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Figure 1: Tools for interactive editing: (a) widget for intuitive 3D modi cation; (b) 1D parameter texture revealing node displace-
ment; (c) future engineeringworkplace: autostereoscopicdisplay and haptic input device.

ABSTRACT

Virtual prototypingis increasinglyreplacingrealmock-upsandex-
perimentsn industrialproductdevelopment Part of this processs
the simulationof structuraland functional propertieswhich is in
mary caseshasedon Finite ElementAnalysis (FEA). Onepromi-
nentexamplefrom the automotve industryis the safetyimprove-
mentresultingfrom crashworthinesssimulations. A simulation
modelfor this purposeusually consistsof up to onemillion nite
elementsandis assembledrom mary partswhich areindividually
meshedut of their CAD representationin orderto acceleratéhe
developmentcycle, simulationengineersvantto be ableto modify
their FE modelswithout going backto the CAD departmentFur
thermoreyalid CAD modelsmightevennotbeavailablein prelim-
inary designstagesHowever, in contrasto CAD, thereis alack of
toolsthatoffer the possibility of modi cation andprocessingf -
nite elementcomponentsvhile maintainingthe propertieselevant
to the simulation. In this applicationpaperwe presentinteractve
algorithmsfor intuitive andfastediting of FE modelsandappropri-
atevisualizationtechniquedo supportengineersn understanding
thesemodels. This includesnew kinds of manipulatorsfeedback
mechanismandfacilities for virtual reality andimmersionat the
workplace e.g.autostereoscopidisplaysandhapticdevices.

CR Categories: 1.3.4 [ComputerGraphics]:GraphicsUtilities—
Virtual device interfaces;1.3.6 [ComputerGraphics]: Methodol-
ogy andTechnigues—Interactiotechniquest.6.3 [Simulationand
Modeling]: Applications

Keywords: nite elementmodeling, interaction,manipulators,
autostereoscgp

1 INTRODUCTION

Almost every new designor modelis createdwith the aid of com-
puters,andthisis especiallytruein the automotve industry where
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the computersupersedethedraving boardmary yearsago.Com-

puteraideddesign(CAD) hasevolvedto anirreplaceabléool in the
daily work routineof adesignengineer This adoptionof computer
technologyin the developmentcycle matchests introductioninto

the nal productionstageg.g.by steeringcomputerizechumerical
control(CNC) machines.

However, the developmentcycle hasbeensloved down for a
long time by the needfor experimentsto prove the structuraland
(aero-)dynamiperformancef designednodels.To carryoutsuch
experimentsmary expensve prototypesusedto bebuilt in atime-
consumingprocessDuring thelasttwo decadeshis procedurénas
changedandanincreasinghumberof testrunswith realprototypes
is beingreplacedoy virtual simulations.During its early days,the

nite elementmethodhelpedthe engineergo perform relatively

simplestructuralanalysis.Thanksto thegrowing processingower

of modernparallelcomputersandto ef cient algorithmsit is nowa-

dayspossibleto calculatecomplex non-linearandhighly dynamic
processedike crashworthinesssimulationswithin two or three
days.In generalsuchnumericalsimulationsneeda specialprepa-
rationandsimpli cation of the CAD model:theanalyticalsurfaces
mustbe corvertedinto anFE mesh.For this purposemary corver-
sionalgorithms(e.qg.[5, 36]) have beendeveloped but they arefar
from beingperfectandmostof themaretailoredto a speci ¢ kind
of simulationor preserationof a particularmodelproperty There-
fore, alot of expertknowvledgeandmanualwork is still requiredto

preprocesshesemeshesn a mannersuchthatthe numericalsim-

ulation providesvalid results. Someyearsago,animprovementin
thenumericalalgorithmswasintroducedwhich alleviatedthis task
by supportingindividually mesheccomponentsnsteadof a single
consistentmeshfor awhole car This madeit possibleto exchange
only somepartswithout having to remeshthe completecar model.
Additionally, the assemblyof the differentcar componentganbe
reproducednorerealisticallyby this approactdueto theintroduc-
tion of spotweldsor adhesie bondings. This changein the com-
putationalwork ow combinedwith other ef ciency gainsresults
in ahugeacceleratiorof the completedevelopmentcycle andeven
allows for stochasti@nalysisof modelvariants.

New challengesarisewith this approach. The engineermeed
appropriatdoolsto create@nterconnectionbetweerthevariouscar
componentsn afastandeasyway. Theseinterconnections—e.g.
spotwelds—are@isuallyplacedat anges,i.e. wherethe surfacesof
two or morecomponentsun parallelat a very smalldistance Due
to meshingnconsistenciesometimesdjacentaterialsmaypen-
etrateor perforateeachotherat these ange areas.In general,au-



tomaticdetection,indication,andcorrectionis possible but, since
the adjustmenbperationcan be ambiguousmanualmodi cation
is needed With the corventionalapproachthis meanghatthe en-
gineerhasto askthe CAD departmenfor correctedcomponents,
which have to be remeshedrom scratch.Again, the engineerhas
to dealwith problemsinducedby imperfectmeshingalgorithms.
Thereforet canbevery pro table to have acomfortableeditorthat
is ableto manipulateFE meshedirectly. This savestime and it
alsooffersthe possibilityto createvariantsof existing components
veryfast—e.gtheintegrationof crimpingsfor structuralstiffening.
To accomplistsucheditingoperationsve needto provide methods
that can be usedby the engineerto selectthe three-dimensional
surfaceregion he wantsto interactwith. During the editing op-
erationerroneouselements—i.eelementghat might induce mis-
leadingor falseresults—shoulde detectedand highlighted,and
oncethe modi cation is completedintelligent algorithmsshould
try to straightenout theseerrorswithout destrging the properties
andfeaturesof the part. In a nal step,a restructuringof the af-
fectedelements—comparabte a remeshingn situ—canresohe
theremainingerrors.We will gointo detail of the entireprocedure
in section3 and4.

Modern graphics hardware can support these preprocessing
methodsby usingtexturesto highlight e.g. problematicregionsor
to comparevariousmodellingstates.Thelattercanbe usedalsoto
comparehe statesdeforeandafteranautomaticor manualmodi -
cation.Recentdevelopmentsn displaytechnologylik e autostereo-
scopicdisplayscan help the engineergo understanccomplex or
twistedcarcomponentstoo. Moreover, in CAD it is ofteneasyto
estimateheactualpositionandorientationof a certainpartrelatve
to its surroundingcomponentssincethe modelis very detailed.
The FE model on the contraryhasbeenreducedto its important
or supportingpartsonly, andis quite coarselymesheccomparedo
CAD. Thereforejt is sometimegjuitedif cult to estimatethe cor
rectalignmentof a single partthat might seemto oat in the air.
Here, stereorenderingcanimprove the understandingf the sim-
ulation modelandwe will presenta solutionfor the workplacein
section5.1.

Eventhoughpropervisualizationof FE modelscansupportthe
understandin@f the structureandquality of a meshi,it is still dif-

cult to carry out editing operationswith six degreesof freedom
(DOF)usingdeviceslike amousesupportingonly two-dimensional
input[15]. In section5.2 we will addressardwarethatis ableto
provide 6 DOF input andhow to useit for interactionandintuitive
modi cation. We will focuson hapticdevices,which additionally
supplya feedbackmechanisnthatcanbe usedto preventthe gen-
erationof illegal element®r perforationof nearbycarcomponents.

This paperstartsby providing someprevious work in the fol-
lowing sectionandroundsoff with someresultsand conclusions
(section6).

2 RELATED WORK

Mary interactionmethods,especiallythe onesimplementedfor
CAD, aregearedowardstraditionaldesignjobsandmary of them
try to copy the working methodsusedat a drawving board,even if
they are expandedwith high precisionand numericalinput. An-
other approachallows the engineergo build their complex con-
structionsfrom simple geometricprimitives. Neither of them s
suitablefor interactionwith FE models. Especiallyin preliminary
designstageghereis aneedfor fastandintuitive methodgo adjust
the FE meshinsteadof accurateand more complicatedalignment
operationdike it is donein CAD.

Therefore we focusedon intuitive interactiontechniqueskeep-
ing themsimpleandlaconicandrequiringonly oneor two mouse
clicks,abehaior whichis alsosuggestedy [19]. [11] shavedhow
to remove perforationsand penetrationf interfering partsauto-

maticallyandhow to connectindividually mesheccomponentdy
interactively placingspotweldsor adhesie bondingsalongcurved
anges. As mentionedabore, a fully automaticsolutioncannotbe
alwaysprovidedfor ambiguoudasks.[10] suggestetb usedirectly
manipulatedree-formdeformationto edit suchproblematicareas
manually However it usessplinevolumesfor deformationwhich
prede nesthe nal deformationandthe interactionis steeredby
slidersandbuttons. A betterapproacharethree-dimensionalid-
getsthatcanbe usedto controlthe modi cation in situ. SGI's In-
ventor[33] demonstratewith its manipulatorow to usewidgets
for 3D interaction. A rst stepin using 3D widgetsfor modi -
cation insteadof limiting themto cameraand object interaction
hasbeenpresentedy [7]. However, they have only rarely found
their way into editingtasksandnotatall into the eld of FE mesh
modi cation. [8] developeda high-level framevork providing 3D
widgetsfor generalinteractionpurposes.Although intuitive, this
framework is too over-engineeredand extensie for manipulation
of surfacesandits areaof applicationlies within complec interac-
tion with staticor animatedobjects. Surfaceediting with various
3D widgetswaspresentedy [13], who combinedselectionof the
editingregion andmanipulationinto the samestepwhich resultsin
a somavhat confusingoperation. A solutionusingsimpleandin-
tuitive 3D glyphswas presentedy [27], but it lacked supportfor
directmanipulation.

Our recentapproachto simple and at the sametime versatile
modi cation of FE mesheaisesmousedragsasinput anda vari-
ety of basisfunctionsto describethe deformationof the surround-
ing surface. It is similar to the approachpresentedn [4], which
wasdevelopedindependentiandwhichworksontriangulatedsur
faces.For smoothingthe meshafterthe modi cation step,various
algorithmshave beendeveloped mostof thembasednrelaxation.
The mostcommonmethodis Laplaciansmoothing,a simple re-
cursve methodwherethe nodesare directly displaceddepending
ontheneighborshey areconnectedo. This methodhasbeenim-
proved and extendedby several authorsto t somespecialneeds,
e.g.[36, 5]. Anothertechniques the so-calledoptimization-based
smoothingvherethenodesaremoveddependingon the minimiza-
tion of aspecialdistortionmetric. Also combinationf bothtech-
nigueswerepresentede.g.[9]. A moredetailedoverview is given
in [2, 6]. A third approachis physically basedsmoothingas pre-
sentede.g.in [22] wherethe edgesn the mesharerepresentethy
springsandthe correspondindorce dependsn the ratio between
the desiredandthe actualedgelength. This approactis quite sim-
ilar to theonewe developedin this paper As we have to dealwith
both quadrilateralsand triangles,we also have the condition that
thediagonal=f thequadrilateralshouldbe equal,so—in compar
isonto [22] — springsareaddedheretoo, but their desiredengthis
adaptedo be 2 timeslongerthanthe edgesof the element.Most
of thesealgorithmshave beendevelopedfor smoothor evenclosed
surfacesput in the caseof carpartsthereareboundariesandoften
holesor edgeswithin thesurface.Additionally, in orderto presere
the signi cance of the simulations,it is importantthat the nodes
really lie on the surfaceoriginally modeledin CAD. This is why
themostimportantimprovementin our relaxationtechniquds that
thesefeaturegboundarieandedgeson the surface)aswell asthe
surfaceitself arepresered.

To assist the understandingand modi cation of three-
dimensionalmodelswe proposethe use of autostereoscopidis-
playswhich provide somesortof immersionattheworkplacewith-
out the needfor glasses.Recently mary solutionshave beenpre-
sentede.q.[25, 24, 29] andstartingthis yearthereis anautostereo-
scopicdisplayfor notebooksavailable on the marlket [14]. Since
stereoscopicepresentationseedthe sceneto be processedwice,
we combinethe native supportof our applicationfor autostereo-
scopicdisplayswith hardware-optimizedenderingof a simpli ed
carmodelwithoutary lossin quality aspresentecarlier[26].



Concerningnput for 3D interactionandediting variousdevices
andideasexist. [34] usetwo miceasinput, but mostpeople nd it
oddanddif cult to handlea mousewith their non-dominantand,
andcontrolling two mice at the sametime will not gain broadac-
ceptanceby engineers.[32] introduced6 DOF input for 3D edit-
ing andthey alsosuggesBD sterearenderingfor betterperception.
However, their systemhasbeendesignedor charactemnimation
and not technicalmodeling, which hasdifferentgoalsand needs
concerninghetypeof interaction handling,andvisualfeedback.

With thegrowing selectionof hapticinput devices[21] moredi-
rectandintuitive waysto handleandedit surfacesbecomepossible,
aswell asproviding feedbackby interactiely checkingfor colli-
sions[17, 18] while performingthe modi cation. An approactor
simple interactionwith the environmentusing haptic devices has
beenpresentedy [20]. It alsouses3D widgetsto give feedback
to the user but doesnot cover manipulation.Thefuture workplace
thatis beingproposedn this paper(seeFig. 1(c)) hasalreadybeen
partially implementecdoy [35], who usehapticinput andfeedback
for simpledesigntasks,and[3], whocombineautostereoscopjure-
sentationwith a hapticdevice for interactionwith virtual objects,
but they focuson planningof spacemissionoperationsn virtual
ervironmentsandnoton editing of surfaces.

In the following sectionswe shav how we extendedthis vast
body of knowledgeby our own ideasto signi cantly improve the
intuitive modi cation of FE meshes.By implementingour algo-
rithms into the commerciallyavailable preprocessingpplication
scFEMod[28] we have madethis functionality available for pro-
ductive usein the CAE departmentsf majorGermarcarmanufc-
turers.

3 SELECTING AND EDITING IN 3D

Unlike [13] we decidedto split the modi cation processnto two
consecutie steps. First, the userde nes the speci ¢ elementsor
nodeshe wantsto edit using a simple selectionmechanismand
thenhe performsthe actualmanipulationitself.

3.1 SelectionMechanisms

Theeasiestvay to implementaselectiormechanismfrom thepro-
grammerspoint of view, is to provide a text box, wherethe user
can enterthe uniquelabelsof the nodes. Surprisingly someen-
gineersknow their datasetsso well, that they prefer this cryptic
methodover arything else. Therefore we alsoimplementedsuch
a dialog, but we extendedit with booleanandrangeselectionop-
erationsfor improved corvenience However, in orderto dealwith
the increasingcirculation of new modelsand changingnodelDs,
we suggesto usea muchmoreintuitive method,usually utilized
for selectionin two-dimensionalpaint programs. Therethe user
candragthe mouse encirclingthe pixels he wantsto selectwith a
freehancturve andreleaseghebuttonto completetheaction.In our
applicationtheengineecandrav afreehandine onthescreer(see
Fig. 2(a)),therebycuttinga sortof pyramidalfrustumout of the3D
scene.To guarante¢hatthe polygonis alwaysclosedthe startand
endpointsarealwaysconnectedthin line in Fig. 2(a)). All nodes
of the FE meshthat lie inside the pyramidal frustum are marked
asselectedandarehighlightedvia a white octahedroraccordingly
asseenin Fig. 2(b). Occludednodesarerenderedransparentso
thatat ary time all selectechodescanbe seen.To decidewhether
anodeis outsideor insidethe freehandrustumwe do not needto
perform an expensve calculationin 3D, it sufces to projectthe
nodesinto two-dimensionabkcreenspaceand testthe coordinates
againstthe freehandoutline. This canbe donevery fastusingthe
pointcontainmentestin [23].

The usercan choosewhetherhe wantsto selectall the nodes
insidethe selectionfrustumof a componenbr if he only wantsto
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Figure 2: Freehand Selections: (a) encircling nodes; (b) selection
without occlusiontest, hidden nodesare renderedtransparent; (c) se-
lection originated from a subtraction operation; (d) selection of a
region delimited by features.

selecthecurrentlyvisible nodes.Thelattercanbeimplementedy
shootingraysinto the scenefor every potentialnodecandidateand
checkingfor occlusion. This canbe acceleratedy renderingthe
car modelwith a uniquecolor assignedo every element.We can
thencheckthe pixelsin the neighborhoodf the 2D coordinateof
apotentiallyselectechodefor their colorsor ratherelementabels.
If noneof theseelementgs adjacento thenodethenit is occluded,
otherwisewe can continuewith the more preciseray intersection
test. For bettercorveniencethe usercanadd or subtractnew se-
lectionsto/fromtheexisting onese.g.theselectionin Fig. 2(c) has
beenachieved by selectingthe nodeclusterwith occlusionculling
enablechndthendeselectinghenodesn thecentervia subtraction.
For caseswherethe engineemwantsto edit a completesggment
of acomponentve implementedinotherselectiormode wherethe
userclicks onto a partandall nodesbelongingto the sameregion
areselectedat once. Suchregionsaredelimited by featuresof the
part, e.g. sharpedgesas seenin Fig. 2(d). For further detailson
robustfeaturedetectionon FE meshesee[26].

3.2 MeshModi cation

Thesimplesteditingoperationis a collective paralleltranslatioron
a groupof selectechodes.But in 3D even this cannotbe accom-
plishedasin 2D, wheremousemovementcanbe mappeddirectly
to acorrespondingranslation.Given 2D-only input, e.g.amouse,
3D interactionwith threeor moreDOF hasto besplit into multiple
2D movementactions. In our applicationwe usethe manipulator
widgetseenin Fig. 3(a)andFig. 1(a). It consistf adiskandanar
row. Theusercaneitherclick onthedisk asin Fig. 3(b) anddragit
aroundwherebythedisplacementareconstrainedo the surfaceof
the nite elementspr hecandragthearronv andshift the selection
alongthelocal surfacenormallike in Fig. 3(c). During interaction,
the active part of the widgetis highlightedin greenandthe modi-
ed surfaceis renderedaswire framerepresentatiofwhite linesin
Fig. 3(b) and3(c)). The FE surfacethenis updatedvhenthe user
releaseshe mousebutton.

In most cases, simple parallel translationsare not e xible
enough. We implementecanotherapproactthat offers the possi-
bility of muchmorecomplex deformationsandwhich containgpar
allel translationsasa specialcase.Theinteractionis keptassimple
asbefore butinsteadbf moving all nodesalongthesamevector we
introducea weightingfunction that describeghe positionof a se-
lectednoderelative to theborderof the selectiorandto the position
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Figure 3: Manipulator for 3D movement: (a) neutral appearance
when initially locked to node; (b) disk for movement on surface se-
lected; (c) arrow for displacement along local normal selected and
lifted by dragging with the mouse.

wherethe userstarteddragging. If d;.porger denotesthe geodesic
distanceof a certainnodei to the borderof the selectedegion and

di:origin thegeodesidistanceof thenodeto thepointwheretheuser

grabbedhe surface thentheweightw; canbecalculatedoy

di:border

W= —— 1

I di;origin + di,border ( )

The rangeof valuesof all w; is guaranteedo be within [0; 1]. If

we usetheseweightsdirectly to scalethe displacementvectorwe
derive by the mousemovementalong the widget arrow, thenwe
obtaina deformatiorshapedik e aconeor pyramid—dependingn
theshapeof theselection But the usercanalsochoosdrom avari-

ety of basisfunctions,e.g.whentheengineeichooses remapping
of the weightssimilar to a Gaussiarthenhe is ableto achieve a
resultasshowvn in Fig. 4(a). Here,the Gaussians attenedin the
centerpiecewherebythe amountis con gurable,andappliedonly
alongonedimension.In theperpendiculadirectiontheweightsare
ignoredandsetto constantl instead.

Rotationscanbe achievedby rst de ning therotationaxisand
thendescribingan arc with the mousethat de nes hov muchthe
selectedegion shouldbetwisted(Fig. 4(b)). Furthermoreyou can
seethat the rotation is performedto its whole extent at the free
endingwithout ary weightingfunctionapplied.Here,free endings
areareasbetweenthe axis of rotationandbordersggmentswhere
the boundaryof the car componentindof the selectionmatchex-
actly, e.g.theleft half of the componenshawn in Fig. 4(b). If the
userwantsto leave thefreeending x edhe canaccomplishthis by
deselectinghe outerrow of nodes. This behaior in treatingfree
endingsappliesnot only to rotationsbut alsoto displacemenbper
ationsandit is quite intuitive andenablesnary differentkinds of
modi cation. E.g.it is very easyto elongatea certainsectionof a
carcomponenjust by de ning the sectionto be strechedy select-
ing its nodesandthendraggingat thefree borderof the selection.

An extensionto ourmodi cation widgetmightbedragbleshad-
owsasproposedn [16]. There,anobjectcastsshadevs ontomulti-
ple planesandtheusercaneitherinteractwith theobjector with the

shadavs. Theinteractiorwith theobjectsshadavsis easietbecause

themovementis limited to a 2D plane.Applied to our manipulator
it mightincreasats precision,but it is not clearwherethe shadav
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Figure 4: More complex modi cations: (a) creating a bulge; (b) ro-
tation with free ending.

planesshouldbe locatedfor a goodandintuitive navigation. The
surfaceof the FE meshitself cansene asa shadev plane,but on
theotherhandanadditionalshadev is moreconfusingtheuserthan
ahelpful facility for interactionin somespecialcases.

4 MESH OPTIMIZATION

Editing a meshinevitably leadsto displacednodes,which might
resultin extreme anglesbetweenedges,or edgesthat vary too
muchwithin one element. Becauseof this the elementamay be-
come of poor quality for later computations. For FE methods
“good elements’meansguadrilateralsand, wheretrianglescannot
be avoided,equilateratriangles.

4.1 Visualizing Err oneousElements

To give the engineerinstantaneougeedbackaboutthe quality of

the currentFE mesh,the numericallyrelevant propertiesof each
elementarechecled duringthe modi cation operation.Erroneous
elementsare highlightedimmediatelyby using red glyphswhich

correspondo the error type. Critical elementsare marked with

yellow glyphs. An examplefor erroneouselementscanbe found

in Fig. 3(c), wherequadrilateralelementshave beenwarped,i.e.

wherenot all nodesof anelementie within the sameplane.When
warpingoccurs,the quadrilateraiis bentaroundits two diagonals
and we symbolizethe larger of both bendinganglesby a thicker

diagonal respectiely. The glyphsandtypesof othercommonFE

defectsaredepictedn Fig. 5.
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Figure 5: Various nite elements marked as erroneous: (a) edgetoo
shat; (b) angletoo large (in triangle); (c) angletoo large (in quadri-
lateral) and bad edge length ratios; (d) many adjacent triangles.

4.2 Relaxation

After editingthe meshit may be necessaryo make the meshsuit-
ableagain for numericalsimulations.Sothe positionsof the nodes
have to be adjustede.g. by relaxation.In our applicationwe usea
relaxationmodelbasedon a spring-massnodel, wherethe edges
of the meshaswell asthe virtual diagonalsof the quadrilaterals
arerepresentedly springs.Only solvingtheresultingordinarydif-
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Figure 6: Comparing mesh relaxation methods: (a) original mesh;
(b) hierarchically relaxed mesh; (c) non-hierarchically relaxed mesh.

ferentialequation(ODE) systemwould leadto goodelementsput
thefeaturesof the underlyingsurfacewould be mostlylost,i.e. the
borderingine would changeaswell asedgesn thesurface,andthe
surfaceitself would alsoget attened.

To avoid suchartifactswe introducedsomecontrolmechanisms:

aftercalculatingthenew positionof eachnodewe comparethis po-
sitionto theoriginal surface.Boundarynodesandnodeson surface
edgesare only moved along their speci c line, nodesthat de ne
cornerson suchlinesarenot movedatall, andthe new coordinates
of inner nodesare projectedonto the originally modeledsurface.
As we do not have the parametriaepresentationf the surfacebut
only the mesh,we interpolatethe original surfaceandthe surface
featurelines on which we projectthe nodes. Sincerelaxing the
meshby solving the ODE systemwith theseboundaryconditions
for onewhole partwith 500-1000elementgakesup to oneor two
minutesonastandardPC,we developedanalgorithmthatproduces
similar resultsbut with interactve performancéFig. 6): Themesh
is relaxed hierarchicallystartingat a nodeselectedy the usere.g.
in the region of highestirregularity. For eachstepall neighboring
nodesdisplacedbeyond a userde ned thresholdaretakeninto ac-
countfor the next step,until no new nodesgetmoved. In the next
stepsonly this regionwill berelaxedoncemore.As thisrelaxation
methoddepend®nthestartingnodeit canbeappliedseveraltimes,
but theresultonly changeslightly afterthe rst few times.To give
theengineemorecontrolit is alsopossibleo restricttherelaxation
to agroupof selectechodes.

For evaluation of the editing operationsthat have been per
formed, visual feedbackis provided: A one level undo function
hasbeenimplementedwith a toggle for direct comparison.Ad-
ditionally our applicationcanbe startedin a multiple view mode,
wherethe usercanhave two windows with synchronizediiews. In
onethe usercankeepthe original modelandin the otherhe can
performmodi cations onthe correspondingpart. In this multiview
modeit is also possibleto map the differencesbetweenthe two
partsvia 1D textures(seeFig. 7). With thesetextureseitherthe
nodedisplacementausedoy relaxation(Fig. 7(b) andFig. 1(b)),
or the distanceof the relaxed nodesto the original surfacecanbe
mappedFig. 7(c)). In generalanengineemdoesnot wantto cope
with the displacemenof singlenodesandthereforethelattervisu-
alizationis the more signi cant one, asit shavs how the surface
haschangedy the relaxation. This kind of texture mappingcan
alsobeusedto visualizedistancedetweerarbitrarypartsto detect
e.g.penetratinganges[11]. Thedistancecalculationis basetna
boundingvolumehierarcly [12] andthereforeperformsvery well.

4.3 MeshRestructuring

Although very pawerful, relaxationdoesnot always eliminateall

errorsin the mesh. Particularly in casesuchaswhena partgets
elongatedtoo much or the usercreatesa deepbuckle, relaxation
alonewill not be ableto producea valid FE mesh. In thesecases
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Figure 7: Comparing mesh relaxation methods: (a) original mesh;
(b) node displacement from original to non-hierarchically relaxed
mesh (< Imm transparent, > 5mm red); (c) euclidean distance be-
tweennon-hierarchically relaxed meshand original (< 0:05 mm trans-
parent, > 1mm red); (d) di erence between hierarchically and non-
hierarchically relaxed mesh (< 1Imm transparent, > 5mm red).

we nd theelementshatweretheworstonesbeforetherelaxation
procedureandtry to x themby alocalrestructuringlt canbeseen
asakind of remeshingput con ned to thedirectvicinity of aner
roneouelementwhich guarantee preventunnecessarghanges
in the FE structure.E.g.it is easyto repairwarpedquadrilaterals—
introducedn sectiord.1—bysplitting eachinto two trianglesalong
their “thick” bendingdiagonals. Clean-upoperationsfor various
othermeshdefectsarelistedin Fig. 8 accordingo theerrorsshavn
in Fig. 5. The operationpresentedn Fig. 8(d) usuallyis one of
thelaststepsandtriesto conjointrianglesinto quadrilateralsThis
decreasethe numberof trianglesthatmight be producedy previ-
ousrepairoperations.Finally, the neighborhooaf erroneousle-
mentsis relaxed onceagain. If theresultingmeshstill is not suf-
ciently well shapedor numericalsimulationthe algorithmcontin-
uestherestructuringalsoon lesscritical elements.This procedure
is repeatedintil an FE meshvalid for crashworthinesssimulations
evolves, and experienceshaws that the algorithm corvergesvery
fast.

5 VIRTUAL REALITY AT THE WORKPLACE

Asdiscussethefore stereographiprojectioncansupporiengineers
while working on complex FE modelsandrecentdisplaytechnol-
ogy allows the engineerto get this 3D illusion without the need
for specialglassesCombinedwith aninput device providing more

thantwo degreesof freedomthis ervironmentcanbeconsideredn

immersie workplace.
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Figure 8: Finite elements from Fig. 5 have been xed: (a) edgeis
collapsedto common node; (b) triangle and adjacent quadrilateral is
divided; (c) stretched and adjacent elementsare divided; (d) adjacent
triangles are merged if possible.

5.1 Autostereoscopy

In recentyearsmary solutionsfor autostereoscopi@mpression
have beendeveloped. Most of them usea prism systemor thin
bladesto bendor block the pixel columnsof a standardTFT dis-
play in away thatalternatingcolumnscanbe seeneitherwith the
left or with theright eye. The displaywe use(seeFig. 1(c)) con-
tainsa prism maskto bendthe raysandit alsohasa dual-camera
systemwhich tracksthe positionof the users eyes. An embedded
processolinterpretsthe eye position and controlsthe position of
the prism mask,which canbe displacechorizontallyby seno mo-
torssothatit is guaranteethateacheye will seetheright column.
Fig. 9 illustratesthetop view of the optical paths.

To drive sucha display a pair of stereographidmageshasto be
renderedvertically interlacedinto the framebuffer. Most graphics
cardmanufcturersprovide driversfor this purpose but generally
eitheronly for their high-endgraphicsboardsor for WIN32-based
platformsonly. To circumventtheseproblemswe implementecha-
tive supportfor autostereoscopidisplaysin scFEMod An alter
native to native supportis presentedn [31], which we extendecdto
supportalsoautostereoscopidisplays.

A fastandeasysolutionto achieve the alternatingdistribution of
thetwo imagess to usea matchingstencilmask,rendertheimage
for one eye, changethe stenciltestto the appropriatesettingand
renderthe sceneagnin for the othereye (for furtherdetailson how
to setup thecamergarameterfor correctstereographiprojection
referto [31]). Onsomearchitectureshe renderingmight perform
betterwhenthe stenciltestis disabledfor the rst pass.Thisworks
well aslong asonedoesnot wantto renderthin lines e.g.a wire
framerepresentationf the car model. Especiallybevel lines will
not be reproducedrery well, asthe stencilmaskwill block some
pixels (Fig. 10(a)) and asa resultthe userwill seean interrupted
line as depictedin Fig. 10(b). Our approachto solwve this prob-
lem, which additionally producesmuch better quality when full
sceneanti-aliasingis enabled,halves the resolutionof the view-
port and rendersnarraved imagesof the scene. The two images
canbe storedon the graphicscard usingtexture memoryanddis-

Headfinder Controls

Prism Mask

************ -~.~_ 4 Movable
Prism Mask

1 Pixel{

|
Standarg TFT Panel

Figure 9: Principle of an autostereoscopicdisplay [29].

tributed amongthe columnsby renderingtextured lines. Again,
on certainarchitecturest may perform betterif for the rst im-
agea differentstratgy is choseng.g.distributing the columnsvia
glCopyPixels . Fig. 10(c) shavs the correspondingesultusing
this methodandin Fig. 11 and 1(c) one can seeautostereoscopic
renderingof acarmodel.

The eye position acquiredby the two built-in camerascan be
readout via a serialport. The positionis givenwith respecto the
centerof the monitor and canbe usedfor simpletrackingandthe
transformatiorof the presentednodelcanbe updatedaccordingly

H ] :
‘/
- :
(@ (b) (©)

Figure 10: Rendering a line: (a) stencil mask (gray) blocks pixels
during rasterization; (b) the prism system of the display widens the
pixels and the user seesa dotted line through his left eye; (c) correct
result (usersview through prisms) by distributing half-sized viewport
on odd-numbered columns.

5.2 3D and Haptic Editing

As alreadydiscussed3D editing using 2D input devicesis quite
problematic.A SpacemousH] providesinput with six degreesof
freedom.It hasestablishedtself aseasyto useinteractiondevice,
but it is too inaccurateor editing purposesHaptic devices,which
have beendevelopedover the pastyears,alsoprovide input of 6 or
evenmoreDOF. Speci cally, we usea PhantomDesktop30] seen
in Fig. 1(c). Theuserinteractswith themodelby holdingapen-like
device with a button. Currentlywe areinvestigating how suchan
input device canbe usedfor interactve andintuitive editing. The
pencan be representen-screerby a correspondingvirtual pen
in the 3D sceneandits point canbe usedto interactwith the FE
surface. Thanksto the Phantoms mary degreesof freedomit is
easyto navigateto the desirednode,pressthe button andperform
almostarbitrary translatoryand rotatory modi cations on the se-



Figure 11: FE model of a car renderedfor display on an autostereo-
scopic monitor (data courtesy of BMW AG).

lectedsetof nodes.For selectingthe nodesa 2D mouseis still the
bestinteractiondevice, but the 3D widget presentedn section3.2
canbe replacedcompletelyby the virtual penmaking our editing
operationsvenmoreintuitive to control.

Another advantageof thesedevicesis their ability to provide
hapticfeedback. This canbe usefulto preventthe penfrom per
foratingthe FE surfaceby generatingappropriatgorcesin caseof
acollision. Thisbehaior malesit easierfor theuserto grabanode
lying on that surfaceandit alsoaidsto avoid perforationof other
partsduring modi cation of the mesh. Additionally, force feed-
backcanbe employedto let the engineemperceve moreandmore
resistanceavith increasinglyworseelementquality. To implement
afastcollision detectiononecaneitherusethelibrary provided by
themanufcturer[30] or developoneof its own [17, 18]. We want
to try anotherapproachandusehigh-resolutiordistancevolumes.
This will allow us to have collision detectionand corresponding
forcesveryfastandin constantime,i.e.independenfrom thenum-
berof surfaceelementsMemory consumptiorwill bea challenge,
but hierarchicalapproacheseemto be very promisingto handle
thistask.

6 RESULTSAND CONCLUSIONS

Fig. 12 shawvs a simple, yet typical examplefor a problemthatan
engineemnftenfaces.In the original model,seenin Fig. 12(a),the
violet componenperforateshe orangepart. Our applicationde-
tectsthe erroneousareaand visualizesit by marking the region
with an alertingtexture (Fig. 12(b)). Sinceit is a clearly de ned
perforationt canberesohedautomaticallyasshovnin Fig. 12(c).
In Fig. 12(d)it canbe seerhow the engineeiperformsa stretching
operationby draggingthe 3D widgetproposedn this paper Erro-
neouselementsare detectednteractively and marked with appro-
priateglyphs,in thiscasewo elementhave abadaspectatio—yet
nottoo critical for a valid numericalsimulation—andneelement
containsananglethatis toolarge. Our preprocessingpol is ableto
repairtheseelementdy locally restructuringhe FE meshandau-
tomaticallyinsertingnew elementgFig. 12(e))withouttheneedfor
remeshinghewhole part. Thenthe meshis smoothedy usingour
relaxationapproachwhich guaranteethatfeatures—e.gchamfers
andsharpedges—areresered. To comparghenen meshwith the
startingmeshonecanusedistancemappingasmentionedoefore.
We developedthesemethodsin direct cooperationwith engi-
neersatthe BMW AG. Most of our algorithmsareno longerproto-
typesandhave beentransferedo the commerciallyavailablecrash
worthinesgreprocessingpol scFEMod Thereforethetechniques
we presenteéh thisapplicationpaperarealreadybeingusedwidely
by severalGermarcarmanufcturersandtheir subcontractordDue

to their simplicity the presentedmethodshave beenquickly ac-
ceptedandthe engineersarenow ableto solve mary mesh-related
problemson their own without the needfor an additional loop
throughthe CAD departmentGeneratiorof new variationsof ex-
isting FE components—e.gelongationsor creationof stiffening
corrugations and folds—is now possibleusing intuitive 3D wid-
gets. Errorsin the meshthat might appearduring theseediting
operationsare detectedreliably and on-the- y by our algorithms.
Relaxationor local elementestructuringcanthenbe usedto repair
critical meshregions. Althoughiit is not possibleto x all kinds
of meshingerrors,our methodsarenevertheleswvery powerful and
successfullyproducevalid FE meshesn general Thetexturing ca-
pabilities of standardgraphicscardscan be usedto visualizethe
differenceshetweervariousdesignstagespr to displayerroneous
regions of an FE mesh. This highlighting techniquecan be used
alsoto proof that our methodsfor meshrepairand smoothingdo
notimpair the surfaceanddo presere importantfeatures.

New hardware approachegor immersive workplaceslike au-
tostereoscopidaisplaysand haptic input devices are not yet ac-
ceptedby theindustry Ononehand,this might becaus®f theim-
perfectionsof thesenovelties, e.g. mostautostereoscopidisplays
have a ratherlow resolution,which is additionally halved due to
thedisplaymethod.On the otherhand,thesedevicesarestill very
expensve. Our applicationis pushinginto the directionof a broad
usageof suchtechnologyandsomeengineersat BMW AG areal-
ready consideringto equip someworkplaceswith thesedevices.
We expectto encouragehis trend when our applicationprovides
full supportfor hapticeditingof FE modelsin a 3D ervironment.

In this applicationpapemwe demonstratethatthereis aneedfor
new modi cation methodsfor FE meshesaandwe presentedsolu-
tions that canbe operatedntuitively. Glyphsandtexturescanbe

(@) (b)

(© (d)

(e) ®

Figure 12: Various stages of repairing and editing a nite element
model: (a) original mesh with perforating materials; (b) perforating
parts are textured red; (c) perforations and penetrations are removed;
(d) userperforms a modi cation and erroneouselementsare marked
interactively; (e) elementerrors are xed automatically; (f) relaxation
smooths mesh whilst conserving features.



usedto pinpoint erroneousor critical regions. Experienceshavs

thatour approachelpsto vastly acceleratehe developmentcycle

in theautomotve industry It alsoshaws thatincludingmodern3D

technologyin this processcanhelpto managehe discusseengi-

neeringtaskandthatit is the right steptowardsthe future work-

place.We will continueourwork onthis eld of researchn close
cooperatiorwith the engineersandwe will investigateif it is rea-
sonableto transferour knowledgeinto other elds of engineering
applications.
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