSaredefinedby themoving
positionsof the first threenodes.Becausethe deformationof the
referencecomponentis almostzero,bothaxesarepracticallytied
together. For eachtimestep,following operationsareperformed:

� Theorientationof thez-axis �� � � is calculatedusing � , � and� .
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Figure3: Computationof theintrusionvalueof thenode��� during
thecrash.

� For eachnode,thedistance� � to thenew referenceplane� � ,
which is definedby the moved origin and �� � � , is calculated
(seeFigure3).

� The differencebetween� 	 and � � is calculatedand scaled
down to valuesbetween0 and1, with respectto a predefined
rangeof interest. The scaledvaluesserve astexture coordi-
natesof theverticesof thedeformedstructure.

If the acceptablelimit is changedor the intrusionhasto be in-
vestigatedusingabroaderor tighterrangeof interest,noadditional
computationaleffort is necessary, only thetexturedefinitionhasto
beadapted.Theuseof iso-contouringshowing theintrusionof the
carbodyduringasideimpactcollision is shown in Figures8 and9.

3.3 Wire-frame mapping

Besidesthedescribedpropertymapping,texturescanbeusedto im-
prove theunderstandingof theshapeof complex structures[8, 7],
in our casethegrid of thefinite elementmodels.This is achieved
throughmappingof a texture,which paintsthe bordersontoeach
elementof the FE model. The main goal is to eliminatethe in-
creaseof therenderingcostinducedby therenderingof theshaded
structureandthe additionaldrawing of the wire-framelines. We
usea two-dimensionaltexture,which is representedby awhite im-
agewith a blackborder. During thevisualizationof theFE models
thedifferentelementtypesareconvertedinto triangles.In thecase
of crashsimulations,usually90 percentof theelementsarefour-
sided,10 percentof theelementsarethree-sided.Thecoordinates
of thecornersof thetexture imageareassignedto thecorrespond-
ing verticesof thepolygonsto berendered.If theelementis three
sided,an additionalvertex with the samespatialcoordinatesand
thesamenormallike thethird vertex is created.Thefourth texture
coordinateof theimageis assignedto thisnew vertex. Sinceanef-
ficient visualizationrequiresthecreationof trianglestripsfrom the
polygonalmodel,commonverticesof adjacentpolygonsmusthave
thesametexturecoordinates.Therefore,thetexturecoordinatesare
mirroredat adjacentelements(SeeFigures4 and5). We achieve a
consistentline thicknessof the elementbordersbothat small ele-
mentsandat largeelementsusingmipmapfiltering. Therendering
speedis increasedup to 200 per cent in comparisonto the tradi-
tional method,becauseno additionaldrawing of linesis necessary.
Figure10 shows the FE meshof a dummymodelvisualizedwith
wire-framemappingusinga texture.
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Figure5: Texturecoordinatesof theverticesaftermirroring of the
texture.

4 FORCE FLUX VISUALIZATION WITH
FORCE TUBES

Duringacarcollision,eachcomponentof thecarbodyisstressedin
adifferentmanner. Somepartsabsorbveryhigh forces,otherparts
transferthe forcesto thepassengercell. Thedeterminationof the
structuralcomponents,throughwhich themainforcesareflowing,
enablestheengineerto designcarcomponentsof thebodystructure
moreaccuratelyin orderto achieveanoptimalbehavior of thepas-
sengercell. Sincethe longitudinalstructureswithin the front part
of a carbodyplayanimportantrole in orderto increasetheability
of thebodyto absorbforcesin a frontalcrash,it is necessaryto de-
tectandunderstandtheforceprogressionwithin thesecomponents
(Figure11 outlines,wherethelongitudinalstructuresaresituated).
We developeda new techniquefor the visualizationof the force
flux throughlongitudinalstructures.The ideais to positionanad-
ditional tubular geometrynext to the deformingstructure,whose
radiusvariationvisually relatesto thelocal longitudinalforce. We
calculatethesectionforcesatpredefinedsectionsfor eachtimestep
of thesimulation.Thesesectionforcesarethendisplayedjust like
waterflow in a flexible tube. Certainpartsof thetubeareexpand-
ing, whenthelongitudinalforcethroughthecorrespondingpartin-
creases,whereasotherpartsof the tubeareconstricting,showing
a decreaseof force in the structure.Using this technique,the en-
gineeris able to detect,throughwhich partsof the car body the
forcesaretransfered,andhow thesecomponentsmustbemodified
in shapeor material. Often, forcesarenot guidedthroughstruc-
tures,which shouldabsorbthem. This resultsin an increasedrisk
of influencingthepassengercell. Usingthetubingmethod,thebe-
havior of longitudinalstructurescanbe analyzedby investigating
theirdeformationandsimultaneouslytheirability to absorbforces.



Figure6: Generationof intersectionplanesalonga traceline.

4.1 Computation of the force flux

If we want to analyzethe force flux througha structure,we must
computeacertainamountof sectionforces.Theintersectionplanes
arepositionedperpendicularto thestructurealonga traceline, that
follows the shapeof the longitudinal(seeFigure6). Thereis one
intersectionplanenext to eachnodeof theline. At eachtimestepof
thecrash,theplanes’originsandnormalsareupdated,andfor each
planea list of intersectedelementsis created.During theFE sim-
ulation, the stressesinfluencingthe elementswerecomputed.We
usethesevaluesfor thecalculationof thesectionforces,thataffect
theelementnodeslying onthenormalsideof theplane.Theforces
areaccumulatedover the elementsof the list. Finally, the vector
componentof the accumulatedforce vector that is parallel to the
plane’s normal,is computed.Usually, for eachlongitudinalstruc-
ture,morethana hundredsectionforcesmustbecalculatedduring
eachtime stepto obtain the necessaryforce valuesthat represent
theforceflux throughthecomponent.

4.2 Building the force tube

The centersof gravity of the force tubearedefinedby a line par-
allel to the traceline of the structure.The distanceof the tubeto
thetrace-linecanbechosenby theuser. Thus,thetubecanbepo-
sitionednext to the longitudinalstructurewith a reasonablespac-
ing. Several cylinders are positionedaroundthis tube midpoint-
line. Thenumberof rings is equalto thenumberof sections,and
every ring representsonesectionforce. The positionof a ring in
thetubeis correspondingto thepositionof thesectionon thetrace
line while the diameteris dynamicallyrelatedto the valueof the
scaledsectionforce(seeFigure7). Along thecircle of eachcylin-
der a numberof pointsis createdservingasverticesfor polygons
thatconnectthe rings andform the tube. The verticesof the tube
canbe color codedaccordingto the signof thecalculatedsection
forcevalue,displayingtensionor compressionforces. Figures12
and13 show the left longitudinalstructureandthe corresponding
forcetubeduringa frontal crash.

5 CONCLUSIONS

The applicationsmentionedabove show, that the use of texture
mappingis a powerful methodto improve thequality andtheease
of the visual analysisof crashsimulations. Using efficient map-
ping techniqueswhich requirea minimumof memory, we ensure,
that our applicationscan be run by a greatnumberof engineers
working on mid-rangeworkstationswith limited texture memory.
Combiningtheseapplicationswith our new techniquefor the vi-
sualizationof forcefluxesthrougha carbodystructurewe achieve
asignificantimprovementoverconventionalpost-processingtools.
Togetherwith polygonreductionalgorithmsthe presentedvisual-

Figure7: Forcetubegenerationusingsectionforcevalues.

izationmethodsaresufficiently interactive on even hugeFE mod-
els,thusformingabasisfor virtual realityapplications[6]. Further
fieldsof investigationaretheextensionof theforcetubingmecha-
nismfor thevisualizationof bendingandtorsionmomentsaffecting
thecarcomponentsaswell asthe insertionof recentlyintroduced
methodsfor the visualizationof vector data[11] into productive
applicationsin thefield of computeraidedengineeringanddesign.
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Figure8: Intrusionof thecarbodyduringasideimpactcollision Figure9: Intrusionvisualizationusinga1-D texture

Figure10: Wire-framemappingusinga2-D texture
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Figure11: Longitudinalstructuresin theenginecompartment

Figure12: Forcetubedepictingtheforceflux througha longi-
tudinalstructure(20millisecondsafterthecrash)

Figure13: Samestructureasin (e), but 104millisecondsafter
thecrash


