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Abstract

Numericalfinite elementsimulationsof the behaior of a carbody
in frontal, sideor rearimpactcollision scenariohave becomen-
creasinglycomplex aswell asreliableandprecise.They arewell
establishedisa standardevaluationtool in the automotve devel-
opmentprocessBoth, theincreasedompleity plustheadwances
in computergraphicstechnologyhave resultedn the needfor new
visualizationtechniquego facilitate the analysisof the immense
amountof dataoriginatingfrom suchscientificengineeringgompu-
tations. Expandingthe effectivenesf traditional post-processing
techniquesds onekey to achieve shorterdesigncycles andfaster
time to marlet. In this paperwe describehow the extensie use
of texture mappingandnew visualizationmappingdik e force tub-
ing canconsiderablyenhancehe post-processingf structuraland
physicalpropertiesof car componentsn crashsimulations. We
shaw, thatusingthesetechniquedoththe calculationcostsandthe
renderingcostswill bereducedandthe quality of the visualization
will beimproved.

1 INTRODUCTION

The analytical processin the developmentof prototypevehicles
usesfinite elementanalysis(FEA) with the primary goalto do as
much developmentas possiblewith analyticaltools andto mini-
mize hardware-prototypeesting. Taking into accountthe grow-
ing knowledgeandexperienceof the simulationengineerandthe
increasinglyreliable and stablecalculationsoftware the absolute
simulationtime for modeling,computingandinvestigatinga com-
plete crashmodel could be significantly decreased.However, a
shift of the proportionshetweerpre-processinganalysisandpost-
processindhasto be notedwith the post-processingtageturning
outto becomethe mosttime consumingactivity performedby the
simulationengineers.

The changesn the proportionsof relative simulationtime and
the developmentof computergraphicstechnologyin the last few
yearshasresultedin the needfor new visualizationtechniquedo
facilitate the analysisof crash-verthinesssimulations,sincethey
offer ahigh potentialto optimizethe productdevelopmentprocess
andto improve the quality of post-processing.The study of re-
alistically simulatedcrashscenariosnvolves very large datasets.
FE modelstypically consistof 60 time stepswith about400,000
triangleseach. The FEA datacomprisenot only spatialdisplace-
mentsof nodesandrelationshipsetweemodesandelementsput
alsophysicalpropertiesof the surfacestructuresuchasstressesr
plastic strains. Besidesthesephysicalproperties,otherinforma-
tion characterizinghe deformationbehaior of the structure,e.g.
theintrusionof componentsnto the passengecell, are of special
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interest. Also the analysisof the flux of forcesalonglongitudinal
structuress very important.

In this casestudywe describethe productive applicationof vi-
sualizatiortechniquesn computeraidedengineeringespeciallyin
crashsimulations,utilizing recentresearctresultsin the field of
texture mappingtechniques Additionally, we introducenew tech-
niquesfor the visualizationof the structuralandphysicalbehaior
of finite elementarcrashmodels.First,we shav thedisadwantages
of traditionalmethodscurrentlyusedto visualizesuchproperties.
Thereafterwe describethe useof texture mappingfor achieving a
moreefficientvisualizationconsideringherecentdevelopment®of
hardwareandgraphicssubsystemsyhich allow the applicationof
texturemappingwithoutadditionalperformanceosts.Then,anev
techniquecalledforce tubing, is introducedwhich canbe usedto
analyzetheforceflux throughcarcomponentsFinally, we present
our conclusionsndsuggestion$or furtherinvestigations.

2 CRASH VISUALIZATION USING TRADI-
TIONAL POST-PROCESSORS

Consideringhe progresof scientificvisualizationin variousareas
during the last decadejt becomeshvious that the applicationof
3D visualizationtechniqueso finite elementnalysishasnotbeena
primaryfocus[2, 5]. Neverthelesstheuseof commercialisualiza-
tion packagess nowv well establishedie. in theautomotve indus-
try. In the caseof crashanalysistheseraditionallyemplo/ed post-
processorfiave beendesignedo managehe enormousamountof
simulationdataon workstationswith limited memoryby perform-
ing animationof wire-framemeshesndpolygonalrepresentations
of thesimulatedcrashmodels.

Physicalpropertiedik e plasticstrainson FE surfaceshave been
visualizedthroughcolor coding of the polygonsrepresentinghe
surfaceelements.The strainvaluesof the elementsarereadfrom
thesimulationoutputfile. After beingscaledthey sene asanentry
into a HSV color table. The HSV valuesare corvertedinto RGB
values(requiringadditionalcomputationjandthey areassignedo
the correspondingerticesin the polygonalmodel. Unfortunately
this approactdoesnot resultin colorsthatappearequallyspaced.
Onepair of adjacentolorsin a HSV color tablemay seemnearly
identicalwhile anothempair seemssignificantlydifferent[9].

Therefore surfaceareaswith nearly equalstrainvalueswithin
predefinedrangesare visualized using iso-contouringand color
bands.Usually the edgesetweernwo iso-contoursntersecta cer
tain amountof polygonsrepresentinghe elementf the surface.
Theintersectiorpointsbetweercontouredgeandpolygonmustbe
calculated,and additional polygonswith different colors have to
be createdon both sidesof the contourline. Usingthis technique
resultsin morecostly computationahndrenderingorocedures.

In mary situationsthe discretizationof the FE structurehasto
be displayedin combinationwith scalaror vectorialvalues. How-
ever, sincethe quadrilateralFE elementsare subdvided into tri-
anglesduringrenderingthe grid is visualizeddeplging a hidden



Figurel: Mappingof strainvaluesusingplain color mapping(up-
perpicture)andusingiso-contourglower picture).

wire-framegeometricepresentatioor combiningwire-frameand
shadedholygons respectrely. In afirst step,the polygonalmodel
is renderedandin anadditionalstep,the linesrepresentinghe el-
ementbordersaredravn. This meansthatthe geometrymustbe
renderedwice.

In orderto calculatethe forcesthatactinsidea car component,
sectionforce calculationsare performed. Using traditional post-
processorsfirst a sectionmustbe definedand positionedwithin
the component. Then, the sectionforce is calculated andfinally
a diagramis poppedup shaving the sectionforce asa sumof the
forcesof theelementsnfluencedy thesectionplane.Thediagram
containgnformationaboutthe progressiorof theforceat this posi-
tion duringthecrash.For theinvestigatiorof thewholecomponent
mary differentsectionaveto bepositionedwithin thecomponent.
Olviously; this way of investigationinvolving the successie eval-
uationof various1D line drawingsis very incorvenientandtime
consuming.

3 EFFECTIVE USE OF TEXTURES

3.1 Mapping of physical properties

Texturemappingasfirstintroducedoy Catmull[1] isnow awell es-
tablishedandwidely usedtechniquen computergraphics(seethe
suney by Heckbert[4]). Traditionally texture mappinghasbeen
usedto addrealismto computemgeneratedmages.Thecolor of the
object,ontowhich the textureis applied,is modifiedat eachpixel
by a correspondingolor from the textureimage. This is obtained
performinga transformatiorof the texture from texture spaceinto
objectspace.Hardware supportfor texture mapping,i.e. fastin-
terpolationandmipmappingin the texture memoryis now widely
available from high-endgraphicsworkstationsof variousvendors
down to PCs. A texture canbe thoughtof not only asanimage,
but alsoasa lookup table[3]. We usea color tabletexture to vi-
sualizethe valuesof maximumplastic strainsat the surfaceof a
componentvith lesscalculationandrenderingcostsin comparison
to traditionalvisualizationmethods.Consideringthe perceptional
drawvbacksof the HSV color systema morereasonablapproactis
the useof a colortablederived from CIE Lab color spac€9]. The
entriesof the color table are mappedinto floats between0 and 1
andsene ascoordinate®f the one-dimensionakexture. Thestrain
valuesarescaleddowvn andareusedasentriesinto thistexturemap.
Thecolor valuesof thetexture areRGB values thetexture coordi-
nategepresentaluesof the CIE Lab colorsystemandscaledstrain
valueslikewise. The strain valuesare transformeddirectly into

Figure2: Thereferencecoordinatesystentor theintrusioncompu-
tationwith initial RCS-anglesteferenceplaneandinitial distance
of thenode

RGB values,and a corversionbetweenthe differentcolor spaces
is omitted.

Anotherapproactor the useof one-dimensionaiexturesis the
creationof iso-contoursUsing a texturewith lesscolorsandsharp
bordersbetweenthe colors automaticallycreatesso-contourson
the textured model without ary calculationof intersectionpoints
betweerthe contouredgesandthe polygonsof themodel[10]. No
additionalpolygonshave to berenderedTheuseof iso-contouring
with texturesfor thevisualizationof strainvalueson the surfaceof
acarcomponents shawvn in Figurel.

3.2 Visualization of intrusion values

Whereasdn the caseof the perceptionof plastic strainson model
surfacesthe analysisusing iso-contourswill be qualitatvely im-
proved,the useof suchcontourss absolutelynecessarin orderto
analyzethe intrusionof component®f the passengecell in case
of a frontal or sideimpactcollision. Iso-contoursshaw, at which
partsof thedeformedstructuretheintrusionof the passengeeell is
acceptablandhow farit is awvay from theacceptabléimit. Thebe-
havior andthe valuesof theintrusionsinfluencingthe components
are determinedusing one-dimensionatexture coordinatesrepre-
sentingthe differencebetweerthe initial positionof the nodesof
theFE structureandthepositionat ary time stepof thecrashsimu-
lationin relationto areferenceplane.Thereferenceplane  must
be definedwithin a referencecoordinatesystem(RCS), which is
createdor theinitial state,i.e. in the undeformedstructure.First,
threenodesaredefinedwithin a referencecomponentthatwill not
be deformedandthatwill move minimally in relationto thewhole
passengecell. Thethreepointsdefinethex-axis  andthey-axis
of the RCS. The fourth point, which definesthe z-axis , is
referencedy anodeof the structure thatwill be deformedby the
intrusionandis to beinvestigated The anglesbetweenthe coordi-
nateaxesof the RCS,which we call initial RCS-angles , and
, arecalculatedand stored. The origin andthe normal of are
definedby the origin of theRCSand . Now, theinitial distances
betweenall nodesof the structureto be investigatedand  have
to be computed(seeFigure 2). During the crash,the origin, the
x-axis andthey-axis of the RCSaredefinedby the moving
positionsof the first threenodes. Becausehe deformationof the
referencecomponents almostzero,both axesare practicallytied
together For eachtime step,following operationsareperformed:

The orientationof the z-axis  is calculatedusing , and



Figure3: Computatiorof theintrusionvalueof thenode
thecrash.

during

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

The differencebetween and is calculatedand scaled
down to valuesbetweerD and1, with respecto a predefined
rangeof interest. The scaledvaluessene astexture coordi-

natesof theverticesof the deformedstructure.

If the acceptabldimit is changedor the intrusionhasto bein-
vestigatedusinga broaderor tighterrangeof interest,no additional
computationaéffort is necessaryonly thetexture definitionhasto
be adapted The useof iso-contouringshaving theintrusionof the
carbodyduringasideimpactcollisionis shavn in Figures8 and9.

3.3 Wire-frame mapping

Besideghedescribegropertymappingtexturescanbeusedo im-
prove the understandin@f the shapeof complex structured8, 7],
in our casethe grid of the finite elementmodels. This is achieved
throughmappingof a texture, which paintsthe bordersonto each
elementof the FE model. The main goalis to eliminatethe in-
creaseof therenderingcostinducedby therenderingof the shaded
structureand the additionaldrawing of the wire-framelines. We
useatwo-dimensionatexture,whichis representetly a white im-
agewith a blackborder During the visualizationof the FE models
the differentelementypesareconvertedinto triangles.In the case
of crashsimulations,usually90 per centof the elementsarefour-
sided,10 per centof the elementsarethree-sidedThe coordinates
of the cornersof thetexture imageareassignedo the correspond-
ing verticesof the polygonsto berenderedlf the elements three
sided,an additionalvertex with the samespatialcoordinatesand
thesamenormallik e thethird vertex is created.Thefourth texture
coordinateof theimageis assignedo this new vertex. Sinceanef-
ficientvisualizationrequiresthe creationof trianglestripsfrom the
polygonalmodel,commonverticesof adjacenpolygonsmusthave
thesameexturecoordinatesThereforethetexturecoordinatesre
mirroredat adjacenelementgSeeFigures4 and5). We achieve a
consistentine thicknessof the elementbordersboth at small ele-
mentsandat large elementsisingmipmapfiltering. Therendering
speedis increasedip to 200 per centin comparisorto the tradi-
tional method becaus@o additionaldrawing of linesis necessary
Figure 10 shaws the FE meshof a dummymodelvisualizedwith
wire-framemappingusingatexture.

Figure4: Texture coordinate®f the verticeswithout mirroring of
thetexture.

Figure5: Texture coordinate®f the verticesafter mirroring of the
texture.

4 FORCE FLUX VISUALIZATION WITH
FORCE TUBES

Duringacarcollision,eachcomponenbf thecarbodyis stresseéh
adifferentmanner Somepartsabsorbvery high forces,otherparts
transferthe forcesto the passengecell. The determinatiorof the
structuralcomponentsthroughwhich the mainforcesareflowing,
enablesheengineeto designcarcomponentsf thebodystructure
moreaccuratelyin orderto achieve anoptimalbehaior of thepas-
sengercell. Sincethe longitudinalstructureswithin the front part
of a carbodyplay animportantrole in orderto increasehe ability
of thebodyto absorlforcesin afrontal crash,it is necessaryo de-
tectandunderstandhe force progressiomwithin thesecomponents
(Figurel11 outlines,wherethe longitudinalstructuresaresituated).
We developeda new techniquefor the visualizationof the force
flux throughlongitudinalstructures.Theideais to positionan ad-
ditional tubular geometrynext to the deformingstructure,whose
radiusvariationvisually relatesto the local longitudinalforce. We
calculatehesectionforcesat predefinedectiondor eachtime step
of the simulation. Thesesectionforcesarethendisplayedust like
waterflow in aflexible tube. Certainpartsof the tubeareexpand-
ing, whenthelongitudinalforce throughthe correspondingartin-
creaseswhereastherpartsof the tube are constricting,shaving
a decreasef forcein the structure. Using this technique the en-
gineeris able to detect,throughwhich partsof the car body the
forcesaretransferedandhow thesecomponentsustbe modified
in shapeor material. Often, forcesare not guidedthroughstruc-
tures,which shouldabsorbthem. This resultsin anincreasedisk
of influencingthe passengetell. Usingthetubingmethod the be-
havior of longitudinal structurescanbe analyzedby investigating
their deformatiorandsimultaneouslyheir ability to absorlforces.



Figure6: Generatiorof intersectiorplanesalongatraceline.

4.1 Computation of the force flux

If we wantto analyzethe force flux througha structure we must
computea certainamountof sectionforces.Theintersectiorplanes
arepositionedperpendiculato the structurealongatraceline, that
follows the shapeof the longitudinal (seeFigure6). Thereis one
intersectiorplanenext to eachnodeof theline. At eachtime stepof
thecrash theplanes’originsandnormalsareupdatedandfor each
planeallist of intersectedelementds created.During the FE sim-
ulation, the stresseénfluencingthe elementsvere computed.We
usethesevaluesfor the calculationof the sectionforces thataffect
theelemennodedying onthenormalsideof theplane.Theforces
are accumulatedver the elementf the list. Finally, the vector
componenbf the accumulatedorce vectorthatis parallelto the
planes normal,is computed.Usually for eachlongitudinalstruc-
ture,morethana hundredsectionforcesmustbe calculatedduring
eachtime stepto obtainthe necessaryorce valuesthat represent
theforceflux throughthe component.

4.2 Building the force tube

The centersof gravity of the force tubeare definedby a line par
allel to the traceline of the structure. The distanceof the tubeto
thetrace-linecanbe choserby the user Thus,thetubecanbe po-
sitionednext to the longitudinal structurewith a reasonablespac-
ing. Several cylinders are positionedaroundthis tube midpoint-
line. The numberof ringsis equalto the numberof sectionsand
every ring represent®ne sectionforce. The positionof aring in
thetubeis correspondingdo the positionof the sectionon thetrace
line while the diameteris dynamicallyrelatedto the value of the
scaledsectionforce (seeFigure7). Along thecircle of eachcylin-
dera numberof pointsis createdservingasverticesfor polygons
that connectthe rings andform the tube. The verticesof the tube
canbe color codedaccordingto the sign of the calculatedsection
force value,displayingtensionor compressiorforces. Figures12
and 13 shav the left longitudinalstructureandthe corresponding
forcetubeduringafrontal crash.

5 CONCLUSIONS

The applicationsmentionedabore shaw, that the use of texture
mappingis a powerful methodto improve the quality andthe ease
of the visual analysisof crashsimulations. Using efficient map-
ping techniquesvhich requirea minimum of 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 carbody structurewe achieve
a significantimprovementover conventionalpost-processintpols.
Togethemwith polygonreductionalgorithmsthe presentedrisual-

Figure7: Forcetubegeneratiorusingsectionforcevalues.

ization methodsare suficiently interactie on even hugeFE mod-
els,thusforming a basisfor virtual reality applicationg6]. Further
fields of investigationarethe extensionof the force tubing mecha-
nismfor thevisualizationof bendingandtorsionmomentsaffecting
the car componentaswell asthe insertionof recentlyintroduced
methodsfor the visualizationof vectordata[11] into productve
applicationsn thefield of computeraidedengineeringanddesign.

References

[1] E.Catmull. A Subdivision Algorithmfor Computer Display of
Curved Surfaces. PhD thesis,University of Utah, Salt Lake
City, UT, 1974.

[2] R.S.GallagherR.B.Haber G. FegusonD. Parker, W. Still-
man,andJ. Winget. Applying 3D VisualizationTechniques$o
Finite ElementAnalysis. In IEEE Visualization 1991, pages
330-335,1991.

[3] PaulHaeberliandMark Segal. Texture Mappingasa Funda-
mentalDrawing Primitive. In Proc. of the Fourth Eurograph-
ics Workshop on Rendering, Paris, France, June, 1993, pages
259-266,1993.

[4] P.S.Heckbert. Suney of Texture Mapping. |EEE Computer
Graphics and Applications, 6(11):56—67November1986.

[5] G.D.KerlickandE. Kirby. Towardsinteractve Steering Vi-
sualizatiorandAnimationof UnsteadyFinite ElementSimu-
lations. In |EEE Visualization 1993, pages374—-377,1993.

[6] S.KuschfeldtM. Schulz,T. Ertl, T. ReudingandM. Holzner
The useof a virtual ervironmentfor fe analysisof vehicle
crashworthiness. In IEEE Virtual Reality Annual Interna-
tional Symposium 1997, page209,1997.

[7] W.E.LorensenGeometricClippingUsingBooleanTextures.
In |EEE Misualization 1993, page<268—-274,1993.

[8] P.RheingansOpacity-modulatingriangularTexturesfor Ir-
regular Surfaces. In |[EEE Misualization 96, pages219-225,
1996.

[9] L. R. Seidenbey, R. B. Jerard,and J. Magevick. Surface
CunatureAnalysisusingColor. In |EEE Visualization 1992,
pagex60-2671992.

[10] M. TeschneandCh.Henn.Texturemappingn technical sci-
entific andengineeringvisualization. Technicalreport, SGI,
August1995.

[11] Boris YamromandKenethM. Martin. Vectorfield animation
with texture maps. |[EEE Computer Graphics and Applica-
tions, 15(2):21-24March 1995.



Figure8: Intrusionof thecarbodyduringasideimpactcollision Figure9: Intrusionvisualizationusinga 1-D texture
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Figure10: Wire-framemappingusinga 2-D texture Figurell: Longitudinalstructuresn theenginecompartment

Figure12: Forcetubedepictingthe force flux througha longi- Figure13: Samestructureasin (e), but 104 millisecondsafter
tudinalstructure(20 millisecondsafterthecrash) thecrash



