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Moti vation

With fast3D graphicshardware becomingmore and more
availableevenonlow endplatforms thefocusin developing
new algorithmsis beginning to shift towards higher qual-
ity renderingand additional functionality insteadof sim-
ply higher performanceémplementationf the traditional
graphicspipeline.

Graphicslibraries like OpenGLand its extensionspro-
vide acces$o advancedgraphicsoperationsn thegeometry
and the rasterizationstageand thereforeallow for the de-
signandimplementatiorof completelynew classef ren-
deringalgorithms Prominenexamplescanbefoundin real-
istic imagesynthesigshadingpump/erironmentmapping,
reflections)andscientificvisualizationapplicationgvolume
renderingyectorfield visualization dataanalysis) OpenGL
Optimizerand Cosmo3D,on the otherhand,are platform-
independenfPIs which aresupportedn SGlworkstations
andNT systemsDesignedashigh-endgraphicsAPIs built
ontop of OpenGLthey offer avarietyof usefulbuilt-in algo-
rithms specificallydesignedo allow for efficient rendering
of comple polygonaimodels Cosmo3Dorin thefuturethe
FahrenheiSceneGraph,will beusedasa basefor different
kinds of high-level applications.

Thegoalof theproposedutorial is twofold: To give both
a state-of-the-arbvervien of advancedgraphicsprogram-
ming using the extendedOpenGLgraphicslibrary andthe
Optimizertoolkit andto presenanumberof selectedyraph-
ics applicationsn which hardwaresupportedperationsare
paramount.The first part of this coursesummarizeshe
mostimportantfundamentalandfeaturesof thegraphicdi-
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brariesOpenGLandOptimizerwhereindividual recipesfor
the practicaland efficient designof algorithmsare empha-
sized.Thesecondpartof thetutorial is dedicatedo various
subfieldsof computergraphicsrangingfrom realisticimage
synthesisand scientific visualizationto structuralmechan-
ics. In eachof them hardware acceleratedjyraphicsopera-
tionsareusedthusallowing interactve, high quality render
ing andanalysisof comple polygonalmodelsandvolume
datasets.

Prefaceand Overview

Thesetutorial notesprovide insight to particularapplica-
tionsin which OpenGLandits extensionsandthe Optimizer
toolkit areheavily emplgyedfor scientificvisualization,re-
alisticimagesynthesisandinteractve handlingandmanip-
ulationof complex scenesThe emphasiof thesenoteslies
ondemonstratinghe functionalityandpower of the usedii-

brariesaswell astheirrelevancein computergraphicsappli-
cations.In eachof the examplesdescribedelon we outline
scenario$n which differentfeatureghatareavailablein the
coreor extendedOpenGLfunctionsetandin the Optimizer
toolkit areexploitedto considerablymprove renderingper
formanceandquality.

In particular we introducenewn conceptsfor the design
of graphicsalgorithmsby identifying a powerful setof or-
thogonalfeaturesto be implementedin hardware, which
canthenbeflexibly combinedto form new algorithms.Our
major goalis to provide participantswith sustainedknowl-
edgeconcerningstate-of-the-argraphicsprogrammingus-
ing dedicatedgraphicshardware,andto demonstrataovel



and future directionsin the designand implementationof
graphicsalgorithms. Participantsshould becomefamiliar
with sophisticateddpenGLextensionsand a variety of al-
gorithmsintegratedinto the Optimizer/Cosmo3DRoolkits to
allow for efficientrenderingof complex polygonalmodels.

Schedule

At the beaginning of this tutorial all materialsusedfor pre-

sentatiorwill be handout to the participantsin particular
this includeshard-copiesf all slidesthat will be shavn.

An electronicversionthatis alsoavailablefor non partici-

pantswill beavailableafterthetutorial from the Eurograph-
ics web-pageslin contrastto the notesprovided hereafter
thesehandoutsalso include additional descriptionsof the

mainingredientausedin theproposedxamples.

Sessiorl (9.00- 9.45):

Intr oductionto OpenGL

This sessiorgivesanintroductionto theadvancedOpenGL
functionality We will startwith simpleexamplesto explain
someof the featuresof OpenGLthat areimportantin the
proposedapplicationsin particularwe will focuson a de-
tailed descriptionof the renderingpipeline demonstrating
the potential use and benefitsof operationsperformedin
differentprocessingtagesA brief descriptionof the func-
tionality availablein the geometryunit will befollowed by
a detailedinvestigationand explanationof the rasterization
stagetheframebuffer hardwareandadwancedpixel transfer
operationsThroughouthis sessiorwe will demonstrat¢he
benefitof thepresentedeaturesy examplesrom practical
applications.

Sessior? (10.00- 10.45):

OpenGL Optimizer

In the secondsessionwe will proceedwith anintroduction
to thelargemodelvisualizationAPl OpenGLOptimizerand
theunderlyingscenegraphlayerCosmo3DWe will give an

overview of varioustools which aremadeavailableby Op-

timizer. In particularwe will focuson efficient strategjiesto

modify the Cosmo3Dscenegraphin orderto obtainoptimal

framerates.Differentexampleswill demonstrat¢he bene-
fits which canbe easilyinheritedfrom the built-in features.
We will referto specialtechniquedike view frustumand
occlusionculling, especiallywith respecto the term Anti-

Graphics-APOptimizerstandgor. Throughouthis session
we will give practicaladviseshow to improve the perfor

manceof graphicsapplicationausingthe presented\PlIs.

Sessior8 (11.00- 11.45):

OpenGL extensionsand the imaging subset
OpenGLextensionsareapowerful mechanisnfior providing
innovative functionalityin new graphicssystemsln thisses-
sionwewill describéhow to useOpenGLextensionsandwe
will give anoverview of someof the mostimportantexten-
sions.In particularwe will emphasizéheimportanceof the
so-called"imaging subset'in OpenGLversion1.2, which

consistsof advancedperpixel operationdike color matri-
ces,lookuptables,convolutionsandhistogramsAdditional
extensionscoveredincludethe new multi-texture extension
and pixel textures.Many of the presentedxtensionswill

alsobeusedin the"Applications"session.

Lunchbreak(11.45- 13.00)

Sessiont (13.00- 13.45):

High-quality shadingand lighting

In this sessionwe will presenttechniquedor the simula-
tion of realisticshadingandlighting effectswith OpenGL.
We cover differentmethoddor generatinghadavs, anddis-
cussseveraltechniquedor bumpmappingon contemporary
graphicshardware. Then we presentthe conceptof view-
independenernvironmentmaps,and usethemto visualize
global illumination solutionson glossy surfaces.We con-
cludewith adiscussiorof how to achieve anisotropiceffects
using graphicshardware. Throughoutthis sectionwe will
usebothstandardpenGLfunctionalityandsomeof theex-
tensiongresentedn thefirst session.

Sessiorb (14.00- 14.45):

Advancedvolumerendering techniques

In this sessiorwe will demonstratéheuseof 3D texturesin
orderto male interactve navigation and parametemodifi-
cationpossiblefor the renderingof scalardatasetsdefined
on regular grids. We will outline variouswaysto take ad-
vantageof graphicshardwarefor the renderingof volumet-
ric data.First, we will briefly summarizethe fundamental
algorithmfor 3D texture basedvolumerendering.Thenwe
will introduceeasyandintuitive useof arbitraryclipping ge-
ometriesbasedn stencilbuffer operationsandpolygontes-
selation. Additionally we will shaw thatlightedandshaded
iso-surbicescan be generatedvith 3D texture mappingin
real-timewithout extracting ary polygonalrepresentation.
Finally, we will outline a novel and practicalapproachfor
therenderingof unstructuredyrids, thusestablishinga gen-
eralframework for hardwareaccelerategolumerendering.

Sessior6 (15.00- 15.45):

Cosmo3D/ OpenGL Optimizer in CAE applications

In thisfinal partwe will demonstratéheapplicationof some
of thepreviously describedeaturesn aparticularvisualiza-
tion ervironment;a virtual car crashtest-bed.In this con-
text we will outline stratgies for the efficient design of
scenegraphsallowing for the handlingof large polygonal
models.In our specialexamplewe will focuson finite ele-
mentmeshesgesultingfrom numericalsimulations We will

shav the benefitsof 1D and2D texturesfor the mappingof
parametewraluesto arbitrary geometriesandfor the local-
izationandanalysisof scalarparametequantities Further
more,methodswill be proposedor combinedrenderingof
FE modelsand polygonalscenesAlthough we focuson a
particularexamplemostof the describedechniquesanbe
directly usedin otherapplicationswherethe efficient han-
dling and visualizationof large scalepolygonalmodelsis
themajorconcern.



Sessiors4:

High-quality shadingand lighting

In this section,we explore the useof OpenGLfeaturesfor

high-quality shadingand lighting effects. We start by an
overview of severalshadav algorithms continuewith some
ervironmentmappingtechniquedor visualizing global il-

luminationeffects,and concludewith bump-mappingech-
niquesfor contemporargraphicshardvare.

ProjectedGeometry

Besidegprecomputedhadav textures,projectedgeometry?

is currentlythe mostoften usedimplementatiorof shadavs
in interactve applicationsThismethodassumethatasetof

smalloccluderscastsshadavs ontoa few large, flat objects.
Sincethis assumptiordoesnot hold for mostscenesappli-
cationsusing this approachtypically do not renderall the
shadavs in a sceneput only someof the visually mostim-

portantIn particular shadevs of concae objectsontothem-
selesaretypically nothandled.
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Figure1: Onewayofimplementinghadowgastontolarge,
planar objectsis to projectthe geometryontothe surface

Themethodworksasfollows. Givenapointor directional
light sourcetheshadavedregion of aplanarecever canbe
computedby projectingthe geometryof the occluderonto
therecever (seeFigurel). Theprojectionis achieved by ap-
plying a specificmodel/viav transformatiorto the original
surfacegeometryThis transformatioris givenasfollows:

S=V-.P-M, 1)

whereV is theviewing transformationM is themodeling
transformationandP is the projectionmatrix thatwould be

usedfor renderingthe scenefrom the light sourceposition
with therecever asanimageplane.

Theoccludeiis thenrenderedwice,oncewith theregular
model/viev matrixV - M andtheregularcolorsandtextures,
andoncewith thematrix Sandthe color of the shadav.

All kinds of variationson this basicalgorithm are pos-
sible. For example,if partsof the projectedgeometryfall
outsidethe recever, a stencilbuffer can be usedto clamp
it to thereceving polygon.Also, insteadof simply drawing
theshadaev in blackor darkgray, alphablendingcanbeused
to modulatethe brightnesof therecever in the shadav re-
gions. Although this is not actually physically accurate jt
looks morerealistic,sincethe texture of theunderlyingsur
faceremainsvisible.

As pointedout above, projectedgeometryis only appro-
priatefor a smallnumberof large, planarreceving objects.
As the numberof recevers grows, the methodquickly be-
comesinfeasibledueto the large numberof requiredren-
deringpassesThus,this methodcanhardlybe calledagen-
eralsolutionto theshadaving problem;ratherit simply adds
shadwvs asaspeciakffectin areasvherethey havethemost
visualimpact.

Shadow Volumes

Thesecondmplementatiorof shadavs areshadav volumes
9, which relieson a polyhedralrepresentatioof the spatial
regionthata givenobjectshadovs (seeFigure2).
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Figure 2: Theshadowvolumeappioadc usesa polyhedal
representationof the spatial region shadowedby an oc-
cluder

This polyhedronis generatedn a preprocessingtepby
projecting each silhouetteedge of the object away from
thelight source With graphicshardwareanda z-buffer, the
shadwving algorithmthenworksasfollows 4 14 13; First, the
geometryis renderedwithout the contritution of the point



light castingthe shadw, and the stencil buffer is cleared.
Then, without clearingthe z-buffer, the front-facing poly-

gonsof all shadav volumesare renderedwithout actually
drawing to the color buffers. Eachtime a pixel of a shadav

volumepasseshe depthtest,the corresponding@ntryin the
stencilbuffer is incrementedThen,the backfacingregions
of the shadw volume are renderedin a similar fashion,
but this time, the stencil buffer entry is decrementedAf-

terwards,the stencilbuffer is zerofor lit regions,andlarger
thanzerofor shadaved regions.A final conditionalrender

ing passaddstheilluminationfor thelit regions.

Mary detailshave to be solved to male this algorithm
work in practice.For example,if the eye point lies inside
ashadev volume,themeaningof thestencilbitsis inverted.
Evenworse,if the nearplaneof the perspectie projection
penetrate®ne of the shadwv volumeboundariesthereare
someareason the screenwherethe meaningof the stencil
bitsis inverted,andsomefor whichit is not.

In 14 and 13, this algorithm was usedfor renderingthe
completesetof shadws of a rathercomplex scene How-
ever, therenderingimeswerefarfrom interactve. Although
todays graphicshardvare is fasterthan the one usedby
Diefenbachshadev volumesaretypically still too costlyto
be appliedto a completescene Anotherissueis the size of
the datastructuresequiredfor the shadav volumes,which
canexceedseveralhundrednegabytess. Theuseof simpli-
fied geometryfor generatinghe shada volumescanhelp
to reducetheseproblems Nonethelessnostinteractie ap-
plicationsandgamesnly applyshadev volumesto asubset
of the scenegeometrymuchin the sameway projectedge-
ometryis used.Even then,the regenerationof the shadw
volumesfor maoving light sourcess costly.

Shadov Maps

In contrasto theanalyticshadav volumeapproachshadev
maps0 areasampling-basenhethod First,thescenas ren-
deredfrom the position of the light source,usinga virtual
imageplane(seeFigure 3). The depthimagestoredin the
z-buffer is thenusedto testwhethera pointis in shadev or
not.

To thisend,eachfragmentasseerfrom thecameraneeds
to be projectedonto the depthimageof the light source If
thedistanceof thefragmento thelight sourcds equalto the
depthstoredfor therespectie pixel, thenthefragments lit.
If thefragmentis furtheraway, is is in shadav.

A hardware multi-passimplementationof this principle
hasbeenproposedn 45. The first stepis the acquisitionof
theshadav mapby renderinghe scendrom thelight source
position.For walkthroughsthis is a preprocessingtep,for
dynamicscenest needso be performedeachframe.Then,
for eachframe,the sceneis renderedvithout the illumina-
tion contritutionfrom thelight sourceln asecondendering
passtheshadev mapis specifiecasa projectve texture,and
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Figure 3: Shadowmapsusethe z-buffer of an image of the
scenaendeedfromthelight source

aspecifichardwareextensionis usedto mapeachpixel into

thelocalcoordinatespaceof thelight sourceandperformthe

depthcomparisonPixels passinghis depthtestaremarked

in the stencil buffer. Finally, aswasthe casefor projected
geometrytheillumination contritution of thelight sources

addedo thelit regionsby athird renderingpass.

The adwantageof the shadev mapalgorithmis thatit is
a generalmethodfor computingall shadavs in the scene,
andthatit is very fast,sincethe representationf the shad-
ows is independendf the scenecompleity. On the down
side,thereareartifactsdueto the discretesamplingandthe
quantizatiorof the depth.Onebenefitof the shadev mapal-
gorithmis thattherenderingjuality scaleswith theavailable
hardware. The methodcould be implementecbn fairly low
endsystemsput for high endsystemsa higherresolutionor
deeper-buffer couldbechosensothatthequalityincreases
with theavailabletexturememory Unfortunatelytheneces-
sary hardware extensionsto performthe depthcomparison
on a perfragmentbasisare currentlyonly availableon two
high-endsystemsthe RealityEngine? andthe InfiniteReal-
ity 41

Shadov Maps Usingthe Alpha Test

Insteadof relying on a dedicatecshadav map extension,it
is alsopossibleto useprojective texturesandthe alphatest.
Basically this methodis similar to the methoddescribedn
45, but it efficiently takesadvantageof automaticexture co-
ordinategenerationand the alphatestto generateshadw
maskson a perpixel basis.This methodtakes onerender
ing passmorethanrequiredwith the appropriatehardware
extension.

In contrasto traditionalshadev mapswhichusethecon-
tentsof a z-buffer for the depthcomparisonyve usea depth



mapwith alinear mappingof thez valuesin light sourceco-
ordinatesThisallows usto computethedepthvaluesvia au-
tomatictexture coordinategeneratiorinsteadof a perpixel
division. Moreover, this choiceimprovesthe quality of the
depthcomparisonpecausehe depthrangeis sampleduni-
formly, while a z-buffer representglosepointswith higher
accurag thanfar points.

As before, the entire sceneis renderedfrom the light
sourcepositionin a first pass.Automatic texture coordi-
nategeneratioris usedto setthe texture coordinateof each
vertex to the depthas seenfrom the light source,anda 1-
dimensionatextureis usedto definealinearmappingof this
depthto alphavalues.Sincethe alphavaluesarerestricted
to therange|0...1], nearandfar planeshave to be selected,
whosedepthsarethenmappedo alphavaluesO and1, re-
spectvely. The resultof this is animagein which thered,
greenandblue channelave arbitraryvalues but thealpha
channelstoresthe depthinformation of the sceneas seen
from thelight source Thisimagecanlaterbe usedasatex-
ture.

In a secondrenderingpass,the sceneis now rendered
from the camergpoint. Again, automatictexture coordinate
generationand the 1-dimensionaltexture of the previous
passare applied.This resultsin animageasseenfrom the
camerabut with light sourcedepthvaluesin thealphachan-
nel of eachpixel.

Thethird passs usedto renderthescendrom thecamera
positionwith thealpha-codedepthimagefrom thefirstren-
deringpassspecifiedasa projective texture. Alphablending
is setup in sucha way thatthe alphavaluesfrom this pass
aresubtractedrom thevaluesin the framebuffer. Now, the
framebuffer containsalphavaluesof 0 at eachpixel thatis
lit by thelight sourceand> 0 for pixelsthatareshadaved.
A final renderingpassof the geometrycomputegheillumi-
nationfor thelit pixels.

Figure4 shavs anengineblockwheretheshada regions
have beendeterminedusingthis approachSincethe scene
is renderecht leastthreetimesfor every frame (four times
if the light sourceor ary of the objectsmove), the render
ing timesfor this methodstronglydependon the complex-
ity of the visible geometryin every frame,but notat all on
thecompleity of thegeometrycastingtheshadavs. Scenes
of moderatecompleity canberenderedat high framerates
evenon low endsystemsTheimagesin Figure4 areactu-
ally theresultsof texture-based/olumerenderingusing3D
texturing hardware (see>® for the detailsof theillumination
process).

If the hardwaresupportsmultiple textures thesecondand
third renderingpasses<an be combinedinto a single pass
with two differenttextures.

Figure 4: An engineblodk geneated from a volumedata
setwith andwithoutshadowsTheshadow$avebeencom-
putedwith our algorithmfor alpha-codedhadowmaps.The
Phongreflectionmodelis usedfor theunshadowegarts.

Visualizing Global lllumination with EnvironmentMaps

Environmentmapsare two-dimensionaltextures that rep-
resentthe incomingillumination from all directionsat one
particularpointin spaceThis informationcanbe efficiently
usedto renderreflectionsin objects,provided thatthey are
relatively small and distantfrom the objectsthat reflectin
them(theernvironment).

View-independentEnvironmentMaps

The first stepfor usingenvironmentmapsis the choice of

an appropriateparameterizationThe sphericalparameteri-
zation20 usedin OpenGLtodayis basednthesimpleanal-

ogy of a infinitely small, perfectly mirroring ball centered
aroundthe object. The ervironmentmapis the imagethat

anorthographiccameraseesvhenlooking at this ball along

the negative z-axis. The samplingrate of this mapis max-

imal for directionsopposingthe viewing direction (thatis,

objectsbehindthe viewer), and goestowards zero for di-

rectionscloseto the viewing direction.Moreover, thereis a

singularityin the viewing direction,sinceall pointswhere
theviewing vectoris tangentiako the sphereshav the same
pointof theenvironment.

With thesepropertiesit is clearthatthis parameterization
is not suitablefor viewing directionsotherthanthe original
one.Mapsusingthisparameterizatiohave to beregenerated
for eachchangeof theview point, evenif theervironmentis
otherwisestatic. The major reasonwhy sphericalmapsare
usedarnyway; is thatthe lookup canbe computedeficiently
with simpleoperationsn hardware.ln OpenGL thereis an
automatictexture coordinategeneratiormodefor this type
of ervironmentmap.

We usea differentparameterizatiothatis both view in-



dependenandeasyto implementon currentandfuturehard-
ware,andthatwe first describedn 26 and?’. A detailedde-
scriptionof its propertiescan be found in 25. The parame-
terizationis basedon ananalogysimilar to the oneusedto

describesphericalmaps.Assumethat the reflectingobject
liesin theorigin, andthatthe viewing directionis alongthe

negative z axis. The imageseenby an orthographiaccamera
whenlooking atthe paraboloid

oy =5 306 +Y), CHP<l @)

containsthe information about the hemispherefacing to-

wardstheviewer (seeFigure5). The completeernvironment
is storedin two separateextures,eachcontainingthe infor-

mationof onehemisphere.

A

- —

Figure 5: The reflectionsoff a paraboloid can be usedto
parameterizeéheincominglight froma hemispher of direc-
tions.

Oneusefulpropertyof this parameterizatiois avery uni-
form samplingof the hemispheref directions. Anotherbig
adwantageof this parameterizatiois thatit canbe usedvery
efficiently in hardwareimplementationsAs we have shavn
in 26,25 and?7, the texture coordinatescan be computed
from thereflectedviewing ray ry in eye spacevia aperspec-
tive transformation:

X
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whereM is alineartransformatiormappingthe erviron-
mentmapspacento eye spaceTheervironmentmapspace
is the spacan which the environmentis defined thatis, the
one,in whichthe paraboloids givenby Equation2. Thein-
verseof M thusmapsthe ry backinto this space Thenthe
matrix Saddsthevector[0,0, 1, 0]T to computethe halfway
vectorh, andfinally P copiesthe zcomponeninto the ho-
mogeneousomponentw to performthe perspectie divi-
sion.

In orderto specifyry astheinitial setof texture coordi-
nates,this vector hasto be computedper vertex. This can
be achieved eitherin software,or by a hardware extension
allowing for the automaticcomputatiorof thesetexture co-
ordinatesyhich we proposedn 26,

Whatremainsto be doneis to combinefront facingand
backfacingregionsof the ervironmentinto a singleimage.
Tothisend,wemarkthosepixelsinsidethecirclex’+y* < 1
of oneof thetwo mapswith analphavalueof 1, the others
with 0. The secondmapdoesnot needto containan alpha
channel.Then, with eithera single renderingpassandtwo
texturemaps,or two separateenderingpassesthe objectis
renderedvith thetwo differentmapsapplied,andthe alpha
channelof thefirst mapis usedto selectwhich mapshould
bevisible for eachpixel.

Figure 6 shaws the two imagescomprisingan erviron-
mentmapin this parameterizationas well astwo images
renderedvith thesemapsunderdifferentviewing directions.
The ernvironmentmapswere generatedising a ray-caster
Themarled circularregionscontainthe informationfor the
two hemispheresf directions.The regionsoutsidethe cir-
clesare,strictly speakingnot part of the environmentmap,
but are useful for avoiding seamsbetweenthe two hemi-
spheref directions,aswell asfor generatingnipmapsof
theervironment.Thesepartshave beengeneratethy extend-
ing the paraboloidfrom Equation2 to the domain[—1, 1)2.

NV

Figure 6: Top: two parabolic images comprisingone ervi-
ronmentmap.Bottom:renderingof a torus usingthis ervi-
ronmenimap.

Mirr or and Diffuse Termswith EnvironmentMaps

Onceanervironmentmapis givenin the parabolicparame-
terization,it canbeusedto adda mirror reflectiontermto an
object.Dueto the view-independenhatureof this parame-
terization,onemapsuficesfor all possibleviewing positions
anddirections.Using multi-passrenderingandeitheralpha
blendingor an accumulatiorbuffer 22, it is possibleto add



a diffuseglobalillumination term throughthe useof a pre-
computedtexture. Two methodsexist for the generatiorof
suchatexture.Oneway is, thata globalillumination algo-
rithm suchasRadiosityis usedio computethediffuseglobal
illuminationin every surfacepoint.

Thesecondapproachs purelyimage-basedandwaspro-
posedby Greené'8. The ervironmentmapusedfor the mir-
ror term containsinformationaboutthe incomingradiance
Li(Px,1), wherePx is the point for which the ervironment
mapis valid, and| thedirectionof theincominglight. This
informationcanbe usedto prefilterthe ervironmentmapto
representhe diffusereflectionof an objectfor all possible
surfacenormals.Like regular environmentmaps,this tex-
tureis only valid for onepointin spacejut canbe usedas
anapproximatiorfor nearbypoints.

FresnelTerm

A regular ervironmentmap without prefiltering describes
theincomingilluminationin a pointin spacelf this infor-
mationis directly usedasthe outgoingillumination, aswith
regularervironmentmapping,only metallicsuriacescanbe
modeledThisis becauséor metallicsurfaceqsurfaceswith
a high index of refraction)the Fresneltermis almostone,
independentf theanglebetweeright directionandsurface
normal.Thus,for aperfectlysmooth(i.e. mirroring) surface,
incominglight is reflectedn themirror directionwith acon-
stantreflectance.

For non-metallicmaterials(materialswith a small index
of refraction),however, thereflectancestronglydependson
the angleof the incominglight. Mirror reflectionson these
materialsshouldbeweightedby the Fresnetermfor thean-
gle betweerthe normalandthe viewing directionv.

The Fresnelterm F (cosB) for themirror directionry can
be storedin a 1-dimensionatexture map.This Fresnekerm
is renderedo the framebuffer’s alphachannein a separate
renderingpass.The mirror partis thenmultiplied with this
termin a secondpass,and a third passis usedto addthe
diffuse part. This yields an outgoingradianceof Lo = F -
Lm+ Ly, whereLm is the contrikution of the mirror term,
while Lq is the contribution dueto diffusereflections.

In addition to simply adding the diffuse part to the
Fresnel-weightechirror reflectionwe canalsousetheFres-
nel term for blendingbetweendiffuse and specular:Lo =
F -Lm+ (1— F)Lg. This allows usto simulatediffuse sur
faceswith a transparentoating:the mirror term describes
thereflectionoff the coating.Only light notreflectedby the
coatinghitsthe underlyingsurfaceandis therereflecteddif-
fusely

Figure 7 shavs imagesgeneratedusing thesetwo ap-
proacheslin the top row, the diffusetermis simply added
to the Fresnel-weightednirror term (the glossyreflection
is zero).For arefractve index of 1.5 (left), which approxi-
matelycorrespondso glass,the objectis only specularfor

grazingviewing angleswhile for a highindex of refraction
(200, right image),which is typical for metals,the whole
objectis highly specular

The bottom row of Figure 7 shawvs two imagesgener
atedwith the secondapproachFor a low index of refrac-
tion, thespeculatermis againhighonly for grazingangles,
but in contrasto theimageabore, the diffusepartfadesout
for theseangles.For a high index of refraction,which, as
pointedout abore, corresponds$o metal,the diffuse partis
practically zero everywhere,so that the objectis a perfect
mirror for all directions.

Figure7: Mirror anddiffusereflectionsveightedby a Fres-
neltermfor a varyingindex of refraction. Top: constantif-
fusecoeficient,bottom:diffusereflectionfadingoutwith the
Fresnelterm.

PrecomputedGlossyReflectionand Transmission

It is possibleto extend the conceptof ervironmentmaps
from mirror reflectionsto glossyreflections?’. Theideais
similarto thediffuseprefilteringproposedy Greené® and
the approachby Voorhiesand Foran®2 to useernvironment
mapsto generatePhonghighlights from directional light
sources.Thesetwo ideascan be combinedto precompute
an ernvironmentmap containingthe glossyreflectionof an
objectwith aPhongmaterial With this conceptgffectssim-
ilar to the onespresentedby Debevec 12 arepossiblein real
time.

As shawvn in 36, the PhongBRDF is given by
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wherer|, andry arethe reflectedlight- andviewing direc-
tions,respectiely.




Thus, the specularglobal illumination using the Phong
modelis

Lo(rv) = ks- /Q(n) <ol YL dol),  (5)

which is only a function of the reflectionvectorry andthe
environmentmap containingthe incoming radianceL;(l).
Thereforejt is possibleto take a mapcontainingL;(l), and
generate filtered mapcontainingthe outgoingradianceor
aglossyPhongmaterial.Sincethis filtering is relatively ex-
pensve, it cannotberedonefor every framein aninteractive
application.Thus,it is importantto usea view-independent
parameterizatiosuchasthe parabolicmaps.

Figure8 shavs sucha prefilteredglossymapfor a Phong
exponentof 100,aswell asaglossyspherdexturedwith this
map.The sametechniquecanbe appliedto simulateglossy
transmissioron thin surfaces.This is alsodepictedin Fig-
ure8.

Figure 8: Top: original parabolic map usedin this figure
andFigure 7, aswell asprefiltered mapwith a roughnessf
0.01.Bottom: applicationof thefiltered mapto a reflective
torus(left) anda transmissiveectanglg(right).

Normal Maps

Bumpmapsarebecomingpopularfor hardware-accelerated
renderingbecausehey allow usto increasehevisualcom-
plexity of a scenewithout requiring excessie amountsof
geometriadetail.

Normalmapscanbeusedfor achiezing thesamegoal,and
havetheadwantagehattheexpensve operationgcomputing
thelocal surfacenormalby transformingthe bumpinto the
local coordinateframe) have alreadybeenperformedin a

preprocessingtageAll thatremaingo bedoneis to usethe
precomputeshormalsfor shadingeachpixel.

Wefirst describenow normalmapscanbelit accordingo
the Blinn-Phongillumination modelusingthe imaging op-
erations and afterwards, we discusshow the environment
mappingtechniquedrom Section canbe usedtogethemwith
normalmaps.This partrelieson the pixel texture extension.

Themethodglescribedereassumeanorthographicam-
eraanddirectionallight sourcesTheartifactsintroducedoy
theseassumptionareusuallybarelynoticeableor surfaces
with bump maps,becauséahe additionaldetail hidesmuch
of them.

Normal Maps with local Blinn-Phong lllumination

Amongmary otherfeaturegsee*® for details),theimaging
operationanale it possibleto applya 4 x 4 matrix to each
pixel in animage,asit is transferredo or from the frame
buffer or to texture RAM. Following this color matrix trans-
formation,alookuptablemaybe appliedto eachindividual
colorcomponent.

With thesetwo mechanisms&nda given normalmapin
theform of a color codedimage,the mapcanbelit in two
renderingpassesFirst, a color matrix is specified,which
mapsthe normalfrom objectspacento eye spaceandthen
computeshediffuseillumination (whichis essentiallygiven
by thedotproductwith thelight direction).Whenthenormal
imageis now loadedinto texture RAM, thelighting compu-
tationsare performed.Afterwardsthe loaded,lit texture is
appliedto the objectusingtexture mapping.

A similar secondrenderingpassdraws the speculamart
usingtheBlinn-Phongreflectionmodel.Thistime, howvever,
thematrixcomputeshedot productbetweemormalandthe
halfway vectorh := (r; +v)/|r; + V| betweerreflectedight
directionr; :=2 < |I,n > -n—1| andtheviewing directionv.
Theexponentiatiorby 1/r, wherer is thesurfaceroughness,
is performedby a colorlookuptable.

Figure9 shavstwo imagesvhereonepolygonis rendered
with this technique.On the left side, a simple exponential
wave functionis usedasa normalmap.The normalmapfor
theimageon theright sidehasbeenmeasuredrom a piece
of wallpaperwith theapproactpresentedh 44.

Normal Maps with EnvironmentMaps

The pixel texture extensioncanbe usedto apply environ-
ment mapsto normal mappedsurfaces.For orthographic
camerasthe x andy component®f the unit lengthnormal
ateachsurfacepoint canbe directly usedasa texture coor
dinatefor the sphericalernvironmentmap at that pixel. On
the otherhand,the valuesny/n; andny/nz, arethe texture
coordinategor the parabolicenvironmentmap,sothatboth
parameterizationsanbe used.



Figure 9: Two Phong-lit normal maps.Theright one has
beemmeasuedfroma pieceof wallpaperusingtheapproacd
presentedn 44,

The renderingthen proceedsasfollows: first, the object
is renderedvith theuntransformedormalmapasatexture.
Thisyieldsanimagecontainingthetexture coordinatesnto
theenvironmentmapateachpixel. Then,theframebuffer is
copiedontoitself, while theenvironmentmapis specifiecas
a pixel texture. Specialcolor matricesor lookup tablesare
notrequiredfor this step.

The imagesin Figure 10 were generatedisingthe pixel
textureextensionanda single,view-dependenénvironment
map.

Figure 10: Combinationof ervironmentmappingand nor-
mal mapping Left: ervironmentmap only. Right: Local
Phongillumination pluservironmentmap.

Sessiorss:

Advancedvolumerendering techniques

As we have seenin the previous sessionsOpenGL and
its extensionsprovide accesgo adwancedperpixel opera-
tions available in the rasterizationstageand in the frame
buffer hardware of modern graphicsworkstations. With
thesamechanismsg;ompletelynen renderingalgorithmscan
be designedandimplementedn avery particularway.

Over the pastfew yearsworkstationawith hardware sup-
port for theinteractve renderingof complex 3D polygonal
scenesconsistingof directly lit and shadedtriangleshave

becomewidely available.Thelasttwo generation®f high-
end graphicsworkstations? 41, hawever, besidesproviding
impressie ratesof geometryprocessingalso introduced
new functionalityin therasterizatiorandframebuffer hard-
ware,like texture andervironmentmapping fragmenttests
and manipulationas well as auxiliary buffers. The ability
to exploit thesefeatureghroughOpenGLandits extensions
allows completelynew classesof renderingalgorithmsto
be developed.Anticipating similar trendsfor the more ad-
vancedimaging functionality of todayshigh-endmachines
graphicsresearcherare actively investigatingpossibilities
to accelerateexpensve visualizationalgorithmsby using
theseextensions.

In this sessiorwe will summarizevariousapproachethat
male extensve useof graphicshardwarefor therenderingof
volumetricdatasets.In particular the goalof this sessioris
to provide participantswith dedicatecknowledgeconcern-
ing the applicationof 3D texturesin volumerenderingap-
plicationsandto demonstratéow to exploit the processing
power andfunctionality of therasterizatiorandtexture sub-
systenof adwancedyraphicshardware.Althoughatthistime
hardwareaccelerate@D texture mappingis only supported
on a few particulararchitecturesve expectthe samefunc-
tionality to beavailableonlow-endarchitecturesike PCsin
the nearfuture thusleadingto anincreasingneedfor hard-
wareacceleratedlgorithmsaswill bepresented.

Hereaftewe will first describethe basicconceptof vol-
umerenderingvia 3D texturestherebyfocusingon the po-
tential benefitsandadvantagecomparedo softwarebased
solution.We will furtheroutline extensionghatenableflex-
ible andinteractive editing and manipulationof large scale
volumedata.We will introducethe conceptof clipping ge-
ometriesby meansof stencilbuffer operationsandpolygon
tesselationand we will review the useof 3D texturesfor
therenderingof lightedandshadedso-surcesn real-time
without extractingary polygonalrepresentationAddition-
ally, we will describenovel approachefor thevisualization
of scalarvolumedatadefinedon unstructuredyrids, where
only software solutionsexist up to now. The intentionhere
is to streamlinenew directionsfor the visualizationof un-
structuredgrids without explicit topologicalinformation.In
particular the sketchedapproachesontinuouslyleadto re-
samplingstrateyiesfor arbitrarygrid structuresin this con-
text we will focuson iso-surficeextractionanddirectvol-
umerenderingtechniqueswhich canbe acceleratedo nev
ratesof interactvity by simplepolygondraving andframe
buffer operations.

Our majorconcernin this sessioris to outlinetechniques
for the efficient generationof a visual representatiorof
the informationpresentin volumetricdatasets.For scalar
valuedvolumedatatwo standardechniquesthe rendering
of iso-surbices,andthe directvolumerendering have been
developedto a high degreeof sophisticationHowever, due
to the hugenumberof volume cells which have to be pro-



cessechndto the variety of differentcell typesonly a few

approacheallow parametemodificationsandnavigationat

interactive ratesfor realisticallysizeddatasets To overcome
thesdimitationsa basisfor hardwareaccelerateihteractve

visualizationof bothiso-surficesanddirectvolumerender

ing on arbitrarytopologieshasbeenprovidedin 56,

Direct volumerenderingtriesto corvey a visualimpres-
sionof the complete3D datasetby taking into accounthe
emissiorandabsorptioreffectsasseerby anoutsideviewer.
The underlyingtheory of the physicsof light transportis
simplifiedto thewell known volumerenderingntegralwhen
scatteringandfrequenyg effectsare neglected?s 30.39.62, A
few standardalgorithmsexist for computingthe intensity
contritution alonga ray of sight,enhancedy a wide vari-
ety of optimizationstrateies3> 3934 1133 Byt only recently
sincehardware supported3D texture mappingis available,
hasdirect volume renderingbecomeinteractvely feasible
ongraphicswvorkstations. 10 63, This approachasbeenex-
tendedurtheronwith respecto flexible editingoptionsand
adwancedmappingandrenderingechniques.

The major goalis the visualizationand manipulationof
volumetric datasetsof arbitrary datatype and grid topol-
ogy at interactie rateswithin one applicationon standard
graphicsworkstations.In this sessiorwe focus on scalar
valuedvolumesand shav how to acceleratehe rendering
processby exploiting featuresof adwancedgraphicshard-
wareimplementationshroughstandardAPIs like OpenGL.
Thepresente@pproachs pixel oriented takesadwantageof
rasterizationfunctionality such as color interpolation,tex-
ture mapping,color manipulationin the pixel transferpath,
variousfragmentandstenciltests,andblendingoperations.
In thisway it is possibleto

e extendvolume rendering via 3D textureswith respect
to arbitrary clipping geometriesand to improve perfor
manceby adaptve rasterization

e render shadediso-surfacesatinteractve ratescombin-
ing 3D texturesand fragmentoperationsthus avoiding
ary polygonalrepresentation

e acceleratevolume visualization of tetrahedral grids
emplg/ing polygonrenderingof cell facesandfragment
operationgor bothshadedso-suracesanddirectvolume
rendering.

Volumerenderingvia 3D textures

When 3D texturesbecameavailable on graphicsworksta-
tionstheirbenefitin volumerenderingapplicationsvassoon
recognized® 6, The basicideais to interpretthe 3D scalar
voxel arrayasa 3D texture definedover [0,1]* andto un-
derstan®BD texture mappingasthetrilinear interpolationof

thevolumedatasetat anarbitrarypoint within this domain.
The datais re-samplecn clipping planesthat are oriented
orthogonalo the viewing planewith the planepixelstrilin-

earlyinterpolatedrom the 3D scalartexture. This operation
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is successkely performedfor multiple planesthat have to
be clippedagainstthe parametrictexture domain(seeFig-
ure 11). Thesepolygonsarerenderedrom front-to-backor
back-to-frontandtheresultingtexture slicesareblendedap-
propriatelyinto the framebuffer therebyapproximatinghe
continuoussolumerenderingntegral.

Figure 11: Volumerenderingby 3D texture slicing.

Dedicatedgraphicshardware is exploited for trilinearly
interpolatingwithin the texture andfor blendingthe gener
atedfragmentson a perpixel basis.However, the real po-
tential of volumerenderingvia 3D texturesjust turnedout
after texture lookup tablesbecameavailable. Scalarsam-
plesthatarereconstructeétom the 3D texturearecorverted
into RGAa pixels by a lookup-uptable prior to their draw-
ing. The possibilityto directly manipulatethe transferfunc-
tions necessaryo performthe mappingfrom scalarvalues
to RGBa valueswithout the needfor reloadingthe entire
textureallows the userto interactvely find meaningfulmap-
pingsof materialvaluesto visual quantitiesIn this way ar
bitrary partsof thedatacanbehighlightedor suppressednd
visualizedusingdifferentcolorsandtransparencies.

Nevertheless,besidesinteractve frame rates,in mary
practicalapplicationseditingthedatain afreeandeasyway
is of particularinterest.Although texture lookup tablescan
be modifiedin orderto extract portionsof the data,the use
of additionalclipping geometriesftenallows separatinghe
relevant structuresn a muchmore convenientandintuitive
way. Planarclipping planesavailableascoreOpenGLmech-
anismsmay be utilized, but from the users point of view
morecomplex geometriearenecessary

Clipping geometries

Stenciling

A straightforvard approachwhich is implementedjuite of-
tenis the useof multiple clipping planesto constructmore
comple geometriesHowever, notice that even the simple
taskof clipping anarbitrarily scaledbox cannotberealized
in this way. More flexibility andeaseof manipulationcan
be achiered by taking advantageof the perpixel operations
providedin therasterizatiorstage As will beoutline,aslong
asthe objectagainstwhich the volumeis to be clippedis a
closedsurfacerepresenteddy a list of trianglesit canbe ef-
ficiently usedastheclipping geometry



Thebasicideais to determinéfor all slicing planesthose
pixels which are coveredby the cross-sectiometweenthe
objectandthis plane(seeFigure12). Then,thesepixelsare
locked, thus preventing the textured polygon from getting
drawn to theselocations.The locking mechanismis imple-
mentedoy exploiting the OpenGLstenciltest.It allows pixel
updatego beacceptear rejectechasedntheoutcomeof a
comparisorbetweena userdefinedreferencevalueandthe
valueof thecorrespondingntryin the stencilbuffer. Before
the textured polygongetsrenderedhe stencilbuffer hasto
be initialized in sucha way thatall color valueswritten to
pixelsinsidethe cross-sectiomwill berejected.

gt . an?™h

Figure 12: The use of arbitrary clipping geometriesis
demonstated for the caseof a sphee. In regions whee
the object intersectsthe actual slice the stencil buffer is
locked. The intuitive appmoad of renderingonly the badk
facesmightresultin the patternederroneougegion.

In orderto determinefor a certainplanewhethera pixel
is coveredby a cross-sectioror not the clipping objectis
renderedn polygonmode.However, sinceoneis only in-
terestedn settingthe stencilbuffer noneof the framebuffer
valuesaltered.At first, an additionalclipping planeis en-
abledwhichhasthesameorientatiorandpositionastheslic-
ing plane.All backfaceswith respecto the actualviewing
directionaredravn, andeverythingin front of the planeis
clipped.Wherever a pixel would have beendrawn the sten-
cil buffer is set.Finally, by changingthe stenciltestappro-
priately renderingthe textured polygon, now, only affects
thosepixelswherethe stencilbuffer is unchanged.

In generalhowever, dependingon the clipping geometry
this procedurdailsin determiningthe cross-sectioexactly
(seerightmostimagein Figure 12). Therefore,beforethe
texturedpolygonis renderedall stencilbuffer entrieswhich
aresetimproperlyhave to be updatedNoticethatin front of
a backfacewhich waswritten erroneouslythereis always
afront facedueto the topologyof the clipping object. The
frontfacesarethusrenderednto thosepixelswherethesten-
cil buffer is setandthe stencilbuffer is clearedvhereapixel
alsopasseshedepthtest.Now thestencilbuffer is correctly
initialized andall furtherdraving operationsarerestrictedo
thosepixelswhereit is setor vice versa Clearingthe stencil
buffer eachtime anew sliceis to berenderedanbeavoided
by usingdifferentstencilplanes.Thenthe numberof slices
thatcanbeprocesseavithoutclearingthebuffer dependen
thenumberof stencilbits provided by the currentvisual.

11

Sincethis approachis independentf the usedgeome-
try it allows arbitraryshapego be specifiedIn particularit
turnsout that transformation®f the geometrycanbe han-
dledwithout ary additionaloverheadthusproviding a flex-
ible tool for carvingportionsout of the datain anintuitive
way.

ReducingRasterization

Although the stencil buffer approachworks quite optimal
aslong asthe renderingof the triangle meshdoesnot af-
fect or even dominatethe overall performancethereis no
gainin generakoncerninghenumberof rasterizatioroper
ationsthat have to be performed.Evenif only a small part
of the datais to be renderedhe numberof texture lookups
remainsthe samesincetexturing is performedprior to the
stenciltest.

A different alternatve that was originally developedto
renderthin boundaryregions®>’ circumentsthis dravback
by balancingheload betweertherasterizatiorunit andthe
processomore equally The slicing planesare explicitly
clippedagainstthe clipping geometry which resultsin the
generatiorof a planarcontourwithin eachslice.

In generalaslong astheclipping geometnyis simpleand
doesnot consistof a large numberof triangles,the compu-
tation of the sectionalcontourcanbe donevery efficiently.
At thecoreof theintersectioralgorithmthetrianglemeshis
storedin an edgebaseddatastructure Eachedgehasrefer
encedo the trianglesthat sharethis edgeaswell asto the
pointsthat definethis edge.Basedon the distanceof each
point to the viewing planeall edgescannow be sortedac-
cordingly For eachslice an edgehasto be determinedhat
intersectghis slice,which canthenbeusedto find all other
edgesthat intersectthis slice by recursvely following the
appropriatdinks.

Figure 13: Ontheleft a simplecontourhasbeentesselated
usingthe OpenGLtesselatiorutilities. On theright a more
comple tesselationis shownconsistingof the original con-
tour with threeholes.

Oncethesectionabolygonbetweerthesslicing planeand
theclipping geometryhasheencalculatedt needdo betes-
selatedn turn (seeFigure13).In anOpenGLbasedsetting
it just seemgo be self-evident to utilize the OpenGLtes-
sellationutilities for computingtrapezoidadecompositions
of concae polygons.As aresult,a numberof trianglesthat



completelycover thesectionakegionis obtainedandcanbe
renderedvith the appropriateexture coordinatesssuedat
eachvertex. Notethataffine transformation®f the clipping
objectwithin the texture domaincanbe handledby issuing
thecurrenttransformatiorin thetexturematrixuseduo trans-
form texture coordinatebeforetexturingis performed.

In thiswaytheloadin therasterizatiorunit canbeconsid-
erablyreducedat the expenseof additionalnumericaloper
ationsnecessaryo computeandtesselatehe sectionakon-
tours.In Figurel4a,for example,atrianglemeshportraying
a horsewasfirst voxelizedandthenrenderedvith amethod
describedbelawn. In Figure 14bthe clipping geometryis il-
lustratedthat was usedto restrictrasterizatiorto the rele-
vant parts.Overall, the numberof rasterizationoperations
hasbeenreducedf about50%resultingin againin perfor
manceof almostthe sameamountsincethe tessellatiorof
the sectionalcontourswasdonein approximately0.07 sec-
onds.

(a) Thevoxelizedhorse
dataset.

(b) The clipping geometry
usedto visualizethehorse.

Figure 14: Reducingasterizatiorby adaptiveclipping

In Figurel5two imagesareshavn, which shoulddemon-
stratetheextendedunctionalityof 3D texturebasedvolume
renderingIn thefirstimagea simplebox wasusedto mask
the interior of a MRI-scanby meansof the stencil buffer
approach.The secondimageswas generatedy explicitly
clippingtheslicing planesagainsthebox andby tesselating
the resultingcontours.Note that only the region of interest
needgo betexturedin thisway.

Renderingiso-surfacesvia 3D textures

Sofarwe describedxtensiongo texture mappediirectvol-
umerenderingthathave beenintroducedin orderto define
a generalhardware acceleratedramevork for adaptve ex-
ploration of volumetricdatasets.In practice,however, the
displayof shadedso-surficeshasheenshavn asoneof the
most dominantvisualizationoptions,which is particularly
usefulto enhancehespatialrelationshipbetweerstructures.
Moreover, this kind of representationftenmeetsthe physi-
cal characteristicef therealobjectin amorenaturalway.
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Figure 15: Box clipping usingthe stenciltest(left) and the
OGL tesselatior{right).

Differentalgorithmshave beenproposedor efficiently re-
constructingpolygonalrepresentationsf iso-surficesfrom
scalarvolumedatas3é 4@ 47,58 put noneof theseapproaches
can effectively be usedin interactve applications.This is
dueto the effort that hasto be madeto fit the surfaceand
alsoto the enormousamountof trianglesproduced For re-
alistically sizeddatasetsinteractvely manipulatingtheiso-
valueseemsdo be quite impossible,andalsorenderingthe
surfaceat acceptablérameratescanhardly be achieved. In
contrastto thesepolygonalapproachesn 55 an algorithm
was designedthat completelyavoids ary polygonalrepre-
sentationby combining3D texture mappingand advanced
pixel transferoperationsn away thatallows theiso-surfice
to berenderedn aperpixel basis.

Recentlyfirst approachefor combininghardwareaccel-
eratedvolumerenderingvia 3D texture mapswith lighting
andshadingwere presentedin 5! the sumof pre-computed
ambientandreflectedight componentss storedin the tex-
ture volume and standard3D texture compositionis per
formed.On the contrary in 23 the orientationof voxel gra-
dientsis storedtogethemwith the volume densityasthe 3D
texture map. Lighting is achiezed by indexing into an ap-
propriatelyreplicatedccolortable. Theinherentdravbacksto
thesetechniquess the needfor reloadingthe texture mem-
ory eachtime ary of thelighting parametershangginclud-
ing changesn the orientationof the object)®?, andthe diffi-
culty to achieve smoothlyshadedsurfacesdueto thelimited
quantizatiorof thenormalorientationandtheintrinsichard-
wareinterpolationproblems?3.

Basically the non-polygonal3D texture basedapproach
is similar to the oneusedin traditionalvolumeray-casting
for the display of shadedso-surfices.Let us considerthat
thesurfaceis hit if the materialvaluesalongtheray of sight
do exceedthe iso-value for the first time. At this location
thematerialgradientis computedwhichis thenusedin the
lighting calculations.

By recognizingthat texture interpolationis alreadyex-
ploitedto re-samplethe data,all that needsto be evaluated
is how to capturethosetexture samplesabove theiso-value



that are nearesto the imageplane.Thereforethe OpenGL
alpha test canbe emplg/ed, which is usedto rejectpixels
basedon the outcomeof a comparisorbetweertheir alpha
componenandareferencevalue.

Eachelemenbf the 3D texture getsassignedhe material
valueasits alphacomponentThen,texture mappedvolume
renderingis performedas usual,but pixel valuesare only
drawn if they passthe depthtestandif the alphavalueis
largerthanor equalto the selectedso-value.In ary of the
affectedpixelsin the framebuffer, now, the color presentat
thefirst surfacepointis beingdisplayed.

In orderto obtainthe shadedso-suracefrom the pixel
valuesalreadydrawn into the framebuffer two differentap-
proacheshouldbe outlined:

e Gradient shading A four component3D texture is
storedwhich holdsin eachelementthe materialgradi-
entaswell asthe materialvalue.Shadings performedn
imagespaceby meansf matrix multiplicationusingan
appropriatelyinitialized color matrix.

e Gradientless shading Shadingis simulatedby simple
frame buffer arithmetic computingforward differences
with respecto thelight sourcedirection.Pixel texturing
is exploitedto encompasmultiple renderingpasses.

Both approacheaccounffor diffuseshadingwith respect
to aparallellight sourcepositionedat infinity. Thenthe dif-
fusetermreducego the scalarproductbetweerthe surface
normal,N, andthedirectionof thelight sourceL, scaledby
thematerialdiffusereflectiity, ky.

Thetexture elementsn gradientshadingeachconsistof
anRGBa quadruplevhichholdsthegradienttomponentin
the color channelsandthe materialvaluein the alphachan-
nel. Before the texture is storedand internally clampedto
therange[0,1] thegradienttomponentarebeingscaledand
translatedy afactorof 0.5.

By slicing the texture therebyexploiting the alphatestas
describedhetransformedyradientsatthe surfacepointsare
finally displayedin the RGB framebuffer componentgsee
left imagein Figure16). For the surfaceshadingto proceed
properly pixel valueshave to be scaledandtranslatecack
to the range[-1,1]. In orderto accountfor changesdn the
orientationof the objectthe normalvectorshave to betrans-
formed by the model rotation matrix. Finally, the diffuse
shadingtermis calculatedoy computingthe scalarproduct
betweerthelight sourcedirectionandthe transformechor
mals.

All threetransformationgan be appliedsimultaneously
using one 4x4 matrix. It is storedin the currently se-
lectedcolor matrix which post-multiplieseachof the four-
componentixel valuesif pixel datais copiedwithin the
active frame buffer. For the color matrix to accomplishthe
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Figure 16: Ontheleft, for aniso-surfacehe gradientcom-
ponentsare displayedn the RGBpixel values.Ontheright,
for the sameso-surfacethe coodinatesin texture spaceare
displayedn theRGBcomponents.

transformation# hasto beinitialized asfollows:
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By just copying theframebuffer contentontoitself each
pixel getsmultiplied by the color matrix. In addition, it is
scaledandbiasedn orderto accounfor thematerialdiffuse
reflectvity andthe ambientterm. Theresultingpixel values
are
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where obviously different ambienttermsand reflectiities
canbespecifiedfor eachcolor component.

Figure 17 illustratesthe quality of the describedrender
ing techniquéor shadedso-suracesThesurfaceontheleft
imagewasrenderedn roughly 9 secondausinga software
baseday-caster3D texturebasedgradientshadingwasrun
with about6 framespersecondon the next image.Thedis-
tancebetweensuccessie sliceswas chosento be equalto
the samplingintervals usedin the software approachThe
surfaceon theright appearsomavhat brighterwith a little
lesscontrastdueto the limited frame buffer precision,but
basicallytherecanhardlybe seenary differences.

To circum\ent the additionalamountof memorythat is
neededo storethe gradienttexture a secondechniquecan
be employed which appliesconceptshorroved from 42 but
in anessentiallydifferentscenarioThediffuseshadingerm
can be simulatedby simple frame buffer arithmeticif the
surfaceis assumedo be locally orthogonalto the surface
normalandthe normalaswell asthe light sourcedirection
areorthonormabectors.

Notice thatthe diffuse shadingtermis thenproportional
to the directionalderiative towardsthe light source.Thus,
it canbe simulatedby takingforward differencesowardthe



Figure 17: Iso-surfaceenderingby directray-casting(left)
andby usinga gradienttexture (right).

light sourcewith respecto the materialvalues:
oX

X(Po) — X(Po+ &)

By renderingthe scalarmaterialvaluestwice, oncethose
thatcorrespondo the original surfacepointsandthenthose
thatcorrespondo thesurfacepointsshiftedtowardsthelight
source,OpenGL blending operationscan be exploited to
computetheforwarddifferences.

In orderto obtainthe coordinate®f the surfacepointsit
is taken adwantageof the alphatestas proposedand pixel
texturesareappliedto re-samplehe materialvalues There-
fore it is importantto know that eachvertex comeswith a
texturecoordinateaswell asacolorvalue.Usuallythe color
valuesprovide abasecolorandopacityin orderto modulate
theinterpolatedexture samples.

By consideringthatto eachvertex the computedexture
coordinate(u,v,w) is assignedas RGB color value. Tex-
ture coordinatesare supposedo be within the range[0,1]
sincethey arecomputedn parametridexture space More-
over, thecolorvaluesinterpolatediuringrasterizatiorcorre-
spondto the texture spacecoordinate®f pointson the slic-
ing plane.As a consequencae now have the position of
surfacepointsavailablein the frame buffer ratherthanthe
materialgradients.

In order to display the correctcolor valuesthey must
not be modulatedoy the texture samplesHowever, remem-
ber thatin gradientlesshadingthe sametexture formatis
usedasin traditionaltextureslicing. Eachelementomprises
a single-waluedcolor entry which is mappedvia a RGBa
lookuptable.Thisallows oneto temporarilysetall RGBval-
uesin thelookuptableto onethusavoiding ary modulation
of colorvalues.

At this point, the real strengthof pixel texturescan be
exploited. The RGB entriesof the texture lookup table are
resetin orderto producetheoriginal scalarvalues.Then,the
pixel datais readinto main memoryandit is dravn twice
into the framebuffer with enablecdpixel texture.In the sec-
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ondpasspixel valuesareshiftedtowardsthelight sourceby

meansof the OpenGLpixel bias.By changingthe blending
equationappropriatelyall valuesget subtractedrom those
alreadyin the frame buffer thusyielding the approximated
diffuselighting.

In Figure 18 illustratesthe differencebetweengradient
shadingand gradientlesshading.Olviously, surfacesren-
deredby the latter oneexhibit low contrastandevenincor
rectresultsareproducedespeciallyin regionswherethevari-
ation of the gradientmagnitudeacrossthe surfaceis high.
Althoughthe materialdistribution in the exampledatais al-
mostiso-metric,at somepointsthe differencescanbe eas-
ily recognizedAt thesesurfacepointsthe stepsizeusedto
computethe forward differencehasto be increasedwhich,
of coursecannotberealizedby the presente@pproach.

However, only onefourth of thememoryneededn gradi-
entshadings usedin gradientlesshadingandalsotheren-
deringtimesdiffer insignificantly The only differencelies
in theway theshadings finally computedin gradientshad-
ing the whole frame buffer is copiedonce.In gradientless
shadingthe pixel datahasto be readandwritten twice with
enabledpixel texturing. On the otherhand,sincethe over
headdoesnot dependon the dataresolutionbut on the size
of theviewport, its relative contributionto theoverallrender
ing time canbeexpectedo decreaseapidly with increasing
datasize.

Figure 18: Comparisonof iso-surfacerenderingusing a
gradienttexture (left) andframebuffer arithmetic(right).

Volumerendering of unstructur ed grids

Now we turn our attentionto tetrahedragrids mostfamiliar
in CFD simulation,which, on the otherhand,have alsore-
centlyshavn theirimportancdn adaptve refinemenstrate-
gies.Sincemostgrid typesthatprovide the dataat unevenly
spacedsamplepointscanbe quite easilycorvertedinto this
kind of representationtetrahedrabasedechniquesin gen-
eral,arepotentiallyattractie to a wide areaof differentap-
plications.

Causedby theirregular topology of the grids to be pro-
cessedhe intrinsic problemshaving up in direct volume



renderingis to find the correctvisibility orderingof thein-

volved primitives. Different ways have beenproposedto

attackthis problem, e.g. by improving sorting algorithms
50,6116 by using spacepartitioning stratgies>9, by taking
adwantageof hardwareassistegolygonrendering'8 50 64 54

andby exploiting the coherencavithin cuttingplanesin ob-
ject spacel” 49, In 55 a hardware accelerate@pproachthat
entirely avoids the sorting of elementswas introducedfor

both direct renderingand the display of iso-surficesfrom

unstructuredvolume data. Before we start with a detailed
explanationof this approacHet us first make samegeneral
considerations.

In its interior, eachtetrahedror{hereaftetermedthe vol-
umeprimitive or cell) exhibits alinearrangein the material
distribution andthereforea constangradient.The affine in-
terpolationfunction f(x,y,z) = a+ bx+ cy+ dz which de-
finesthematerialdistribution within onecell is computedy
solvingthe systemof equations

1 X Yo o)\ [a fo
1 X1 Y1 7q b _ f1
1 X Yo 2o cl f2
1 X3 Y3 Z3 d f3

for the unknavns a,b,c and d. f; are the function values
givenatlocations(x;, Y, z).

Now the partial derivatives, b,c andd, provide the gra-
dientcomponent®f eachcell. Gradientsat the verticesare
computedby simply averagingall contritutionsfrom differ-
entcells. Theseare storedin additionto the vertex coordi-
natesandthe scalarmaterialvalues.the latteronesgivenas
one-componertolorindicesinto aRGBa lookuptable.

Shadediso-surfaces

In contrasto volumedatadefinedon Cartesiargridstheun-
structureddatacanno longerbe storedin a regular 3D tex-
ture.However, geometryprocessingndadwancedperpixel
operationganbeexploitedin ahighly efficientwayin order
to avoid ary polygonalrepresentation.

At first, let usconsideraray of sightpassinghroughone
tetrahedrortherebyre-samplingthe materialvalues.Since
alongtheray the materialdistribution is linearit suficesto
evaluatethe datawithin the appropriateéront andbackface
andto linearly interpolatein between.This, again,canbe
solved quite efficiently usingthe graphicshardware. There-
forethematerialvaluesareissuedasthecolorof eachvertex
beforethe smoothlyshadedtell facesarerenderedThecor
rectlyinterpolatecsamplesarethenbeingdisplayedandcan
be grabbedrom the framebuffer.

Ohviously, the sameprocedurecanbe appliedby choos-
ing anappropriateshadingmodelandby issuingthematerial
gradientasthe vertex normal. Thenthe renderedriangles
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will beilluminatedwith respecto the gradientsof the vol-
umematerial.

Neverthelesssincea specificiso-surbiceshaved be ren-
deredthoseelementshave to be find the surfaceis passing
through.But even more difficult, the exact location of the
surfacewithin thesecells hasto be determinedn orderto
computeappropriateinterpolationweightsthat are needed
to combinethe contributionsof the front andbackfaces re-
spectvely.

Thekey idealiesin amulti-passapproach:

a: Facesare rendered having smooth color interpola-
tion in order to computethe inter polation weights.
b: Facesare rendered having smoothshadingin order

to computeilluminated pixels.
c: The interpolation weights are usedto modulate the
resultsproperly.

In orderto computethe interpolationweightsthe mate-
rial valuesgiven at the verticesare duplicatedinto RGBa-
quadruplesTheseareusedasthecurrentcolorvalues Next,
all thebackfacesarerenderedbut only thosepixelsnearest
totheimageplanewith analphavaluelargerthanthethresh-
old aremaintainedy exploiting thealphatestandthe depth
test. The stencil buffer is setwheneer a pixel passedoth
tests.

Now the alphatestis inverted and the front facesare
drawn. Although depthtestingwill be performed glDepth-
Mask(GL_RLSE)isissuedn orderto preventz-valuesfrom
beingaltered.Pixel valuesmay be affectedwherethe sten-
cil buffer is set,but in fact,notall color componentsvill be
alteredin orderto retainthe previously writtenresults.

Insteadof processinaall front facesat onceonealterna-
tively rendereachelements back facesagain.By setting
their alphavaluesto zeroit is guaranteedhat they always
passhealphatest.Noticethatif pixelswereacceptedn the
first passthe corresponding-valuesare still presentsince
the z-valueshave notbeenaltered.Choosingan appropriate
stencilfunctionallows the stencilbuffer to belocked when-
everapixel is written with az-valueequalto the storedone.
At thesdocationsthe framebuffer is lockedin orderto pre-
vent the correctly dravn pixels from being destryed. Fi-
nally, the pixel datais readinto mainmemoryandtheinter
polationweightsare computedand storedinto two distinct
pixel imaged  andly, respectrely.

Onceagain,the entireprocedurdas repeatedbut now the
hardware is exploited to renderilluminated facesinstead
of coloredones.The resultsof the first renderingpassare
blendedwith the pixel imagel; and the modulatedpixel
datais transferedo the accumulatiorbuffer 22. Pixel data
producedn the secondpasss blendedwith the pixel image
Ip andaddedto the dataalreadystoredin the accumulation
buffer. During both passeblendingensureshatthe shaded
facesareinterpolateccorrectlyin orderto producethe sur



faceshadingFinally, theentireimageis dravn backinto the
framebuffer.

However, even without computing the interpolation
weights,just by equallyblendingthe lightedfront andback
facesthismethodproducesuficientresultyseeFigurel9).
It is quite evidentthatsometimeshe geometricstructureof
the cellsshavs up, but this seemdo betolerableduringin-
teractve sessions.

L&)

Figure 19: Iso-surfacereconstructedfrom a tetrahedal
grid. Color valuesof the image were equalizedto enhance
the effects.Theleft image was geneated without usingthe
interpolationweightsnecessaryo achieve smoothresults.

Dir ectly slicing unstructur ed grids

It is now easyto derive analgorithmthatallows oneto re-
constructarbitraryslicesout of the data.For eachvertex its
distanceo theimageplaneis storedn additionandit is tem-
porarily usedasthe scalarmaterialvalue.But then,a slice
just correspondso a planariso-surbcedefinedby aniso-
valuethatis equalto the distanceof thatslice to theimage
plane.As a consequencghe proposedmethodfor recon-
structingshadedso-surficescan be applieddirectly. Even
moreefficiently, sinceoneis interestedn thescalamaterial
valuesonly smoothcolor interpolationacrosscell faceshas
to beissued.

For the methodto proceedproperly the scalarvaluesare
storedin the RG color component@andthe distancevalues
in the Ba componentdssuedat eachvertex. Again, back
facesare renderedirst. For a slice at the distanced from
theimageplaneonly pixel valueswith analphavaluelarger
thanor equatto d areacceptedOnly RB componentsvill be
alteredin the framebuffer. As usual,the stencilbuffer is set
wherea pixel passeshe depthtestandthe alphatest. Now
thefront facesarerenderedut only the Ga componentare
goingto bealtered Locking the stencilbuffer is donein the
sameway asdescribed.

Finally, all valuesnecessaryo correctly interpolatethe
scalarvalueswithin the actualslice areavailablein thepixel
data.Thesearereadand
d—a d—a
B—a B—a
is calculatedfor eachRGBa pixel value.The scalarvalues

S=(1--—)-G+ R
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arenow written backinto the framebuffer therebymapping
eachcomponenvia a lookup table provided by the graph-
ics hardware.In orderto approximatehevolumerendering
integral the grid is sliced multiple timesandthe generated
imagesareblendedproperly

Theremarkabldactis thatthetopologyof theunderlying
grid never needsto be usedexplicitly. Sortingis implicitly
doneby depthtestingonaperpixel basisin therasterization
unit. Polygondrawing is exploited for interpolatingscalar
valueson the cell facesand all valuesnecessaryo inter-
polatewithin oneslice areaccessedrom the frame buffer.
Moreover, adaptve slicingwith arbitraryresolutioncaneas-
ily be performed)eadingto a powerful methodthatallows
for there-samplingof arbitraryregionsin the desirableres-
olution.

Ohviously, in orderto avoid renderingevery cell for each
slice, a coarsepartitioning of the datasetaccordingto the
distanceof cellsto the viewing planehasto be performed.
Wheneer the viewing definition changescells are insert
into a certainnumberof slabsparallelto the viewing plane.
During renderingonly thosecells have to betouchedwhich
arestoredin the slabthat containsthe currentslice. In this
way, the overall numberof cellsto berenderedwill still be
considerablyargerthantheoriginalnumberbut ontheother
hand,dependingpn the numberof slabsthisincreasecanbe
controlledarbitrarily.

Figure 20 shav someexamplesof tetrahedrafrids that
wererenderedisingthe presenteépproachesrhefirst im-
ageshavs aniso-suracefrom theNASA bluntfinwhichwas
convertedinto 225000tetrahedraDirect volumerendering
of afinite-elementdatasetis demonstratedby the second
example. Notice the adaptve manipulationof the transfer
function in order to indicate increasingtemperaturefrom
blueto yellow. The glowing innerkernelcanbe clearly dis-
tinguished which might be hardto achieve with cell based
projectiontechniquesik etheShirley-Tuchmaralgorithm?s,

The significantimprovementof the describedapproach
is that the expectedtimes do not dependon the grid topol-
ogy. As a consequencene endsup with constantframe
ratesfor arbitrarytopologieshut equalnumberof primitives.
Thisis amajordifferenceto avariety of existingapproaches
which exploit the connectiity betweercells. Then,thegrid
canbetraversedvery efficiently by takingadwantageof pre-
computedhdjaceng information.Finally, we expectthepro-
posedmethodto beof greatrelevancein applicationsvhere
thedatais updatedrequently e.g.in numericalsimulations.
As long asthe comple sortingof eachnew time-stephasto
be performedthereseemso be no chanceto run the visu-
alizationandthe simulationsimultaneouslyThe presented
algorithm, on the other hand,entirely avoids any comple
pre-processingteps.
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Figure 20: Two tetrahedal grids thatwere visualizedusing
thehardware-acceleatedmethodsasdescribed.

Sessiors6:

Cosmo3D/ OpenGL Optimizer in CAE applications

Thissessiorshouldillustratetheuseof waysandmeangro-
videdby Cosmo3D OpenGLOptimizerby presentinggome
visualizationexamplesn thefield of crashsimulation.

Finite elementpost-processindnas beendominatedby
softwarethatis tightly integratedwith simulationpackages.
Mary of thesepackageshave not kept up with the state-
of-the-artdevelopmentsn graphicstechnologyandvisual-
izationtechniquesEspeciallythe large andtime-dependent
datasetsresultingfrom crash-veorthinesssimulationsin the
automotve developmentprocessdemandfor new visual-
izationtools which allow interactive manipulationof com-
plex geometrieandmeaningfulmappingof physicalprop-
erties.In this sessiorwe demonstratéhat carefuldesignof
scenegraph structuresand extensie use of texture map-
ping canimprove renderingperformancendvisualappear
ancefor post-processintaskssuchasinspectingdfinite ele-
mentdiscretizatiorand analyzingintrusiondepthor vector
guantities Furthermoreyve describeaniconic visualization
methodasfirst presentedhn 3! andextendedn 32 whichim-
provesthe understandingf cross-sectioriorcesand bend-
ing momentsn longitudinalstructuref the carbody

Oneof themaingoalsin the developmentof a new caris
the achiszementof an optimal "crash-worthiness”usingas
mary analyticaltoolsaspossibleandminimizing hardware-
prototypetesting. During the last few years,the absolute
simulationtime for modeling,computingandinvestigatinga
completecrashmodelhasbeenreducedsignificantly How-
ever, we noticeashift of theproportionsdbetweerthetimere-
quiredfor pre-processingzomputatiorandpost-processing
respectrely. Thepost-processingtageturnedoutto become
the mosttime consumingactiity performedby the simula-
tion engineersThesechangesandtherapid developmentof
computergraphicstechnologyduringthe lastfew yearshas
increasedhe needfor new visualizationtechniquego facil-
itatetheanalysisof crash-verthinesssimulations.
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Consideringheprogres®f scientificvisualizationin var
iousareasduringthelastdecadeit becomeshviousthatthe
applicationof 3D visualizationtechniquego finite element
analysishasnot beena primaryfocus1 29 66, Nevertheless,
the useof commercialvisualizationpackagess now well
establishedn the automotve industry In the caseof crash
analysis thesetraditionally emplo/ed post-processorsave
beendesignedo managethe enormousamountof simula-
tion dataon workstationswith limited memoryby perform-
ing animationsof wire-framemeshesand polygonalrepre-
sentationf the simulatedcrashmodels.However, associ-
atedwith thesedesigncriteriaandwith wide platformavail-
ability is a trade-of which leadsto poor graphicsperfor
mancan termsof availableframerateson high-endgraphics
subsystems.

Memory efficient scenegraph design

Several graphicsAPIs, suchasIRIS Performeror OpenGL
Optimizer have beendevelopedto take adwantageof re-
centprogressn computesenerandworkstationarchitecture
with multiprocessinghardware in mind. SincethoseAPIs
are usually scenegraphbased,one cantake adwantageof
model optimizationduring scenegraphcreationand bene-
fit from multiprocessingisingview frustumculling andoc-
clusionculling while traversingthe scenegraphto increase
frameandinteractionrates(seeFigure21). Sincethetime-
dependentatabasesf our FE modelsarevery bulky, anef-
ficientscenggraphdesignis very importantin orderto han-
dle the comple datainterdependencieandto achiere high
renderingspeed.

Figure 21: On the left we seethe visible geometry All the
displayedpartson theright are detectedby the CPU asoc-
cluded- all thesetriangleswill notbesentinto thegraphics
pipeline

Thegoalis to visualizemeshe®f about300,00inite el-
ementswith nearlythe samenumberof nodesfor eachone
of 60 time steps.Additionally, the connectiity of thefinite
elementdasto berepresentedstoringbothcoordinategnd
connectiity for eachtime stepwould be awasteof memory
resourcessincethe elementtopologydoesnot changedur
ing the crash.Thereforea muchbetterapproachis to usean
indexed geometry

In Openliventor 53, a widely used object-oriented3D
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Figure 22: Comparisonof an Openlventor (top) and a
Cosmo3D(bottom)scenegraph

graphicstoolkit, we canstorethe coordinatesf eachtime
stepundera stateSwitch nodeandthetime-invariantdescrip-
tion of theconnectiity canbeplacedto theright sideof that
nodeonce(seetop of Figure22). For eachframethe scene
graphis traversedby arenderactionobjectwhich holdsthe
traversalstate Onemembeiof thetraversalstateis theactual
setof coordinatesvhich aredefinedoy oneof thecoordinates
nodesand which will be referencedby the indexedShape;
nodesThatapproactappearso be a very memoryefficient
representationf our datain a scenegraphstructure but it
wouldnotallow localscenggraphoptimizationsor multipro-
cessingfindependensubgraphsThisis becausebjectson
therighthandsideof thescenegraphmaydependnsettings
of thetraversalstatewhich have beenmadeby scenegraph
nodesontheleft handside.

Using SGI's Cosmo3Dwhich formstheunderlyingscene
graphlayerfor OpenGLOptimizer an API for large-model
visualizationenableghe utilization of featuressuchasmul-
tiprocessing,occlusionculling, and acceleratechardware-
assistedscenemanipulation.Cosmo3D provides a scene
graphstructurewvhichresembleshe semantic®f the Virtual
Reality Modeling Languagé. It basicallydiffers from that
of the Openlventor scenegraph.Thereis no information
inheritedhorizontallyin the Cosmo3Dscenegraphwhichis
traversedust downward from top to bottomin eachbranch.
Thus,a differentscenggraphstructurehasto bechoser(see
bottomof Figure22) which reducesedundantiatastorage
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asmuchaspossibleby takingadwantageof indexed geome-
triesandby sharednstancingof scenegraphnodes.

Thatmeansa coordSet nodecontainingall coordinatesf
time steps canbe assignedo several geoSet nodes.Each
of thesegeoSet nodesonly storesa referenceto the data
which is residentin main memory just once. Therefore,
appearance; andindexSet;, which represenbneandthe same
car body part acrossall time steps,can also be sharedby
the shape; subgraphsin analogyeachgeoSet;s in the sub-
graphof groupOfStates hasa referenceto oneandthe same
coordSets. If normalsshouldbe provided for eachvertex the
indexSet; andthe coordSets will beexpandedn awaythatthe
index arraycanalsobe usedto referto a normalarrayheld
in normalSets.

Basedon this scenegraphdesignit is nov possibleto
visualizean entirecrashdataseton a moderndesktopmul-
tiprocessographicsworkstationatinteractve framerates.

Efficient visualization of physical and structural
propertiesusing texture mapping

Using traditionalvisualizationsystemsphysicalproperties
like plastic strainson FE surfacesare visualizedthrough
color coding of the polygonsrepresentinghe surface el-

ements.Surface areaswith nearly equal physical values
within predefinedangesarevisualizedwith iso-contouring
andcolorbandsUsually theintersectiorpointsbetweerthe

contouredgesand the polygonsrepresentinghe elements
have to be calculatedandadditionalpolygonswith different
colorshave to be createdn bothsidesof the contourline.

In the discussedechnique the physicalvaluessene as
entriesnto aonedimensionatexture.As alreadymentioned
in the lastsessiortexture mappingis a well establisheénd
widely usedtechniquen computemgraphics(seethe suney
by Heckbert4) andin scientificvisualization® 6. The color
of the object, onto which the texture is applied,is modi-
fied at eachpixel by a correspondingcolor from the tex-
ture image.And hardware supportfor texture mappingis
nov widely available from high-endgraphicsworkstations
of variousvendorsdown to PCs.

A texturecanbethoughtof notonly asanimage,but also
asalookuptable?0, In thisexamplewe usea colortabletex-
tureandmapthephysicalvaluesinto floatsbetweerD and1
servingascoordinate®f the one-dimensionakxturewhich
areassignedo the vertices.Utilizing a texture with fewer
colorsandsharpbordershetweerthecolorsiso-contourare
automaticallycreatednthetexturedmodelwithoutary cal-
culationof intersectiorpointsandwithoutrenderingof addi-
tional polygonsresultingin lower calculationandrendering
costsascomparedo traditionalvisualizationpackages.

Parameter visualization using 1D textures

Similarly, a 1-D texture is usedin orderto analyzethe in-
trusion of componentsnto the passengecell in the case



of afrontal or sideimpactcollision. The iso-contourshav
wherein the deformedstructurethe intrusionof the passen-
gercell is unacceptablandhow far it is away from the ac-
ceptabldimit.

Figure 23: Intrusion of the car bodyduring a sideimpact
collision. By using 1D-texture mappingwe can determine
without additional renderingcost, whetherthe acceptable
quantitativeintrusionlimit is exceededn someareas.

The natureandthe magnitudeof the intrusionare deter
minedby relatingthenodesf theFE structureto areference
planefor eachtime stepof the crashsimulation. The ref-
erenceplaneis definedwithin an appropriatelychosenco-
ordinatesystemso that it moveswith the car body during
thesimulatedcrash Thedifferencedetweerthedistanceof
the undeformedstructureandthe distanceof the deformed
structurefrom the planeare calculatedandscaledto values
between0 and 1, with respectto a predefinedangeof in-
terest.The scaledvaluessene astexture coordinatef the
verticesof thestructure.

If theacceptabléimit is changedr theintrusionhasto be
investigatedusinga broaderor tighter rangeof interest,no
additionalcomputationaéffort is necessaronly thetexture
definitionhasto be adaptedlso-contouisualizationof the
intrusion of the car body during a sideimpactcollision is
shavn in Figure23.

Model discretization using 2D textures

In mary situationsthe modeldiscretizatiorof the FE struc-

turehasto bedisplayed Therearetwo alternatvesto simul-

taneouslyisualizethe bordersof eachquadrilateraFE ele-

menttogethemwith theshadegolygonrepresentatiorJsing

traditionalpost-processorshe polygonalmodelis rendered
in afirst step,andthelinesrepresentinghe elementorders
aredravn in an additionalstep,resultingin renderingthe

geometrytwice.

Besidesthe describedproperty mappings,textures can
alsobe usedto improve the understandingf the shapeof
comple structures*3 38, In this particularcasethe grid of
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Figure 24: MisualizingFE modeldiscretizationusinga 2-D
texture.

the finite elementmodelsis visualizedby mappinga tex-
ture, which paints bordersonto each elementof the FE
model. The main goalis to eliminatethe renderingcostin-
ducedby theadditionaldrawving of wire-framelines.A two-
dimensionatexture,which is representethy a white image
with a black borderis emplg/ed. Figure 24 shavs the FE
meshof a dummy modelvisualizedwith wire-framemap-
ping.

In the caseof crashsimulationsusually90% of thefinite
elementsrefour-sided,10%o0f theelementsrethree-sided.
The coordinate®f the cornersof the textureimageare as-
signedto the correspondingerticesof the polygonsto be
renderedlf the elementis threesided,an additionalvertex
with the samespatialcoordinatesand the samenormal as
the third vertex is created The fourth texture coordinateof
theimageis assignedo this new vertex. Sincean efficient
visualizationrequiresthe creationof triangle or quadrilat-
eral strips from the polygonalmodel, commonverticesof
adjacentpolygonsmusthave the sametexture coordinates.
Therefore,the texture coordinatesare mirrored along the
sharecedgesof adjacenelements.

Visualization of vector data using animatedtextures

Traditional post-processorgisualize vector datalike node
velocitieswith thin andopaqudinesandarrov headsSince
one car componentusually comprisesthousandf nodes
and finite elementsthe samelarge numberof vector ar
rowsis drawvn, coveringeachotherandtheunderlyingstruc-
ture. This makestheanalysisof vectordatadifficult in mary
casesThe goalis the visualizationof the vector datain a
way thatleavestheunderlyingstructuremostlyvisible. In 32
we followedanideaof Yamromwho visualizedflow vector
fieldsusinganimatedextures®®, andadaptecandextended
this methodfor thevisualizationof nodalvelocitiesof struc-
turaldynamicnon-linear-E models.

In contrasto thetraditionalway lineswithout arrows are
used but with sggmentsof changingopacity whichmave in



Figure 25: The upper image showsthe visualization of
the node acceleation vectos of a FE modelof the front
bumperstructue usinga traditional post-ppcessingystem.
Thelines and arrows hide parts of the structue. Thesame
bumperstructue canberecanizedmud betterin thelower
image, whee animatedopacitychangingtexturesare used.

thedirectionof thevector Themotionis achiezedby switch-
ing 6 differenttextureswith 16 texels eachat eachvector
line.

The first texture startswith two semi-transparertexels
followed by four totally transparentexels, againfollowed
by two texels with opacity valuesgreaterthan the values
of the first two texels and so on. The six texturesdiffer in
the positionof these’opacity fields” within the texture. By
switchingthe texturesthe fields move with growing opacity
towardsthetop of thevectors.Thatallowsit to recognizehe
directionof the nodalaccelerationgswell asthe structure
behindthevectors.

Figure 25 shaws the front bumper structurewith addi-
tional nodalacceleratiorvectors. Theupperimageis visual-
izedusingatraditionalpost-processpthe lower imageem-
ploys the previously describedexture animationtechnique;
it shavs a snapshobf the animatedvectorsrevealing the
structurebehind.

Forceflux visualization with forcetubes

During a car collision, each componentof the car body
is stressedn a different manner Some parts absorbvery
high forces,otherpartstransferthe forcesto the passenger
cell. The determinatiorof the structuralcomponentswhich
guide the main forces, enablesthe engineerto designcar
componentsvith an optimal crashbehaior. Sincethe lon-
gitudinal structureswithin the front partof a carbody play
animportantrole for increasingheability of thebodyto ab-
sorbforcesin afrontal crash,it is necessaryo detectandto
understandheforceprogressiomwithin thesecomponents.

In orderto calculatethe forcesthatactinsidea carcom-
ponentsectionforcecalculationsareperformedIn existing
post-processor§irst asectionplanemustbedefinedandpo-
sitionedwithin thecomponentNext, thesectiorforceis cal-
culated Finally, a diagramis displayedshaving the section
force asa sumof the forcesof the elementsnfluencedby
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thesectionplaneatthis positionof thelongitudinalstructure
andits time progressioruring the crash.For the investiga-
tion of thewholecomponenmary differentsectionshave to

be positionedwithin the componentanda large numberof

diagramshave to beinvestigatedn avery abstracandtime

consumingask.

The approachwhich hasbeenpresentedirst in 31 for the
visualizationof the force flux is to position an additional
tubularelemeniext to thedeforminglongitudinalstructure,
whoseradiusvariationvisually relatego thelocalforce.The
sectionforcesare displayedjust like water flow in a flexi-
ble tube.Certainpartsof the tube are expanding,whenthe
longitudinalforce throughthe correspondingpartincreases,
whereastherpartsof the tubeare constricting,shaving a
decreasef forcein the structure Usingthe tubing method,
thebehaior of longitudinalstructureganbeanalyzedy in-
vestigatingtheir deformationand simultaneouslyheir abil-
ity to absorbforces.

Figure 26: Forcetubegeneation usingsectionforcevalues.

The sectionplanesfor the computationof the section
forces are positioned automatically perpendicularto the
structurealongatraceline, thatfollows the shapeof thelon-
gitudinalstructure Only thoseelementghatareintersected
by aplanearetakeninto accountTheforcesthataffecttheir
elemennodedying onthenormalsideof the planearecal-
culate.For eachsection theforcesareaccumulateéndthe
vector componentof the accumulatedorce vector that is
parallelto the planes normalis computed.

The tubeis positionednext to the longitudinal structure
with a reasonablespacingand parallelto a line througha
numberof nodesof the structure.Several rings are posi-
tioned aroundthis tubular midpoint-line. Eachring repre-
sentsone sectionforce. The position of aring in the tube
correspondgo the position of the sectionin the structure



while thediameterlis dynamicallyrelatedto the valueof the
scaledsectionforce. A numberof pointsarecreatecaround
the circle of eachring servingasverticesfor polygonsthat
connectheringsandform thetube.The creationof a force
tubeis outlinedin Figure26.

Visualization of bending moments

The analysisof bendingmomentsin longitudinalstructures
is veryimportant becaus¢hesebendingmomentsancause
high torsion stressesn componentswhich are connected
with the longitudinals.In this part of the sessionwe de-

scribea methodfor the visualizationof suchbendingmo-

mentshasedntheforcetubeapproach.

=

Figure 27: Momenttubeovertheleft longitudinalstructue,

displayingbendingmomentshat affectthe front part of the
longitudinal at the time of 12 msafter the crash. After cut-
ting the tubethe upperhalf tuberemainsand showsa posi-
tive bendingof the structue "towardsthetop”, wheeasthe
rear part of the longitudinal is not yet affectedby bending
stresses.

The bendingmomentsare calculatedthroughthe longi-
tudinal structures- similar to the sectionforces— from the
nodalforceslying on the normalsideof the sectionplanes.
For eachsection two bendingmomentsarecomputedn re-
lationto two differentmomentaxes(definingthelocalx-axis
andthelocaly-axisof thesectiorplane) Eachaxisintersects
the centerof gravity of the longitudinalstructurewithin the
section.The two bendingmomentsare calculatedby accu-
mulatingthe productsof the nodalforcesandthelever arms
definedby the distancesetweerthe nodesandtherespec-
tive momentaxis. Eachaccumulategnomentcarriesa sign
definingabendthatis causedy eitherapositive rotationor
anegative rotationaroundthemomentaxis.

Similarly to theforcetube,amomentubeis createdased
onthecalculatecdbendingmomentgersection Eachring of
thetubeis cut resultinga half tubewhich shaws the sign of
thebendingmomentin thatsection.

Basedonthisvisualizationnformationaboutthemoment
progressiortanbederivedaswell asboththemagnitudeand
the signof thebendingmomentghataffect the longitudinal
structure Figure27 shavs the bendingmomentsin the left
longitudinalstructure.
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