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Moti vation

With fast3D graphicshardwarebecomingmoreandmore
availableevenonlow endplatforms,thefocusin developing
new algorithmsis beginning to shift towardshigher qual-
ity renderingand additional functionality insteadof sim-
ply higher performanceimplementationsof the traditional
graphicspipeline.

Graphicslibraries like OpenGLand its extensionspro-
videaccessto advancedgraphicsoperationsin thegeometry
and the rasterizationstageand thereforeallow for the de-
signandimplementationof completelynew classesof ren-
deringalgorithms.Prominentexamplescanbefoundin real-
istic imagesynthesis(shading,bump/environmentmapping,
reflections)andscientificvisualizationapplications(volume
rendering,vectorfield visualization,dataanalysis).OpenGL
OptimizerandCosmo3D,on the otherhand,areplatform-
independentAPIs whicharesupportedon SGIworkstations
andNT systems.Designedashigh-endgraphicsAPIs built
ontopof OpenGLthey offer avarietyof usefulbuilt-in algo-
rithmsspecificallydesignedto allow for efficient rendering
of complex polygonalmodels.Cosmo3D,or in thefuturethe
FahrenheitSceneGraph,will beusedasa basefor different
kindsof high-level applications.

Thegoalof theproposedtutorial is twofold: To giveboth
a state-of-the-artoverview of advancedgraphicsprogram-
ming usingthe extendedOpenGLgraphicslibrary andthe
Optimizertoolkit andto presentanumberof selectedgraph-
icsapplicationsin whichhardwaresupportedoperationsare
paramount.The first part of this coursesummarizesthe
mostimportantfundamentalsandfeaturesof thegraphicsli-

brariesOpenGLandOptimizerwhereindividual recipesfor
the practicalandefficient designof algorithmsareempha-
sized.Thesecondpartof thetutorial is dedicatedto various
subfieldsof computergraphicsrangingfrom realisticimage
synthesisandscientificvisualizationto structuralmechan-
ics. In eachof them hardware acceleratedgraphicsopera-
tionsareusedthusallowing interactive,highquality render-
ing andanalysisof complex polygonalmodelsandvolume
datasets.

Prefaceand Overview

Thesetutorial notesprovide insight to particularapplica-
tionsin whichOpenGLandits extensionsandtheOptimizer
toolkit areheavily employed for scientificvisualization,re-
alistic imagesynthesisandinteractive handlingandmanip-
ulationof complex scenes.Theemphasisof thesenoteslies
ondemonstratingthefunctionalityandpower of theusedli-
brariesaswell astheir relevancein computergraphicsappli-
cations.In eachof theexamplesdescribedbelow weoutline
scenariosin whichdifferentfeaturesthatareavailablein the
coreor extendedOpenGLfunctionsetandin theOptimizer
toolkit areexploitedto considerablyimprove renderingper-
formanceandquality.

In particular, we introducenew conceptsfor the design
of graphicsalgorithmsby identifying a powerful setof or-
thogonalfeaturesto be implementedin hardware, which
canthenbeflexibly combinedto form new algorithms.Our
majorgoal is to provide participantswith sustainedknowl-
edgeconcerningstate-of-the-artgraphicsprogrammingus-
ing dedicatedgraphicshardware,andto demonstratenovel
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and future directionsin the designand implementationof
graphicsalgorithms.Participantsshould becomefamiliar
with sophisticatedOpenGLextensionsanda variety of al-
gorithmsintegratedinto theOptimizer/Cosmo3Dtoolkits to
allow for efficient renderingof complex polygonalmodels.

Schedule

At the beginning of this tutorial all materialsusedfor pre-
sentationwill be handout to the participants.In particular
this includeshard-copiesof all slides that will be shown.
An electronicversionthat is alsoavailablefor non partici-
pantswill beavailableafterthetutorial from theEurograph-
ics web-pages.In contrastto the notesprovided hereafter
thesehandoutsalso include additionaldescriptionsof the
mainingredientsusedin theproposedexamples.

Session1 (9.00- 9.45):
Intr oduction to OpenGL
This sessiongivesanintroductionto theadvancedOpenGL
functionality. We will startwith simpleexamplesto explain
someof the featuresof OpenGLthat are importantin the
proposedapplications.In particularwe will focuson a de-
tailed descriptionof the renderingpipeline demonstrating
the potentialuse and benefitsof operationsperformedin
differentprocessingstages.A brief descriptionof the func-
tionality availablein thegeometryunit will be followedby
a detailedinvestigationandexplanationof the rasterization
stage,theframebuffer hardwareandadvancedpixel transfer
operations.Throughoutthissessionwewill demonstratethe
benefitsof thepresentedfeaturesby examplesfrom practical
applications.

Session2 (10.00- 10.45):
OpenGL Optimizer
In the secondsessionwe will proceedwith an introduction
to thelargemodelvisualizationAPI OpenGLOptimizerand
theunderlyingscenegraphlayerCosmo3D.Wewill givean
overview of varioustoolswhich aremadeavailableby Op-
timizer. In particularwe will focuson efficient strategiesto
modify theCosmo3Dscenegraphin orderto obtainoptimal
framerates.Differentexampleswill demonstratethe bene-
fits which canbeeasilyinheritedfrom thebuilt-in features.
We will refer to specialtechniqueslike view frustum and
occlusionculling, especiallywith respectto the term Anti-
Graphics-APIOptimizerstandsfor. Throughoutthissession
we will give practicaladviseshow to improve the perfor-
manceof graphicsapplicationsusingthepresentedAPIs.

Session3 (11.00- 11.45):
OpenGL extensionsand the imaging subset
OpenGLextensionsareapowerful mechanismfor providing
innovativefunctionalityin new graphicssystems.In thisses-
sionwewill describehow touseOpenGLextensions,andwe
will give anoverview of someof themostimportantexten-
sions.In particularwe will emphasizetheimportanceof the
so-called"imaging subset"in OpenGLversion1.2, which

consistsof advancedper-pixel operationslike color matri-
ces,lookuptables,convolutionsandhistograms.Additional
extensionscoveredincludethenew multi-textureextension
and pixel textures.Many of the presentedextensionswill
alsobeusedin the"Applications"session.

Lunchbreak(11.45- 13.00)

Session4 (13.00- 13.45):
High-quality shadingand lighting
In this sessionwe will presenttechniquesfor the simula-
tion of realisticshadingandlighting effectswith OpenGL.
Wecoverdifferentmethodsfor generatingshadows,anddis-
cussseveraltechniquesfor bumpmappingoncontemporary
graphicshardware. Then we presentthe conceptof view-
independentenvironmentmaps,and usethemto visualize
global illumination solutionson glossysurfaces.We con-
cludewith adiscussionof how to achieveanisotropiceffects
using graphicshardware. Throughoutthis sectionwe will
usebothstandardOpenGLfunctionalityandsomeof theex-
tensionspresentedin thefirst session.

Session5 (14.00- 14.45):
Advancedvolumerendering techniques
In thissessionwewill demonstratetheuseof 3D texturesin
orderto make interactive navigationandparametermodifi-
cationpossiblefor the renderingof scalardatasetsdefined
on regular grids. We will outline variousways to take ad-
vantageof graphicshardwarefor therenderingof volumet-
ric data.First, we will briefly summarizethe fundamental
algorithmfor 3D texturebasedvolumerendering.Thenwe
will introduceeasyandintuitiveuseof arbitraryclippingge-
ometriesbasedonstencilbuffer operationsandpolygontes-
selation.Additionally we will show that lightedandshaded
iso-surfacescan be generatedwith 3D texture mappingin
real-timewithout extracting any polygonalrepresentation.
Finally, we will outline a novel andpracticalapproachfor
therenderingof unstructuredgrids,thusestablishinga gen-
eralframework for hardwareacceleratedvolumerendering.

Session6 (15.00- 15.45):
Cosmo3D/ OpenGL Optimizer in CAE applications
In thisfinal partwewill demonstratetheapplicationof some
of thepreviouslydescribedfeaturesin aparticularvisualiza-
tion environment;a virtual car crashtest-bed.In this con-
text we will outline strategies for the efficient designof
scenegraphsallowing for the handlingof large polygonal
models.In our specialexamplewe will focuson finite ele-
mentmeshesresultingfrom numericalsimulations.We will
show thebenefitsof 1D and2D texturesfor themappingof
parametervaluesto arbitrarygeometriesandfor the local-
izationandanalysisof scalarparameterquantities.Further-
more,methodswill beproposedfor combinedrenderingof
FE modelsandpolygonalscenes.Although we focuson a
particularexamplemostof thedescribedtechniquescanbe
directly usedin otherapplicationswherethe efficient han-
dling and visualizationof large scalepolygonalmodelsis
themajorconcern.
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SessionS4:

High-quality shadingand lighting

In this section,we explore the useof OpenGLfeaturesfor
high-quality shadingand lighting effects. We start by an
overview of severalshadow algorithms,continuewith some
environmentmappingtechniquesfor visualizingglobal il-
luminationeffects,andconcludewith bump-mappingtech-
niquesfor contemporarygraphicshardware.

ProjectedGeometry

Besidesprecomputedshadow textures,projectedgeometry3

is currentlythemostoftenusedimplementationof shadows
in interactiveapplications.Thismethodassumesthatasetof
smalloccluderscastsshadows ontoa few large,flat objects.
Sincethis assumptiondoesnot hold for mostscenes,appli-
cationsusing this approachtypically do not renderall the
shadows in a scene,but only someof thevisually mostim-
portant.In particular, shadowsof concaveobjectsontothem-
selvesaretypically nothandled.

point
light source

occluder

projected
geometry

receiver

Figure1: Onewayof implementingshadowscastontolarge,
planarobjectsis to projectthegeometryontothesurface.

Themethodworksasfollows.Givenapointor directional
light source,theshadowedregionof aplanarreceivercanbe
computedby projectingthe geometryof the occluderonto
thereceiver(seeFigure1).Theprojectionis achievedby ap-
plying a specificmodel/view transformationto the original
surfacegeometry. This transformationis givenasfollows:

S � V � P � M � (1)

whereV is theviewing transformation,M is themodeling
transformation,andP is theprojectionmatrix thatwould be

usedfor renderingthe scenefrom the light sourceposition
with thereceiverasanimageplane.

Theoccluderis thenrenderedtwice,oncewith theregular
model/view matrixV � M andtheregularcolorsandtextures,
andoncewith thematrixSandthecolor of theshadow.

All kinds of variationson this basicalgorithm are pos-
sible. For example,if partsof the projectedgeometryfall
outsidethe receiver, a stencilbuffer can be usedto clamp
it to thereceiving polygon.Also, insteadof simply drawing
theshadow in blackor darkgray, alphablendingcanbeused
to modulatethebrightnessof thereceiver in theshadow re-
gions.Although this is not actually physicallyaccurate,it
looksmorerealistic,sincethetextureof theunderlyingsur-
faceremainsvisible.

As pointedout above, projectedgeometryis only appro-
priatefor a smallnumberof large,planarreceiving objects.
As the numberof receiversgrows, the methodquickly be-
comesinfeasibledue to the large numberof requiredren-
deringpasses.Thus,thismethodcanhardlybecalledagen-
eralsolutionto theshadowing problem;ratherit simplyadds
shadowsasaspecialeffectin areaswherethey havethemost
visualimpact.

Shadow Volumes

Thesecondimplementationof shadowsareshadow volumes
9, which relieson a polyhedralrepresentationof thespatial
region thatagivenobjectshadows (seeFigure2).

point
light source

occluder

shadow
volume

receiver

Figure 2: Theshadowvolumeapproach usesa polyhedral
representationof the spatial region shadowedby an oc-
cluder.

This polyhedronis generatedin a preprocessingstepby
projecting eachsilhouetteedgeof the object away from
thelight source.With graphicshardwareanda z-buffer, the
shadowing algorithmthenworksasfollows 4� 14� 13: First,the
geometryis renderedwithout the contribution of the point
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light castingthe shadow, and the stencil buffer is cleared.
Then,without clearingthe z-buffer, the front-facing poly-
gonsof all shadow volumesare renderedwithout actually
drawing to thecolor buffers.Eachtime a pixel of a shadow
volumepassesthedepthtest,thecorrespondingentryin the
stencilbuffer is incremented.Then,thebackfacingregions
of the shadow volume are renderedin a similar fashion,
but this time, the stencil buffer entry is decremented.Af-
terwards,thestencilbuffer is zerofor lit regions,andlarger
thanzerofor shadowed regions.A final conditionalrender-
ing passaddstheillumination for thelit regions.

Many detailshave to be solved to make this algorithm
work in practice.For example,if the eye point lies inside
ashadow volume,themeaningof thestencilbits is inverted.
Even worse,if the nearplaneof the perspective projection
penetratesoneof the shadow volumeboundaries,thereare
someareason the screenwherethe meaningof the stencil
bits is inverted,andsomefor which it is not.

In 14 and 13, this algorithm was usedfor renderingthe
completesetof shadows of a rathercomplex scene.How-
ever, therenderingtimeswerefarfrom interactive.Although
today’s graphicshardware is fasterthan the one usedby
Diefenbach,shadow volumesaretypically still too costlyto
beappliedto a completescene.Anotherissueis thesizeof
thedatastructuresrequiredfor theshadow volumes,which
canexceedseveralhundredmegabytes13. Theuseof simpli-
fied geometryfor generatingthe shadow volumescanhelp
to reducetheseproblems.Nonetheless,mostinteractive ap-
plicationsandgamesonly applyshadow volumesto asubset
of thescenegeometry, muchin thesameway projectedge-
ometry is used.Even then,the regenerationof the shadow
volumesfor moving light sourcesis costly.

Shadow Maps

In contrastto theanalyticshadow volumeapproach,shadow
maps60 areasampling-basedmethod.First,thesceneis ren-
deredfrom the positionof the light source,usinga virtual
imageplane(seeFigure3). The depthimagestoredin the
z-buffer is thenusedto testwhethera point is in shadow or
not.

To thisend,eachfragmentasseenfrom thecameraneeds
to be projectedonto the depthimageof the light source.If
thedistanceof thefragmentto thelight sourceis equalto the
depthstoredfor therespectivepixel, thenthefragmentis lit.
If thefragmentis furtheraway, is is in shadow.

A hardware multi-passimplementationof this principle
hasbeenproposedin 45. The first stepis the acquisitionof
theshadow mapby renderingthescenefrom thelight source
position.For walkthroughs,this is a preprocessingstep,for
dynamicscenesit needsto beperformedeachframe.Then,
for eachframe,the sceneis renderedwithout the illumina-
tioncontributionfrom thelight source.In asecondrendering
pass,theshadow mapis specifiedasaprojectivetexture,and

point
light source

occluder

receiver

virtual
image plane
with
depth image

Figure 3: Shadowmapsusethez-buffer of an image of the
scenerenderedfromthelight source.

aspecifichardwareextensionis usedto mapeachpixel into
thelocalcoordinatespaceof thelight sourceandperformthe
depthcomparison.Pixelspassingthis depthtestaremarked
in the stencilbuffer. Finally, aswas the casefor projected
geometry, theilluminationcontributionof thelight sourceis
addedto thelit regionsby a third renderingpass.

The advantageof the shadow mapalgorithmis that it is
a generalmethodfor computingall shadows in the scene,
andthat it is very fast,sincetherepresentationof theshad-
ows is independentof the scenecomplexity. On the down
side,thereareartifactsdueto thediscretesamplingandthe
quantizationof thedepth.Onebenefitof theshadow mapal-
gorithmis thattherenderingqualityscaleswith theavailable
hardware.The methodcouldbe implementedon fairly low
endsystems,but for highendsystemsahigherresolutionor
deeperz-buffer couldbechosen,sothatthequality increases
with theavailabletexturememory. Unfortunately, theneces-
saryhardwareextensionsto performthe depthcomparison
on a per-fragmentbasisarecurrentlyonly availableon two
high-endsystems,theRealityEngine2 andtheInfiniteReal-
ity 41.

Shadow Maps Using the Alpha Test

Insteadof relying on a dedicatedshadow mapextension,it
is alsopossibleto useprojective texturesandthealphatest.
Basically, this methodis similar to themethoddescribedin
45, but it efficiently takesadvantageof automatictextureco-
ordinategenerationand the alphatest to generateshadow
maskson a per-pixel basis.This methodtakesonerender-
ing passmorethanrequiredwith the appropriatehardware
extension.

In contrastto traditionalshadow maps,whichusethecon-
tentsof a z-buffer for thedepthcomparison,we usea depth
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mapwith a linear mappingof thezvaluesin light sourceco-
ordinates.Thisallowsusto computethedepthvaluesvia au-
tomatictexturecoordinategenerationinsteadof a per-pixel
division. Moreover, this choiceimprovesthe quality of the
depthcomparison,becausethedepthrangeis sampleduni-
formly, while a z-buffer representsclosepointswith higher
accuracy thanfarpoints.

As before, the entire sceneis renderedfrom the light
sourceposition in a first pass.Automatic texture coordi-
nategenerationis usedto setthetexturecoordinateof each
vertex to the depthasseenfrom the light source,anda 1-
dimensionaltextureis usedto definealinearmappingof this
depthto alphavalues.Sincethe alphavaluesarerestricted
to therange � 0 ����� 1� , nearandfarplaneshave to beselected,
whosedepthsarethenmappedto alphavalues0 and1, re-
spectively. The resultof this is an imagein which the red,
green,andbluechannelshavearbitraryvalues,but thealpha
channelstoresthe depthinformation of the sceneas seen
from thelight source.This imagecanlaterbeusedasa tex-
ture.

In a secondrenderingpass,the sceneis now rendered
from thecamerapoint. Again,automatictexturecoordinate
generationand the 1-dimensionaltexture of the previous
passareapplied.This resultsin an imageasseenfrom the
camera,but with light sourcedepthvaluesin thealphachan-
nelof eachpixel.

Thethird passis usedto renderthescenefrom thecamera
positionwith thealpha-codeddepthimagefrom thefirst ren-
deringpassspecifiedasaprojective texture.Alphablending
is setup in sucha way that thealphavaluesfrom this pass
aresubtractedfrom thevaluesin theframebuffer. Now, the
framebuffer containsalphavaluesof 0 at eachpixel that is
lit by thelight source,and 	 0 for pixelsthatareshadowed.
A final renderingpassof thegeometrycomputestheillumi-
nationfor thelit pixels.

Figure4 showsanengineblockwheretheshadow regions
have beendeterminedusingthis approach.Sincethe scene
is renderedat leastthreetimesfor every frame(four times
if the light sourceor any of the objectsmove), the render-
ing timesfor this methodstronglydependon thecomplex-
ity of thevisible geometryin every frame,but not at all on
thecomplexity of thegeometrycastingtheshadows.Scenes
of moderatecomplexity canberenderedat high framerates
even on low endsystems.The imagesin Figure4 areactu-
ally theresultsof texture-basedvolumerenderingusing3D
texturing hardware(see56 for thedetailsof theillumination
process).

If thehardwaresupportsmultipletextures,thesecondand
third renderingpassescan be combinedinto a single pass
with two differenttextures.

Figure 4: An engineblock generated from a volumedata
setwith andwithoutshadows.Theshadowshavebeencom-
putedwith our algorithmfor alpha-codedshadowmaps.The
Phongreflectionmodelis usedfor theunshadowedparts.

Visualizing Global Illumination with Envir onmentMaps

Environmentmapsare two-dimensionaltextures that rep-
resentthe incomingillumination from all directionsat one
particularpoint in space.This informationcanbeefficiently
usedto renderreflectionsin objects,provided that they are
relatively small anddistantfrom the objectsthat reflect in
them(theenvironment).

View-independentEnvir onmentMaps

The first stepfor usingenvironmentmapsis the choiceof
an appropriateparameterization.The sphericalparameteri-
zation20 usedin OpenGLtodayis basedon thesimpleanal-
ogy of a infinitely small, perfectlymirroring ball centered
aroundthe object.The environmentmap is the imagethat
anorthographiccameraseeswhenlookingat thisball along
the negative z-axis.The samplingrateof this mapis max-
imal for directionsopposingthe viewing direction(that is,
objectsbehindthe viewer), and goestowardszero for di-
rectionscloseto theviewing direction.Moreover, thereis a
singularity in the viewing direction,sinceall pointswhere
theviewing vectoris tangentialto thesphereshow thesame
pointof theenvironment.

With theseproperties,it is clearthatthisparameterization
is not suitablefor viewing directionsotherthantheoriginal
one.Mapsusingthisparameterizationhaveto beregenerated
for eachchangeof theview point,evenif theenvironmentis
otherwisestatic.The major reasonwhy sphericalmapsare
usedanyway, is thatthelookupcanbecomputedefficiently
with simpleoperationsin hardware.In OpenGL,thereis an
automatictexture coordinategenerationmodefor this type
of environmentmap.

We usea differentparameterizationthat is bothview in-
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dependentandeasyto implementoncurrentandfuturehard-
ware,andthatwe first describedin 26 and27. A detailedde-
scriptionof its propertiescanbe found in 25. The parame-
terizationis basedon ananalogysimilar to theoneusedto
describesphericalmaps.Assumethat the reflectingobject
lies in theorigin, andthattheviewing directionis alongthe
negative z axis.The imageseenby anorthographiccamera
whenlookingat theparaboloid

f 
 x � y��� 1
2 
 1

2

 x2 � y2 ��� x2 � y2 � 1 (2)

containsthe information about the hemispherefacing to-
wardstheviewer (seeFigure5). Thecompleteenvironment
is storedin two separatetextures,eachcontainingtheinfor-
mationof onehemisphere.

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

Oneusefulpropertyof thisparameterizationis averyuni-
form samplingof thehemisphereof directions.Anotherbig
advantageof thisparameterizationis thatit canbeusedvery
efficiently in hardwareimplementations.As we have shown
in 26, 25, and 27, the texture coordinatescanbe computed
from thereflectedviewing ray rv in eyespacevia aperspec-
tive transformation:���� x

y
1
1

� ��� � P � S � M � 1 � ���� rv� x
rv� y
rv� z
1

� ��� � (3)

whereM is a linear transformationmappingtheenviron-
mentmapspaceinto eyespace.Theenvironmentmapspace
is thespacein which theenvironmentis defined,that is, the
one,in which theparaboloidis givenby Equation2. Thein-
verseof M thusmapsthe rv backinto this space.Thenthe
matrix Saddsthevector � 0 � 0 � 1 � 0� T to computethehalfway
vectorh, andfinally P copiesthe z-componentinto the ho-
mogeneouscomponentw to perform the perspective divi-
sion.

In orderto specifyrv asthe initial setof texturecoordi-
nates,this vectorhasto be computedper vertex. This can
be achieved either in software,or by a hardwareextension
allowing for theautomaticcomputationof thesetextureco-
ordinates,whichweproposedin 26.

What remainsto be doneis to combinefront facingand
backfacingregionsof theenvironmentinto a singleimage.
To thisend,wemarkthosepixelsinsidethecirclex2 � y2 � 1
of oneof thetwo mapswith analphavalueof 1, theothers
with 0. The secondmapdoesnot needto containan alpha
channel.Then,with eithera singlerenderingpassandtwo
texturemaps,or two separaterenderingpasses,theobjectis
renderedwith thetwo differentmapsapplied,andthealpha
channelof thefirst mapis usedto selectwhich mapshould
bevisible for eachpixel.

Figure 6 shows the two imagescomprisingan environ-
mentmap in this parameterization,as well as two images
renderedwith thesemapsunderdifferentviewing directions.
The environmentmapswere generatedusing a ray-caster.
Themarkedcircularregionscontaintheinformationfor the
two hemispheresof directions.The regionsoutsidethe cir-
clesare,strictly speaking,not partof theenvironmentmap,
but are useful for avoiding seamsbetweenthe two hemi-
spheresof directions,aswell asfor generatingmipmapsof
theenvironment.Thesepartshavebeengeneratedby extend-
ing theparaboloidfrom Equation2 to thedomain � 
 1 � 1� 2.

Figure 6: Top: two parabolic imagescomprisingoneenvi-
ronmentmap.Bottom:renderingof a torususingthis envi-
ronmentmap.

Mirr or and Diffuse Termswith Envir onmentMaps

Onceanenvironmentmapis givenin theparabolicparame-
terization,it canbeusedto addamirror reflectiontermto an
object.Due to theview-independentnatureof this parame-
terization,onemapsufficesfor all possibleviewingpositions
anddirections.Usingmulti-passrenderingandeitheralpha
blendingor an accumulationbuffer 22, it is possibleto add
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a diffuseglobal illumination termthroughtheuseof a pre-
computedtexture.Two methodsexist for the generationof
sucha texture.Oneway is, thata global illumination algo-
rithm suchasRadiosityis usedto computethediffuseglobal
illumination in every surfacepoint.

Thesecondapproachis purelyimage-based,andwaspro-
posedby Greene18. Theenvironmentmapusedfor themir-
ror term containsinformationaboutthe incomingradiance
Li 
 Px� l � , wherePx is the point for which the environment
mapis valid, andl thedirectionof the incominglight. This
informationcanbeusedto prefiltertheenvironmentmapto
representthe diffusereflectionof an objectfor all possible
surfacenormals.Like regular environmentmaps,this tex-
ture is only valid for onepoint in space,but canbeusedas
anapproximationfor nearbypoints.

FresnelTerm

A regular environmentmap without prefiltering describes
the incomingillumination in a point in space.If this infor-
mationis directlyusedastheoutgoingillumination,aswith
regularenvironmentmapping,only metallicsurfacescanbe
modeled.Thisis becausefor metallicsurfaces(surfaceswith
a high index of refraction)the Fresnelterm is almostone,
independentof theanglebetweenlight directionandsurface
normal.Thus,for aperfectlysmooth(i.e.mirroring)surface,
incominglight is reflectedin themirror directionwith acon-
stantreflectance.

For non-metallicmaterials(materialswith a small index
of refraction),however, thereflectancestronglydependson
the angleof the incominglight. Mirror reflectionson these
materialsshouldbeweightedby theFresneltermfor thean-
glebetweenthenormalandtheviewing directionv.

TheFresneltermF 
 cosθ � for themirror directionrv can
bestoredin a1-dimensionaltexturemap.This Fresnelterm
is renderedto theframebuffer’s alphachannelin a separate
renderingpass.The mirror part is thenmultiplied with this
term in a secondpass,anda third passis usedto add the
diffuse part. This yields an outgoingradianceof Lo � F �
Lm

� Ld, whereLm is the contribution of the mirror term,
while Ld is thecontributiondueto diffusereflections.

In addition to simply adding the diffuse part to the
Fresnel-weightedmirror reflection,wecanalsousetheFres-
nel term for blendingbetweendiffuse and specular:Lo �
F � Lm

� 
 1 
 F � Ld. This allows us to simulatediffusesur-
faceswith a transparentcoating:the mirror term describes
thereflectionoff thecoating.Only light not reflectedby the
coatinghits theunderlyingsurfaceandis therereflecteddif-
fusely.

Figure 7 shows imagesgeneratedusing thesetwo ap-
proaches.In the top row, the diffuse term is simply added
to the Fresnel-weightedmirror term (the glossyreflection
is zero).For a refractive index of 1.5 (left), which approxi-
matelycorrespondsto glass,the objectis only specularfor

grazingviewing angles,while for a high index of refraction
(200, right image),which is typical for metals,the whole
objectis highly specular.

The bottom row of Figure 7 shows two imagesgener-
atedwith the secondapproach.For a low index of refrac-
tion, thespeculartermis againhighonly for grazingangles,
but in contrastto theimageabove, thediffusepartfadesout
for theseangles.For a high index of refraction,which, as
pointedout above, correspondsto metal,the diffusepart is
practicallyzeroeverywhere,so that the object is a perfect
mirror for all directions.

Figure7: Mirror anddiffusereflectionsweightedbya Fres-
nel termfor a varyingindex of refraction.Top: constantdif-
fusecoefficient,bottom:diffusereflectionfadingoutwith the
Fresnelterm.

PrecomputedGlossyReflectionand Transmission

It is possibleto extend the conceptof environmentmaps
from mirror reflectionsto glossyreflections27. The ideais
similar to thediffuseprefilteringproposedby Greene18 and
the approachby VoorhiesandForan52 to useenvironment
mapsto generatePhonghighlights from directional light
sources.Thesetwo ideascan be combinedto precompute
an environmentmapcontainingthe glossyreflectionof an
objectwith aPhongmaterial.With thisconcept,effectssim-
ilar to theonespresentedby Debevec 12 arepossiblein real
time.

As shown in 36, thePhongBRDFis givenby

fr 
 l � v��� ks ��� r l � v 	 1� r
cosα

� ks ��� rv � l 	 1� r
cosα

� (4)

wherer l , and rv arethe reflectedlight- andviewing direc-
tions,respectively.
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Thus, the specularglobal illumination using the Phong
modelis

Lo 
 rv ��� ks ���
Ω � n� � rv � l 	 1� r Li 
 l � dω 
 l ��� (5)

which is only a function of the reflectionvectorrv andthe
environmentmap containingthe incoming radianceLi 
 l � .
Therefore,it is possibleto take a mapcontainingLi 
 l � , and
generatea filteredmapcontainingtheoutgoingradiancefor
a glossyPhongmaterial.Sincethis filtering is relatively ex-
pensive, it cannotberedonefor every framein aninteractive
application.Thus,it is importantto usea view-independent
parameterizationsuchastheparabolicmaps.

Figure8 shows suchaprefilteredglossymapfor aPhong
exponentof 100,aswell asaglossyspheretexturedwith this
map.Thesametechniquecanbeappliedto simulateglossy
transmissionon thin surfaces.This is alsodepictedin Fig-
ure8.

Figure 8: Top: original parabolic mapusedin this figure
andFigure7, aswell asprefilteredmapwith a roughnessof
0.01.Bottom:applicationof thefiltered mapto a reflective
torus(left) anda transmissiverectangle(right).

Normal Maps

Bumpmapsarebecomingpopularfor hardware-accelerated
rendering,becausethey allow usto increasethevisualcom-
plexity of a scenewithout requiringexcessive amountsof
geometricdetail.

Normalmapscanbeusedfor achieving thesamegoal,and
havetheadvantagethattheexpensiveoperations(computing
the local surfacenormalby transformingthebumpinto the
local coordinateframe) have alreadybeenperformedin a

preprocessingstage.All thatremainsto bedoneis to usethe
precomputednormalsfor shadingeachpixel.

Wefirst describehow normalmapscanbelit accordingto
the Blinn-Phongillumination modelusingthe imaging op-
erations, andafterwards,we discusshow the environment
mappingtechniquesfrom Sectioncanbeusedtogetherwith
normalmaps.Thispartrelieson thepixel textureextension.

Themethodsdescribedhereassumeanorthographiccam-
eraanddirectionallight sources.Theartifactsintroducedby
theseassumptionsareusuallybarelynoticeablefor surfaces
with bump maps,becausethe additionaldetail hidesmuch
of them.

Normal Maps with local Blinn-Phong Illumination

Amongmany otherfeatures(see46 for details),theimaging
operationsmake it possibleto applya 4  4 matrix to each
pixel in an image,as it is transferredto or from the frame
buffer or to textureRAM. Following thiscolormatrix trans-
formation,a lookuptablemaybeappliedto eachindividual
colorcomponent.

With thesetwo mechanismsanda given normalmap in
the form of a color codedimage,the mapcanbe lit in two
renderingpasses.First, a color matrix is specified,which
mapsthenormalfrom objectspaceinto eye spaceandthen
computesthediffuseillumination(whichis essentiallygiven
by thedotproductwith thelight direction).Whenthenormal
imageis now loadedinto textureRAM, thelighting compu-
tationsareperformed.Afterwardsthe loaded,lit texture is
appliedto theobjectusingtexturemapping.

A similar secondrenderingpassdraws the specularpart
usingtheBlinn-Phongreflectionmodel.Thistime,however,
thematrixcomputesthedotproductbetweennormalandthe
halfway vectorh : �!
 r l

� v�#"%$ r l
� v $ betweenreflectedlight

directionr l : � 2 � l � n 	&� n 
 l andtheviewing directionv.
Theexponentiationby 1" r, wherer is thesurfaceroughness,
is performedby acolor lookuptable.

Figure9showstwo imageswhereonepolygonis rendered
with this technique.On the left side,a simpleexponential
wave functionis usedasanormalmap.Thenormalmapfor
theimageon theright sidehasbeenmeasuredfrom a piece
of wallpaperwith theapproachpresentedin 44.

Normal Maps with Envir onmentMaps

The pixel texture extensioncanbe usedto apply environ-
ment mapsto normal mappedsurfaces.For orthographic
cameras,the x andy componentsof the unit lengthnormal
at eachsurfacepoint canbedirectly usedasa texturecoor-
dinatefor the sphericalenvironmentmapat that pixel. On
the otherhand,the valuesnx " nz andny " nz, arethe texture
coordinatesfor theparabolicenvironmentmap,sothatboth
parameterizationscanbeused.
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Figure 9: Two Phong-lit normal maps.The right one has
beenmeasuredfromapieceof wallpaperusingtheapproach
presentedin 44.

The renderingthenproceedsasfollows: first, the object
is renderedwith theuntransformednormalmapasa texture.
Thisyieldsanimagecontainingthetexturecoordinatesinto
theenvironmentmapateachpixel. Then,theframebuffer is
copiedontoitself, while theenvironmentmapis specifiedas
a pixel texture.Specialcolor matricesor lookup tablesare
not requiredfor thisstep.

The imagesin Figure10 weregeneratedusingthe pixel
textureextensionandasingle,view-dependentenvironment
map.

Figure 10: Combinationof environmentmappingand nor-
mal mapping. Left: environmentmap only. Right: Local
Phongilluminationplusenvironmentmap.

SessionS5:

Advancedvolumerendering techniques

As we have seenin the previous sessions,OpenGL and
its extensionsprovide accessto advancedper-pixel opera-
tions available in the rasterizationstageand in the frame
buffer hardware of modern graphics workstations.With
thesemechanisms,completelynew renderingalgorithmscan
bedesignedandimplementedin averyparticularway.

Over thepastfew yearsworkstationswith hardwaresup-
port for the interactive renderingof complex 3D polygonal
scenesconsistingof directly lit and shadedtriangleshave

becomewidely available.The last two generationsof high-
endgraphicsworkstations2� 41, however, besidesproviding
impressive ratesof geometryprocessing,also introduced
new functionalityin therasterizationandframebuffer hard-
ware,like textureandenvironmentmapping,fragmenttests
and manipulationas well as auxiliary buffers. The ability
to exploit thesefeaturesthroughOpenGLandits extensions
allows completelynew classesof renderingalgorithmsto
be developed.Anticipating similar trendsfor the moread-
vancedimagingfunctionality of todayshigh-endmachines
graphicsresearchersare actively investigatingpossibilities
to accelerateexpensive visualizationalgorithmsby using
theseextensions.

In thissessionwewill summarizevariousapproachesthat
makeextensiveuseof graphicshardwarefor therenderingof
volumetricdatasets.In particular, thegoalof this sessionis
to provide participantswith dedicatedknowledgeconcern-
ing the applicationof 3D texturesin volumerenderingap-
plicationsandto demonstratehow to exploit theprocessing
powerandfunctionalityof therasterizationandtexturesub-
systemof advancedgraphicshardware.Althoughatthistime
hardwareaccelerated3D texturemappingis only supported
on a few particulararchitectureswe expect the samefunc-
tionality to beavailableon low-endarchitectureslikePCsin
thenearfuture thusleadingto an increasingneedfor hard-
wareacceleratedalgorithmsaswill bepresented.

Hereafterwe will first describethebasicconceptsof vol-
umerenderingvia 3D texturestherebyfocusingon the po-
tentialbenefitsandadvantagescomparedto softwarebased
solution.Wewill furtheroutlineextensionsthatenableflex-
ible andinteractive editingandmanipulationof large scale
volumedata.We will introducethe conceptof clipping ge-
ometriesby meansof stencilbuffer operationsandpolygon
tesselation,and we will review the useof 3D texturesfor
therenderingof lightedandshadediso-surfacesin real-time
without extractingany polygonalrepresentation.Addition-
ally, wewill describenovel approachesfor thevisualization
of scalarvolumedatadefinedon unstructuredgrids,where
only softwaresolutionsexist up to now. The intentionhere
is to streamlinenew directionsfor the visualizationof un-
structuredgridswithout explicit topologicalinformation.In
particular, thesketchedapproachescontinuouslyleadto re-
samplingstrategiesfor arbitrarygrid structures.In this con-
text we will focuson iso-surfaceextractionanddirect vol-
umerenderingtechniques,which canbeacceleratedto new
ratesof interactivity by simplepolygondrawing andframe
buffer operations.

Our majorconcernin thissessionis to outlinetechniques
for the efficient generationof a visual representationof
the informationpresentin volumetricdatasets.For scalar-
valuedvolumedatatwo standardtechniques,the rendering
of iso-surfaces,andthedirectvolumerendering,have been
developedto a high degreeof sophistication.However, due
to the hugenumberof volumecells which have to be pro-
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cessedandto the variety of differentcell typesonly a few
approachesallow parametermodificationsandnavigationat
interactiveratesfor realisticallysizeddatasets.To overcome
theselimitationsabasisfor hardwareacceleratedinteractive
visualizationof bothiso-surfacesanddirectvolumerender-
ing on arbitrarytopologieshasbeenprovidedin 56.

Direct volumerenderingtries to convey a visual impres-
sionof thecomplete3D datasetby taking into accountthe
emissionandabsorptioneffectsasseenby anoutsideviewer.
The underlyingtheory of the physicsof light transportis
simplifiedto thewell known volumerenderingintegralwhen
scatteringandfrequency effectsareneglected28� 30� 39� 62. A
few standardalgorithmsexist for computingthe intensity
contribution alonga ray of sight,enhancedby a wide vari-
etyof optimizationstrategies35� 39� 34� 11� 33. But only recently,
sincehardwaresupported3D texture mappingis available,
hasdirect volume renderingbecomeinteractively feasible
ongraphicsworkstations5� 10� 63. Thisapproachhasbeenex-
tendedfurtheronwith respectto flexible editingoptionsand
advancedmappingandrenderingtechniques.

The major goal is the visualizationandmanipulationof
volumetric datasetsof arbitrary datatype and grid topol-
ogy at interactive rateswithin oneapplicationon standard
graphicsworkstations.In this sessionwe focus on scalar-
valuedvolumesandshow how to acceleratethe rendering
processby exploiting featuresof advancedgraphicshard-
wareimplementationsthroughstandardAPIs like OpenGL.
Thepresentedapproachis pixel oriented,takesadvantageof
rasterizationfunctionality suchas color interpolation,tex-
turemapping,color manipulationin thepixel transferpath,
variousfragmentandstenciltests,andblendingoperations.
In thisway it is possibleto' extendvolume rendering via 3D textureswith respect

to arbitraryclipping geometriesand to improve perfor-
manceby adaptive rasterization' render shadediso-surfacesat interactive ratescombin-
ing 3D texturesand fragmentoperationsthus avoiding
any polygonalrepresentation' acceleratevolume visualization of tetrahedral grids
employing polygonrenderingof cell facesandfragment
operationsfor bothshadediso-surfacesanddirectvolume
rendering.

Volumerenderingvia 3D textures

When 3D texturesbecameavailable on graphicsworksta-
tionstheirbenefitin volumerenderingapplicationswassoon
recognized10� 6. Thebasicideais to interpretthe 3D scalar
voxel arrayasa 3D texture definedover � 0 � 1� 3 andto un-
derstand3D texturemappingasthetrilinear interpolationof
thevolumedatasetat anarbitrarypoint within thisdomain.
The datais re-sampledon clipping planesthat areoriented
orthogonalto theviewing planewith theplanepixels trilin-
earlyinterpolatedfrom the3D scalartexture.Thisoperation

is successively performedfor multiple planesthat have to
be clippedagainstthe parametrictexture domain(seeFig-
ure11).Thesepolygonsarerenderedfrom front-to-backor
back-to-frontandtheresultingtextureslicesareblendedap-
propriatelyinto the framebuffer therebyapproximatingthe
continuousvolumerenderingintegral.

Figure11: Volumerenderingby 3D textureslicing.

Dedicatedgraphicshardware is exploited for trilinearly
interpolatingwithin the textureandfor blendingthegener-
atedfragmentson a per-pixel basis.However, the real po-
tential of volumerenderingvia 3D texturesjust turnedout
after texture lookup tablesbecameavailable. Scalarsam-
plesthatarereconstructedfrom the3D textureareconverted
into RGAα pixelsby a lookup-uptableprior to their draw-
ing. Thepossibilityto directly manipulatethetransferfunc-
tions necessaryto performthe mappingfrom scalarvalues
to RGBα valueswithout the needfor reloadingthe entire
textureallows theuserto interactively find meaningfulmap-
pingsof materialvaluesto visualquantities.In this way ar-
bitrarypartsof thedatacanbehighlightedor suppressedand
visualizedusingdifferentcolorsandtransparencies.

Nevertheless,besidesinteractive frame rates, in many
practicalapplicationseditingthedatain a freeandeasyway
is of particularinterest.Althoughtexture lookuptablescan
bemodifiedin orderto extractportionsof thedata,theuse
of additionalclippinggeometriesoftenallowsseparatingthe
relevantstructuresin a muchmoreconvenientandintuitive
way. PlanarclippingplanesavailableascoreOpenGLmech-
anismsmay be utilized, but from the user’s point of view
morecomplex geometriesarenecessary.

Clipping geometries

Stenciling

A straightforwardapproachwhich is implementedquiteof-
ten is the useof multiple clipping planesto constructmore
complex geometries.However, notice that even the simple
taskof clipping anarbitrarily scaledbox cannotberealized
in this way. More flexibility andeaseof manipulationcan
beachievedby takingadvantageof theper-pixel operations
providedin therasterizationstage.As will beoutline,aslong
astheobjectagainstwhich thevolumeis to beclippedis a
closedsurfacerepresentedby a list of trianglesit canbeef-
ficiently usedastheclippinggeometry.
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Thebasicideais to determinefor all slicing planesthose
pixels which arecoveredby the cross-sectionbetweenthe
objectandthis plane(seeFigure12).Then,thesepixelsare
locked, thus preventing the textured polygon from getting
drawn to theselocations.The locking mechanismis imple-
mentedby exploiting theOpenGLstenciltest.It allowspixel
updatesto beacceptedor rejectedbasedontheoutcomeof a
comparisonbetweena userdefinedreferencevalueandthe
valueof thecorrespondingentryin thestencilbuffer. Before
the texturedpolygongetsrenderedthe stencilbuffer hasto
be initialized in sucha way that all color valueswritten to
pixelsinsidethecross-sectionwill berejected.

( ( ( ( (( ( ( ( (( ( ( ( (( ( ( ( (( ( ( ( (( ( ( ( (( ( ( ( (( ( ( ( (

Figure 12: The use of arbitrary clipping geometriesis
demonstrated for the caseof a sphere. In regions where
the object intersectsthe actual slice the stencil buffer is
locked. The intuitive approach of renderingonly the back
facesmightresultin thepatternederroneousregion.

In orderto determinefor a certainplanewhethera pixel
is coveredby a cross-sectionor not the clipping object is
renderedin polygonmode.However, sinceone is only in-
terestedin settingthestencilbuffer noneof theframebuffer
valuesaltered.At first, an additionalclipping planeis en-
abledwhichhasthesameorientationandpositionastheslic-
ing plane.All backfaceswith respectto theactualviewing
directionaredrawn, andeverythingin front of the planeis
clipped.Wherever a pixel would have beendrawn thesten-
cil buffer is set.Finally, by changingthestenciltestappro-
priately, renderingthe textured polygon,now, only affects
thosepixelswherethestencilbuffer is unchanged.

In general,however, dependingon theclipping geometry
this procedurefails in determiningthecross-sectionexactly
(seerightmost imagein Figure 12). Therefore,beforethe
texturedpolygonis renderedall stencilbuffer entrieswhich
aresetimproperlyhave to beupdated.Noticethatin front of
a backfacewhich waswritten erroneouslythereis always
a front facedueto the topologyof theclipping object.The
front facesarethusrenderedinto thosepixelswherethesten-
cil buffer is setandthestencilbuffer is clearedwhereapixel
alsopassesthedepthtest.Now thestencilbuffer is correctly
initializedandall furtherdrawing operationsarerestrictedto
thosepixelswhereit is setor viceversa.Clearingthestencil
buffer eachtimeanew sliceis to berenderedcanbeavoided
by usingdifferentstencilplanes.Thenthenumberof slices
thatcanbeprocessedwithoutclearingthebuffer dependson
thenumberof stencilbitsprovidedby thecurrentvisual.

Sincethis approachis independentof the usedgeome-
try it allows arbitraryshapesto bespecified.In particularit
turnsout that transformationsof the geometrycanbe han-
dledwithoutany additionaloverhead,thusproviding a flex-
ible tool for carvingportionsout of thedatain an intuitive
way.

ReducingRasterization

Although the stencil buffer approachworks quite optimal
as long as the renderingof the trianglemeshdoesnot af-
fect or even dominatethe overall performance,thereis no
gainin generalconcerningthenumberof rasterizationoper-
ationsthat have to be performed.Even if only a small part
of thedatais to be renderedthenumberof texture lookups
remainsthe samesincetexturing is performedprior to the
stenciltest.

A different alternative that was originally developedto
renderthin boundaryregions57 circumventsthis drawback
by balancingtheloadbetweentherasterizationunit andthe
processormore equally. The slicing planesare explicitly
clippedagainstthe clipping geometry, which resultsin the
generationof aplanarcontourwithin eachslice.

In general,aslongastheclippinggeometryis simpleand
doesnot consistof a largenumberof triangles,thecompu-
tationof thesectionalcontourcanbedonevery efficiently.
At thecoreof theintersectionalgorithmthetrianglemeshis
storedin anedgebaseddatastructure.Eachedgehasrefer-
encesto the trianglesthat sharethis edgeaswell asto the
pointsthat definethis edge.Basedon the distanceof each
point to the viewing planeall edgescannow be sortedac-
cordingly. For eachsliceanedgehasto be determinedthat
intersectsthis slice,which canthenbeusedto find all other
edgesthat intersectthis slice by recursively following the
appropriatelinks.

Figure13: On theleft a simplecontourhasbeentesselated
usingtheOpenGLtesselationutilities. On the right a more
complex tesselationis shownconsistingof theoriginal con-
tour with threeholes.

Oncethesectionalpolygonbetweentheslicingplaneand
theclippinggeometryhasbeencalculatedit needsto betes-
selatedin turn (seeFigure13). In anOpenGLbasedsetting
it just seemsto be self-evident to utilize the OpenGLtes-
sellationutilities for computingtrapezoidaldecompositions
of concave polygons.As a result,a numberof trianglesthat
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completelycover thesectionalregion is obtainedandcanbe
renderedwith the appropriatetexture coordinatesissuedat
eachvertex. Notethataffine transformationsof theclipping
objectwithin the texturedomaincanbehandledby issuing
thecurrenttransformationin thetexturematrixusedto trans-
form texturecoordinatesbeforetexturing is performed.

In thiswaytheloadin therasterizationunit canbeconsid-
erablyreducedat theexpenseof additionalnumericaloper-
ationsnecessaryto computeandtesselatethesectionalcon-
tours.In Figure14a,for example,atrianglemeshportraying
ahorsewasfirst voxelizedandthenrenderedwith amethod
describedbelow. In Figure14b theclipping geometryis il-
lustratedthat was usedto restrict rasterizationto the rele-
vant parts.Overall, the numberof rasterizationoperations
hasbeenreducedof about50%resultingin againin perfor-
manceof almostthe sameamountsincethe tessellationof
thesectionalcontourswasdonein approximately0.07sec-
onds.

(a) Thevoxelizedhorse
dataset.

(b) The clipping geometry
usedto visualizethehorse.

Figure14: Reducingrasterizationbyadaptiveclipping.

In Figure15two imagesareshown,whichshoulddemon-
stratetheextendedfunctionalityof 3D texturebasedvolume
rendering.In thefirst imagea simplebox wasusedto mask
the interior of a MRI-scanby meansof the stencil buffer
approach.The secondimageswas generatedby explicitly
clippingtheslicingplanesagainsttheboxandby tesselating
the resultingcontours.Note thatonly the region of interest
needsto betexturedin thisway.

Rendering iso-surfacesvia 3D textures

Sofarwedescribedextensionsto texturemappeddirectvol-
umerenderingthathave beenintroducedin orderto define
a generalhardwareacceleratedframework for adaptive ex-
plorationof volumetricdatasets.In practice,however, the
displayof shadediso-surfaceshasbeenshown asoneof the
most dominantvisualizationoptions,which is particularly
usefulto enhancethespatialrelationshipbetweenstructures.
Moreover, thiskind of representationoftenmeetsthephysi-
cal characteristicsof therealobjectin amorenaturalway.

Figure 15: Boxclipping usingthestenciltest(left) andthe
OGLtesselation(right).

Differentalgorithmshavebeenproposedfor efficiently re-
constructingpolygonalrepresentationsof iso-surfacesfrom
scalarvolumedata38� 40� 47� 58, but noneof theseapproaches
can effectively be usedin interactive applications.This is
dueto the effort that hasto be madeto fit the surfaceand
alsoto theenormousamountof trianglesproduced.For re-
alistically sizeddatasetsinteractively manipulatingtheiso-
valueseemsto be quite impossible,andalsorenderingthe
surfaceat acceptableframeratescanhardlybeachieved.In
contrastto thesepolygonalapproaches,in 55 an algorithm
wasdesignedthat completelyavoids any polygonalrepre-
sentationby combining3D texture mappingandadvanced
pixel transferoperationsin away thatallows theiso-surface
to berenderedonaper-pixel basis.

Recently, first approachesfor combininghardwareaccel-
eratedvolumerenderingvia 3D texturemapswith lighting
andshadingwerepresented.In 51 thesumof pre-computed
ambientandreflectedlight componentsis storedin thetex-
ture volume and standard3D texture compositionis per-
formed.On the contrary, in 23 the orientationof voxel gra-
dientsis storedtogetherwith thevolumedensityasthe3D
texture map.Lighting is achieved by indexing into an ap-
propriatelyreplicatedcolortable.Theinherentdrawbacksto
thesetechniquesis theneedfor reloadingthetexturemem-
ory eachtimeany of thelighting parameterschange(includ-
ing changesin theorientationof theobject)51, andthediffi-
culty to achievesmoothlyshadedsurfacesdueto thelimited
quantizationof thenormalorientationandtheintrinsichard-
wareinterpolationproblems23.

Basically, the non-polygonal3D texture basedapproach
is similar to the oneusedin traditionalvolumeray-casting
for the displayof shadediso-surfaces.Let us considerthat
thesurfaceis hit if thematerialvaluesalongtherayof sight
do exceedthe iso-value for the first time. At this location
thematerialgradientis computed,which is thenusedin the
lighting calculations.

By recognizingthat texture interpolationis alreadyex-
ploited to re-samplethedata,all thatneedsto beevaluated
is how to capturethosetexturesamplesabove the iso-value
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that arenearestto the imageplane.Thereforethe OpenGL
alpha test canbe employed,which is usedto rejectpixels
basedon theoutcomeof a comparisonbetweentheir alpha
componentanda referencevalue.

Eachelementof the3D texturegetsassignedthematerial
valueasits alphacomponent.Then,texturemappedvolume
renderingis performedas usual,but pixel valuesare only
drawn if they passthe depthtestand if the alphavalue is
larger thanor equalto the selectediso-value.In any of the
affectedpixels in theframebuffer, now, thecolor presentat
thefirst surfacepoint is beingdisplayed.

In order to obtain the shadediso-surfacefrom the pixel
valuesalreadydrawn into theframebuffer two differentap-
proachesshouldbeoutlined:' Gradient shading: A four component3D texture is

storedwhich holds in eachelementthe materialgradi-
entaswell asthematerialvalue.Shadingis performedin
imagespaceby meansof matrix multiplicationusingan
appropriatelyinitializedcolormatrix.' Gradientlessshading: Shadingis simulatedby simple
frame buffer arithmeticcomputingforward differences
with respectto thelight sourcedirection.Pixel texturing
is exploitedto encompassmultiple renderingpasses.

Bothapproachesaccountfor diffuseshadingwith respect
to a parallellight sourcepositionedat infinity. Thenthedif-
fusetermreducesto thescalarproductbetweenthesurface
normal,N, andthedirectionof thelight source,L , scaledby
thematerialdiffusereflectivity, kd.

The textureelementsin gradientshadingeachconsistof
anRGBα quadruplewhichholdsthegradientcomponentsin
thecolor channelsandthematerialvaluein thealphachan-
nel. Before the texture is storedand internally clampedto
therange[0,1] thegradientcomponentsarebeingscaledand
translatedby a factorof 0.5.

By slicing thetexturetherebyexploiting thealphatestas
describedthetransformedgradientsat thesurfacepointsare
finally displayedin theRGB framebuffer components(see
left imagein Figure16).For thesurfaceshadingto proceed
properly, pixel valueshave to bescaledandtranslatedback
to the range[-1,1]. In order to accountfor changesin the
orientationof theobjectthenormalvectorshave to betrans-
formed by the model rotation matrix. Finally, the diffuse
shadingterm is calculatedby computingthescalarproduct
betweenthe light sourcedirectionandthetransformednor-
mals.

All threetransformationscanbe appliedsimultaneously
using one 4x4 matrix. It is stored in the currently se-
lectedcolor matrix which post-multiplieseachof the four-
componentpixel valuesif pixel data is copiedwithin the
active framebuffer. For the color matrix to accomplishthe

Figure16: On theleft, for an iso-surfacethegradientcom-
ponentsaredisplayedin theRGBpixelvalues.Ontheright,
for thesameiso-surfacethecoordinatesin texturespaceare
displayedin theRGBcomponents.

transformationsit hasto beinitializedasfollows:
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By just copying theframebuffer contentsontoitself each

pixel getsmultiplied by the color matrix. In addition, it is
scaledandbiasedin orderto accountfor thematerialdiffuse
reflectivity andtheambientterm.Theresultingpixel values
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whereobviously different ambienttermsand reflectivities
canbespecifiedfor eachcolorcomponent.

Figure17 illustratesthe quality of the describedrender-
ing techniquefor shadediso-surfaces.Thesurfaceontheleft
imagewasrenderedin roughly 9 secondsusinga software
basedray-caster. 3D texturebasedgradientshadingwasrun
with about6 framespersecondon thenext image.Thedis-
tancebetweensuccessive sliceswaschosento be equalto
the samplingintervals usedin the software approach.The
surfaceon the right appearssomewhat brighterwith a little
lesscontrastdueto the limited framebuffer precision,but
basicallytherecanhardlybeseenany differences.

To circumvent the additionalamountof memorythat is
neededto storethegradienttexturea secondtechniquecan
be employed which appliesconceptsborrowed from 42 but
in anessentiallydifferentscenario.Thediffuseshadingterm
can be simulatedby simple frame buffer arithmeticif the
surfaceis assumedto be locally orthogonalto the surface
normalandthenormalaswell asthe light sourcedirection
areorthonormalvectors.

Notice that the diffuseshadingterm is thenproportional
to the directionalderivative towardsthe light source.Thus,
it canbesimulatedby takingforwarddifferencestowardthe
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Figure17: Iso-surfacerenderingbydirectray-casting(left)
andbyusinga gradienttexture (right).

light sourcewith respectto thematerialvalues:
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By renderingthescalarmaterialvaluestwice,oncethose
thatcorrespondto theoriginal surfacepointsandthenthose
thatcorrespondto thesurfacepointsshiftedtowardsthelight
source,OpenGL blending operationscan be exploited to
computetheforwarddifferences.

In orderto obtainthecoordinatesof thesurfacepointsit
is taken advantageof the alphatestasproposedandpixel
texturesareappliedto re-samplethematerialvalues.There-
fore it is importantto know that eachvertex comeswith a
texturecoordinateaswell asacolorvalue.Usuallythecolor
valuesprovideabasecolorandopacityin orderto modulate
theinterpolatedtexturesamples.

By consideringthat to eachvertex the computedtexture
coordinate 
 u � v� w� is assignedas RGB color value. Tex-
ture coordinatesaresupposedto be within the range[0,1]
sincethey arecomputedin parametrictexturespace.More-
over, thecolorvaluesinterpolatedduringrasterizationcorre-
spondto thetexturespacecoordinatesof pointson theslic-
ing plane.As a consequencewe now have the positionof
surfacepointsavailable in the framebuffer ratherthanthe
materialgradients.

In order to display the correct color valuesthey must
not bemodulatedby thetexturesamples.However, remem-
ber that in gradientlessshadingthe sametexture format is
usedasin traditionaltextureslicing.Eachelementcomprises
a single-valuedcolor entry which is mappedvia a RGBα
lookuptable.Thisallowsoneto temporarilysetall RGBval-
uesin thelookuptableto onethusavoidingany modulation
of colorvalues.

At this point, the real strengthof pixel texturescan be
exploited.The RGB entriesof the texture lookup tableare
resetin orderto producetheoriginalscalarvalues.Then,the
pixel datais readinto main memoryandit is drawn twice
into the framebuffer with enabledpixel texture.In thesec-

ondpasspixel valuesareshiftedtowardsthelight sourceby
meansof theOpenGLpixel bias.By changingtheblending
equationappropriatelyall valuesget subtractedfrom those
alreadyin the framebuffer thusyielding the approximated
diffuselighting.

In Figure 18 illustratesthe differencebetweengradient
shadingandgradientlessshading.Obviously, surfacesren-
deredby the latteroneexhibit low contrastandeven incor-
rectresultsareproducedespeciallyin regionswherethevari-
ation of the gradientmagnitudeacrossthe surfaceis high.
Althoughthematerialdistribution in theexampledatais al-
mostiso-metric,at somepointsthe differencescanbe eas-
ily recognized.At thesesurfacepointsthestepsizeusedto
computethe forwarddifferencehasto be increased,which,
of course,cannotberealizedby thepresentedapproach.

However, only onefourthof thememoryneededin gradi-
entshadingis usedin gradientlessshading,andalsotheren-
deringtimesdiffer insignificantly. The only differencelies
in thewaytheshadingis finally computed.In gradientshad-
ing the whole framebuffer is copiedonce.In gradientless
shadingthepixel datahasto bereadandwritten twice with
enabledpixel texturing. On the otherhand,sincethe over-
headdoesnot dependon thedataresolutionbut on thesize
of theviewport,its relativecontributionto theoverallrender-
ing timecanbeexpectedto decreaserapidlywith increasing
datasize.

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

Volumerenderingof unstructur edgrids

Now weturn our attentionto tetrahedralgridsmostfamiliar
in CFD simulation,which, on theotherhand,have alsore-
centlyshown their importancein adaptive refinementstrate-
gies.Sincemostgrid typesthatprovide thedataat unevenly
spacedsamplepointscanbequiteeasilyconvertedinto this
kind of representation,tetrahedrabasedtechniques,in gen-
eral,arepotentiallyattractive to a wide areaof differentap-
plications.

Causedby the irregular topologyof the grids to be pro-
cessedthe intrinsic problemshowing up in direct volume
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renderingis to find thecorrectvisibility orderingof the in-
volved primitives. Different ways have beenproposedto
attack this problem,e.g. by improving sorting algorithms
50� 61� 16, by usingspacepartitioningstrategies59, by taking
advantageof hardwareassistedpolygonrendering48� 50� 64� 54

andby exploiting thecoherencewithin cuttingplanesin ob-
ject space17� 49. In 55 a hardwareacceleratedapproachthat
entirely avoids the sortingof elementswas introducedfor
both direct renderingand the display of iso-surfacesfrom
unstructuredvolume data.Before we start with a detailed
explanationof this approachlet us first make samegeneral
considerations.

In its interior, eachtetrahedron(hereaftertermedthevol-
umeprimitive or cell) exhibits a linearrangein thematerial
distributionandthereforea constantgradient.Theaffine in-
terpolationfunction f 
 x � y� z�8� a � bx � cy � dz which de-
finesthematerialdistributionwithin onecell is computedby
solvingthesystemof equations)**+ 1 x0 y0 z0

1 x1 y1 z1
1 x2 y2 z2
1 x3 y3 z3

, --/
���� abc
d

� ��� � ���� f0f1f2
f3

� ���
for the unknowns a � b � c and d. fi are the function values
givenat locations
 xi � yi � zi � .

Now the partial derivatives,b � c andd, provide the gra-
dientcomponentsof eachcell. Gradientsat theverticesare
computedby simplyaveragingall contributionsfrom differ-
ent cells.Thesearestoredin additionto the vertex coordi-
natesandthescalarmaterialvalues,thelatteronesgivenas
one-componentcolor indicesinto aRGBα lookuptable.

Shadediso-surfaces

In contrastto volumedatadefinedonCartesiangridstheun-
structureddatacanno longerbestoredin a regular3D tex-
ture.However, geometryprocessingandadvancedper-pixel
operationscanbeexploitedin ahighly efficientwayin order
to avoid any polygonalrepresentation.

At first, let usconsidera ray of sightpassingthroughone
tetrahedrontherebyre-samplingthe materialvalues.Since
alongtheray thematerialdistribution is linear it sufficesto
evaluatethedatawithin theappropriatefront andbackface
and to linearly interpolatein between.This, again,canbe
solvedquiteefficiently usingthegraphicshardware.There-
forethematerialvaluesareissuedasthecolorof eachvertex
beforethesmoothlyshadedcell facesarerendered.Thecor-
rectly interpolatedsamplesarethenbeingdisplayedandcan
begrabbedfrom theframebuffer.

Obviously, thesameprocedurecanbeappliedby choos-
ing anappropriateshadingmodelandby issuingthematerial
gradientas the vertex normal.Thenthe renderedtriangles

will be illuminatedwith respectto thegradientsof thevol-
umematerial.

Nevertheless,sincea specificiso-surfaceshowedberen-
deredthoseelementshave to be find the surfaceis passing
through.But even moredifficult, the exact locationof the
surfacewithin thesecells hasto be determinedin order to
computeappropriateinterpolationweightsthat are needed
to combinethecontributionsof thefront andbackfaces,re-
spectively.

Thekey idealies in amulti-passapproach:

a: Facesare rendered having smooth color interpola-
tion in order to computethe interpolation weights.

b: Facesare rendered having smoothshading in order
to computeilluminated pixels.

c: The interpolation weights are usedto modulate the
resultsproperly.

In order to computethe interpolationweightsthe mate-
rial valuesgiven at the verticesareduplicatedinto RGBα-
quadruples.Theseareusedasthecurrentcolorvalues.Next,
all thebackfacesarerendered,but only thosepixelsnearest
to theimageplanewith analphavaluelargerthanthethresh-
old aremaintainedby exploiting thealphatestandthedepth
test.The stencilbuffer is setwhenever a pixel passesboth
tests.

Now the alpha test is inverted and the front facesare
drawn. Althoughdepthtestingwill be performed,glDepth-
Mask(GL_FALSE)is issuedin orderto preventz-valuesfrom
beingaltered.Pixel valuesmaybeaffectedwherethe sten-
cil buffer is set,but in fact,not all color componentswill be
alteredin orderto retainthepreviously writtenresults.

Insteadof processingall front facesat onceonealterna-
tively rendereachelement’s back facesagain.By setting
their alphavaluesto zero it is guaranteedthat they always
passthealphatest.Noticethatif pixelswereacceptedin the
first passthe correspondingz-valuesarestill presentsince
thez-valueshave not beenaltered.Choosinganappropriate
stencilfunctionallows thestencilbuffer to belockedwhen-
everapixel is writtenwith az-valueequalto thestoredone.
At theselocationstheframebuffer is lockedin orderto pre-
vent the correctly drawn pixels from being destroyed. Fi-
nally, thepixel datais readinto mainmemoryandtheinter-
polationweightsarecomputedandstoredinto two distinct
pixel imagesI f andIb, respectively.

Onceagain,theentireprocedureis repeated,but now the
hardware is exploited to render illuminated facesinstead
of coloredones.The resultsof the first renderingpassare
blendedwith the pixel image I f and the modulatedpixel
datais transferedto the accumulationbuffer 22. Pixel data
producedin thesecondpassis blendedwith thepixel image
Ib andaddedto thedataalreadystoredin theaccumulation
buffer. During bothpassesblendingensuresthat theshaded
facesareinterpolatedcorrectlyin orderto producethesur-
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faceshading.Finally, theentireimageis drawn backinto the
framebuffer.

However, even without computing the interpolation
weights,just by equallyblendingthelightedfront andback
faces,thismethodproducessufficientresults(seeFigure19).
It is quiteevidentthatsometimesthegeometricstructureof
thecellsshows up, but this seemsto betolerableduringin-
teractivesessions.

Figure 19: Iso-surfacereconstructedfrom a tetrahedral
grid. Color valuesof the image were equalizedto enhance
the effects.Theleft image wasgeneratedwithoutusingthe
interpolationweightsnecessaryto achievesmoothresults.

Dir ectly slicing unstructur edgrids

It is now easyto derive an algorithmthat allows oneto re-
constructarbitraryslicesout of thedata.For eachvertex its
distanceto theimageplaneis storedin additionandit is tem-
porarily usedasthe scalarmaterialvalue.But then,a slice
just correspondsto a planariso-surfacedefinedby an iso-
valuethat is equalto thedistanceof thatslice to the image
plane.As a consequencethe proposedmethodfor recon-
structingshadediso-surfacescanbe applieddirectly. Even
moreefficiently, sinceoneis interestedin thescalarmaterial
valuesonly smoothcolor interpolationacrosscell faceshas
to beissued.

For themethodto proceedproperly, thescalarvaluesare
storedin the RG color componentsandthe distancevalues
in the Bα componentsissuedat eachvertex. Again, back
facesare renderedfirst. For a slice at the distanced from
theimageplaneonly pixel valueswith analphavaluelarger
thanor equalto d areaccepted.Only RB componentswill be
alteredin theframebuffer. As usual,thestencilbuffer is set
wherea pixel passesthedepthtestandthealphatest.Now
thefront facesarerenderedbut only theGα componentsare
goingto bealtered.Locking thestencilbuffer is donein the
sameway asdescribed.

Finally, all valuesnecessaryto correctly interpolatethe
scalarvalueswithin theactualsliceareavailablein thepixel
data.Thesearereadand

S �9
 1 
 d 
 α
B 
 α

��� G � d 
 α
B 
 α

� R�
is calculatedfor eachRGBα pixel value.The scalarvalues

arenow writtenbackinto theframebuffer therebymapping
eachcomponentvia a lookup tableprovided by the graph-
ics hardware.In orderto approximatethevolumerendering
integral the grid is slicedmultiple timesandthe generated
imagesareblendedproperly.

Theremarkablefactis thatthetopologyof theunderlying
grid never needsto be usedexplicitly. Sortingis implicitly
doneby depthtestingonaper-pixel basisin therasterization
unit. Polygondrawing is exploited for interpolatingscalar
valueson the cell facesand all valuesnecessaryto inter-
polatewithin oneslice areaccessedfrom the framebuffer.
Moreover, adaptiveslicingwith arbitraryresolutioncaneas-
ily be performed,leadingto a powerful methodthatallows
for there-samplingof arbitraryregionsin thedesirableres-
olution.

Obviously, in orderto avoid renderingevery cell for each
slice,a coarsepartitioningof the datasetaccordingto the
distanceof cells to the viewing planehasto be performed.
Whenever the viewing definition changes,cells are insert
into a certainnumberof slabsparallelto theviewing plane.
During renderingonly thosecellshave to betouchedwhich
arestoredin the slabthat containsthe currentslice. In this
way, theoverall numberof cells to berenderedwill still be
considerablylargerthantheoriginalnumber, but ontheother
hand,dependingon thenumberof slabsthis increasecanbe
controlledarbitrarily.

Figure20 show someexamplesof tetrahedralgrids that
wererenderedusingthepresentedapproaches.Thefirst im-
ageshowsaniso-surfacefromtheNASA bluntfinwhichwas
convertedinto 225000tetrahedra.Direct volumerendering
of a finite-elementdataset is demonstratedby the second
example.Notice the adaptive manipulationof the transfer
function in order to indicate increasingtemperaturefrom
blueto yellow. Theglowing innerkernelcanbeclearlydis-
tinguished,which might be hardto achieve with cell based
projectiontechniquesliketheShirley-Tuchmanalgorithm48.

The significant improvementof the describedapproach
is that the expectedtimesdo not dependon the grid topol-
ogy. As a consequenceone endsup with constantframe
ratesfor arbitrarytopologiesbut equalnumberof primitives.
This is amajordifferenceto avarietyof existingapproaches
whichexploit theconnectivity betweencells.Then,thegrid
canbetraversedveryefficiently by takingadvantageof pre-
computedadjacency information.Finally, weexpectthepro-
posedmethodto beof greatrelevancein applicationswhere
thedatais updatedfrequently, e.g.in numericalsimulations.
As longasthecomplex sortingof eachnew time-stephasto
be performedthereseemsto be no chanceto run the visu-
alizationandthe simulationsimultaneously. The presented
algorithm,on the otherhand,entirely avoids any complex
pre-processingsteps.
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Figure20: Two tetrahedral grids that werevisualizedusing
thehardware-acceleratedmethodsasdescribed.

SessionS6:

Cosmo3D/ OpenGL Optimizer in CAE applications

Thissessionshouldillustratetheuseof waysandmeanspro-
videdby Cosmo3D/ OpenGLOptimizerby presentingsome
visualizationexamplesin thefield of crashsimulation.

Finite elementpost-processinghas beendominatedby
softwarethatis tightly integratedwith simulationpackages.
Many of thesepackageshave not kept up with the state-
of-the-artdevelopmentsin graphicstechnologyandvisual-
izationtechniques.Especiallythe largeandtime-dependent
datasetsresultingfrom crash-worthinesssimulationsin the
automotive developmentprocessdemandfor new visual-
ization tools which allow interactive manipulationof com-
plex geometriesandmeaningfulmappingof physicalprop-
erties.In this sessionwe demonstratethatcarefuldesignof
scenegraph structuresand extensive use of texture map-
pingcanimprove renderingperformanceandvisualappear-
ancefor post-processingtaskssuchasinspectingfinite ele-
mentdiscretizationandanalyzingintrusiondepthor vector
quantities.Furthermore,we describeaniconicvisualization
methodasfirst presentedin 31 andextendedin 32 which im-
provesthe understandingof cross-sectionforcesandbend-
ing momentsin longitudinalstructuresof thecarbody.

Oneof themaingoalsin thedevelopmentof a new caris
the achievementof an optimal ”crash-worthiness”usingas
many analyticaltoolsaspossibleandminimizinghardware-
prototypetesting.During the last few years,the absolute
simulationtimefor modeling,computingandinvestigatinga
completecrashmodelhasbeenreducedsignificantly. How-
ever, wenoticeashift of theproportionsbetweenthetimere-
quiredfor pre-processing,computationandpost-processing
respectively. Thepost-processingstageturnedoutto become
themosttime consumingactivity performedby thesimula-
tion engineers.Thesechangesandtherapiddevelopmentof
computergraphicstechnologyduringthelast few yearshas
increasedtheneedfor new visualizationtechniquesto facil-
itatetheanalysisof crash-worthinesssimulations.

Consideringtheprogressof scientificvisualizationin var-
iousareasduringthelastdecade,it becomesobviousthatthe
applicationof 3D visualizationtechniquesto finite element
analysishasnot beena primaryfocus15� 29� 66. Nevertheless,
the useof commercialvisualizationpackagesis now well
establishedin the automotive industry. In the caseof crash
analysis,thesetraditionallyemployed post-processorshave
beendesignedto managethe enormousamountof simula-
tion dataon workstationswith limited memoryby perform-
ing animationsof wire-framemeshesandpolygonalrepre-
sentationsof the simulatedcrashmodels.However, associ-
atedwith thesedesigncriteriaandwith wideplatformavail-
ability is a trade-off which leadsto poor graphicsperfor-
mancein termsof availableframeratesonhigh-endgraphics
subsystems.

Memory efficient scenegraph design

SeveralgraphicsAPIs, suchasIRIS Performeror OpenGL
Optimizer, have beendevelopedto take advantageof re-
centprogressin computeserverandworkstationarchitecture
with multiprocessinghardware in mind. SincethoseAPIs
are usually scenegraphbased,one can take advantageof
modeloptimizationduring scenegraphcreationandbene-
fit from multiprocessingusingview frustumculling andoc-
clusionculling while traversingthescenegraphto increase
frameandinteractionrates(seeFigure21). Sincethe time-
dependentdatabasesof ourFEmodelsareverybulky, anef-
ficient scenegraphdesignis very importantin orderto han-
dle thecomplex datainterdependenciesandto achieve high
renderingspeed.

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

Thegoalis to visualizemeshesof about300,000finite el-
ementswith nearlythesamenumberof nodesfor eachone
of 60 time steps.Additionally, theconnectivity of thefinite
elementshasto berepresented.Storingbothcoordinatesand
connectivity for eachtimestepwouldbeawasteof memory
resources,sincetheelementtopologydoesnot changedur-
ing thecrash.Thereforea muchbetterapproachis to usean
indexedgeometry.

In OpenInventor 53, a widely usedobject-oriented3D
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Figure 22: Comparisonof an OpenInventor (top) and a
Cosmo3D(bottom)scenegraph

graphicstoolkit, we canstorethe coordinatesof eachtime
stepundera stateSwitch nodeandthetime-invariantdescrip-
tion of theconnectivity canbeplacedto theright sideof that
nodeonce(seetop of Figure22). For eachframethescene
graphis traversedby a renderactionobjectwhich holdsthe
traversalstate.Onememberof thetraversalstateis theactual
setof coordinateswhicharedefinedby oneof thecoordinates

nodesand which will be referencedby the indexedShapei

nodes.Thatapproachappearsto bea very memoryefficient
representationof our datain a scenegraphstructure,but it
wouldnotallow localscenegraphoptimizationsormultipro-
cessingof independentsubgraphs.Thisis becauseobjectson
therighthandsideof thescenegraphmaydependonsettings
of thetraversalstatewhich have beenmadeby scenegraph
nodeson theleft handside.

UsingSGI’sCosmo3Dwhich formstheunderlyingscene
graphlayer for OpenGLOptimizer, anAPI for large-model
visualization,enablestheutilizationof featuressuchasmul-
tiprocessing,occlusionculling, and acceleratedhardware-
assistedscenemanipulation.Cosmo3Dprovides a scene
graphstructurewhichresemblesthesemanticsof theVirtual
RealityModelingLanguage1. It basicallydiffers from that
of the OpenInventor scenegraph.Thereis no information
inheritedhorizontallyin theCosmo3Dscenegraphwhich is
traversedjustdownwardfrom top to bottomin eachbranch.
Thus,adifferentscenegraphstructurehasto bechosen(see
bottomof Figure22) which reducesredundantdatastorage

asmuchaspossibleby takingadvantageof indexedgeome-
triesandby sharedinstancingof scenegraphnodes.

Thatmeansa coordSet nodecontainingall coordinatesof
time steps canbe assignedto several geoSet nodes.Each
of thesegeoSet nodesonly storesa referenceto the data
which is residentin main memory just once. Therefore,
appearancei andindexSeti , which representoneandthesame
car body part acrossall time steps,can alsobe sharedby
the shapei subgraphs.In analogyeachgeoSeti ^ s in the sub-
graphof groupOfStates hasa referenceto oneandthe same
coordSets. If normalsshouldbeprovidedfor eachvertex the
indexSeti andthecoordSets will beexpandedin awaythatthe
index arraycanalsobeusedto refer to a normalarrayheld
in normalSets.

Basedon this scenegraphdesignit is now possibleto
visualizeanentirecrashdataseton a moderndesktopmul-
tiprocessorgraphicsworkstationat interactive framerates.

Efficient visualization of physicaland structural
propertiesusing texturemapping

Using traditionalvisualizationsystems,physicalproperties
like plastic strainson FE surfacesare visualizedthrough
color coding of the polygonsrepresentingthe surface el-
ements.Surface areaswith nearly equal physical values
within predefinedrangesarevisualizedwith iso-contouring
andcolorbands.Usually, theintersectionpointsbetweenthe
contouredgesand the polygonsrepresentingthe elements
have to becalculatedandadditionalpolygonswith different
colorshave to becreatedon bothsidesof thecontourline.

In the discussedtechnique,the physicalvaluesserve as
entriesinto aonedimensionaltexture.As alreadymentioned
in thelastsessiontexturemappingis a well establishedand
widely usedtechniquein computergraphics(seethesurvey
by Heckbert24) andin scientificvisualization8� 6. Thecolor
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
now widely availablefrom high-endgraphicsworkstations
of variousvendorsdown to PCs.

A texturecanbethoughtof notonly asanimage,but also
asalookuptable20. In thisexampleweuseacolortabletex-
tureandmapthephysicalvaluesinto floatsbetween0 and1
servingascoordinatesof theone-dimensionaltexturewhich
areassignedto the vertices.Utilizing a texture with fewer
colorsandsharpbordersbetweenthecolorsiso-contoursare
automaticallycreatedonthetexturedmodelwithoutany cal-
culationof intersectionpointsandwithoutrenderingof addi-
tional polygonsresultingin lower calculationandrendering
costsascomparedto traditionalvisualizationpackages.

Parameter visualization using1D textures

Similarly, a 1-D texture is usedin orderto analyzethe in-
trusion of componentsinto the passengercell in the case
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of a frontal or sideimpactcollision.The iso-contoursshow
wherein thedeformedstructuretheintrusionof thepassen-
gercell is unacceptableandhow far it is away from theac-
ceptablelimit.

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

The natureandthe magnitudeof the intrusionaredeter-
minedby relatingthenodesof theFEstructureto areference
planefor eachtime stepof the crashsimulation.The ref-
erenceplaneis definedwithin an appropriatelychosenco-
ordinatesystemso that it moves with the car body during
thesimulatedcrash.Thedifferencesbetweenthedistanceof
the undeformedstructureandthe distanceof the deformed
structurefrom theplanearecalculatedandscaledto values
between0 and1, with respectto a predefinedrangeof in-
terest.Thescaledvaluesserve astexturecoordinatesof the
verticesof thestructure.

If theacceptablelimit is changedor theintrusionhasto be
investigatedusinga broaderor tighter rangeof interest,no
additionalcomputationaleffort is necessary, only thetexture
definitionhasto beadapted.Iso-contourvisualizationof the
intrusionof the car body during a side impactcollision is
shown in Figure23.

Model discretization using2D textures

In many situationsthemodeldiscretizationof theFE struc-
turehasto bedisplayed.Therearetwo alternativesto simul-
taneouslyvisualizethebordersof eachquadrilateralFEele-
menttogetherwith theshadedpolygonrepresentation.Using
traditionalpost-processors,thepolygonalmodelis rendered
in afirst step,andthelinesrepresentingtheelementborders
are drawn in an additionalstep,resultingin renderingthe
geometrytwice.

Besidesthe describedproperty mappings,textures can
alsobe usedto improve the understandingof the shapeof
complex structures43� 38. In this particularcasethe grid of

Figure24: VisualizingFE modeldiscretizationusinga 2-D
texture.

the finite elementmodelsis visualizedby mappinga tex-
ture, which paints bordersonto eachelementof the FE
model.Themain goal is to eliminatethe renderingcostin-
ducedby theadditionaldrawing of wire-framelines.A two-
dimensionaltexture,which is representedby a white image
with a black borderis employed. Figure24 shows the FE
meshof a dummymodelvisualizedwith wire-framemap-
ping.

In thecaseof crashsimulations,usually90%of thefinite
elementsarefour-sided,10%of theelementsarethree-sided.
The coordinatesof the cornersof the texture imageareas-
signedto the correspondingverticesof the polygonsto be
rendered.If theelementis threesided,an additionalvertex
with the samespatialcoordinatesand the samenormal as
the third vertex is created.The fourth texturecoordinateof
the imageis assignedto this new vertex. Sincean efficient
visualizationrequiresthe creationof triangleor quadrilat-
eral strips from the polygonalmodel,commonverticesof
adjacentpolygonsmusthave the sametexture coordinates.
Therefore,the texture coordinatesare mirrored along the
sharededgesof adjacentelements.

Visualization of vector data usinganimatedtextures

Traditionalpost-processorsvisualizevectordatalike node
velocitieswith thin andopaquelinesandarrow heads.Since
one car componentusually comprisesthousandsof nodes
and finite elements,the samelarge numberof vector ar-
rowsis drawn,coveringeachotherandtheunderlyingstruc-
ture.Thismakestheanalysisof vectordatadifficult in many
cases.The goal is the visualizationof the vectordatain a
waythatleavestheunderlyingstructuremostlyvisible.In 32

wefollowedanideaof Yamrom,whovisualizedflow vector
fieldsusinganimatedtextures65, andadaptedandextended
thismethodfor thevisualizationof nodalvelocitiesof struc-
turaldynamicnon-linearFEmodels.

In contrastto thetraditionalway lineswithoutarrows are
used,but with segmentsof changingopacity, whichmove in
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Figure 25: The upper image showsthe visualization of
the nodeacceleration vectors of a FE modelof the front
bumperstructureusinga traditionalpost-processingsystem.
Thelines and arrowshideparts of the structure. Thesame
bumperstructurecanberecognizedmuch betterin thelower
image, whereanimatedopacitychangingtexturesare used.

thedirectionof thevector. Themotionis achievedbyswitch-
ing 6 different textureswith 16 texels eachat eachvector
line.

The first texture startswith two semi-transparenttexels
followed by four totally transparenttexels, againfollowed
by two texels with opacity valuesgreaterthan the values
of the first two texels andso on. The six texturesdiffer in
thepositionof these”opacity fields” within the texture.By
switchingthetexturesthefieldsmove with growing opacity
towardsthetopof thevectors.Thatallowsit to recognizethe
directionof the nodalaccelerationsaswell asthe structure
behindthevectors.

Figure 25 shows the front bumperstructurewith addi-
tionalnodalaccelerationvectors.Theupperimageis visual-
izedusinga traditionalpost-processor, thelower imageem-
ploys thepreviously describedtextureanimationtechnique;
it shows a snapshotof the animatedvectorsrevealing the
structurebehind.

Forceflux visualization with forcetubes

During a car collision, eachcomponentof the car body
is stressedin a different manner. Somepartsabsorbvery
high forces,otherpartstransferthe forcesto the passenger
cell. Thedeterminationof thestructuralcomponents,which
guide the main forces,enablesthe engineerto designcar
componentswith an optimal crashbehavior. Sincethe lon-
gitudinalstructureswithin the front partof a carbodyplay
animportantrolefor increasingtheability of thebodyto ab-
sorbforcesin a frontal crash,it is necessaryto detectandto
understandtheforceprogressionwithin thesecomponents.

In orderto calculatetheforcesthatact insidea carcom-
ponent,sectionforcecalculationsareperformed.In existing
post-processors,first asectionplanemustbedefinedandpo-
sitionedwithin thecomponent.Next, thesectionforceis cal-
culated.Finally, a diagramis displayedshowing thesection
force asa sumof the forcesof the elementsinfluencedby

thesectionplaneat thispositionof thelongitudinalstructure
andits time progressionduringthecrash.For theinvestiga-
tion of thewholecomponentmany differentsectionshave to
be positionedwithin the componentanda large numberof
diagramshave to beinvestigatedin a very abstractandtime
consumingtask.

Theapproachwhich hasbeenpresentedfirst in 31 for the
visualizationof the force flux is to position an additional
tubularelementnext to thedeforminglongitudinalstructure,
whoseradiusvariationvisuallyrelatesto thelocalforce.The
sectionforcesaredisplayedjust like waterflow in a flexi-
ble tube.Certainpartsof the tubeareexpanding,whenthe
longitudinalforcethroughthecorrespondingpart increases,
whereasotherpartsof the tubeareconstricting,showing a
decreaseof forcein thestructure.Usingthetubingmethod,
thebehavior of longitudinalstructurescanbeanalyzedby in-
vestigatingtheir deformationandsimultaneouslytheir abil-
ity to absorbforces.

x
y_

Figure26: Forcetubegenerationusingsectionforcevalues.

The sectionplanesfor the computationof the section
forces are positionedautomaticallyperpendicularto the
structurealongatraceline, thatfollowstheshapeof thelon-
gitudinalstructure.Only thoseelementsthatareintersected
by aplanearetakeninto account.Theforcesthataffect their
elementnodeslying on thenormalsideof theplanearecal-
culate.For eachsection,theforcesareaccumulatedandthe
vector componentof the accumulatedforce vector that is
parallelto theplane’s normalis computed.

The tube is positionednext to the longitudinalstructure
with a reasonablespacingandparallel to a line througha
numberof nodesof the structure.Several rings are posi-
tioned aroundthis tubular midpoint-line.Eachring repre-
sentsone sectionforce. The positionof a ring in the tube
correspondsto the position of the sectionin the structure
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while thediameteris dynamicallyrelatedto thevalueof the
scaledsectionforce.A numberof pointsarecreatedaround
thecircle of eachring servingasverticesfor polygonsthat
connecttheringsandform thetube.Thecreationof a force
tubeis outlinedin Figure26.

Visualization of bendingmoments

Theanalysisof bendingmomentsin longitudinalstructures
is very important,becausethesebendingmomentscancause
high torsion stressesin components,which are connected
with the longitudinals.In this part of the session,we de-
scribea methodfor the visualizationof suchbendingmo-
mentsbasedon theforcetubeapproach.

Figure27: Momenttubeover theleft longitudinalstructure,
displayingbendingmomentsthat affect thefront part of the
longitudinalat the timeof 12 msafter thecrash.After cut-
ting thetubetheupperhalf tuberemainsandshowsa posi-
tivebendingof thestructure ”towardsthetop”, whereasthe
rear part of the longitudinal is not yet affectedby bending
stresses.

The bendingmomentsarecalculatedthroughthe longi-
tudinal structures– similar to the sectionforces– from the
nodalforceslying on thenormalsideof thesectionplanes.
For eachsection,two bendingmomentsarecomputedin re-
lationto twodifferentmomentaxes(definingthelocalx-axis
andthelocaly-axisof thesectionplane).Eachaxisintersects
thecenterof gravity of the longitudinalstructurewithin the
section.The two bendingmomentsarecalculatedby accu-
mulatingtheproductsof thenodalforcesandtheleverarms
definedby thedistancesbetweenthenodesandthe respec-
tive momentaxis.Eachaccumulatedmomentcarriesa sign
definingabendthatis causedby eitherapositive rotationor
anegative rotationaroundthemomentaxis.

Similarly to theforcetube,amomenttubeis createdbased
onthecalculatedbendingmomentspersection.Eachring of
thetubeis cut resultinga half tubewhich shows thesignof
thebendingmomentin thatsection.

Basedonthisvisualizationinformationaboutthemoment
progressioncanbederivedaswell asboththemagnitudeand
thesignof thebendingmomentsthataffect thelongitudinal
structure.Figure27 shows thebendingmomentsin the left
longitudinalstructure.
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