
Volumetric Methods for
the Real-Time Displa y of

Natural Gaseous Phenomena

Von der Fakultät Informatik, Elektrotechnik und
Informationstechnik der Universität Stuttgart
zur Erlangung der Würde eines Doktors der

Naturwissenschaften (Dr. rer. nat.) genehmigte Abhandlung

Vorgelegt von

Stefan Roettger

aus Erlangen

Hauptberichter: Prof. Dr. T. Ertl
Mitberichter: Prof. Dr. M. Stamminger

Prof. Dr. W. Heidrich

Tag der mündlichen Prüfung: 2. Juni 2004
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Abstract
BlaisePascal:Thelast thingoneknows

in constructinga work
is whatto put �r st.

Comparedto the ninetieswherefast3D graphicswas the domainof expensive
workstations,in the last few yearsthe developmentof ever faster3D graphics
hardware was mainly driven by the gaming industry. The upcomingof pro-
grammablePC graphicshardware hasopenedthe �eld for new graphicsalgo-
rithmswhichallow unprecedentedrealismin realtimeapplications.Nevertheless,
oneareaof applicationis persistentlyresistingmostefforts to achieve suf�cient
renderingperformance:This is theareaof volumerendering.Becauseof thehuge
amountsof datathathaveto beprocessedto obtainathree-dimensionalvisualiza-
tion, it is very challengingto achieve real time performancefor largevolumetric
datasets.

In this thesiswe try to tackle this problemin onespeci�c application�eld.
Wedevisealgorithmsthataresuitablefor therealtimedisplayof naturalgaseous
phenomena.In particularour goal is to rendercloudsandfog in real time. In
principle, the problemreducesto solving the so calledray integral. A common
techniquefor solvingthis ray integral is ray castingwhich collectsthe incoming
light on eachviewing ray by samplingthevolume. On theonehandray casting
achievesverygoodrenderingquality, but on theotherhandit becomesvery slow
athighscreenresolutions.Many improvementshavebeenpresentedto accelerate
theoriginalapproach,but despiteall effortsraycastingis still only beginningtobe
anoption for high-qualityreal-timerendering.Very recentadvancesin graphics
hardwarehaveleadto theimplementationof hardware-acceleratedraycasters,but
thisapproachstill suffersfrom avarietyof limitationsof thegraphicshardware.

Themaintechniquedevelopedin thisthesisis thesocalledpre-integratedcell-
projectionmethodwhichof�oads asmuchcomputationof theray integralaspos-
sibleinto a preprocessingstep.This is the�rst steptowardreal-timerenderingof
naturalgaseousphenomena.In a secondstepwe developa hierarchicalapprox-
imation schemewhich decimatesthe hugeamountof datain a view-dependent
way. For thispurposeweborrow ideasfromtheareaof terrainrenderingandapply
theso-calledcontinuouslevel of detailmethodto thethree-dimensionalcase,that
is fog andcloudvolumes.In combinationwith thepre-integratedcell-projection
methodthis permitsreal-time�ights throughnaturallooking cloudsandground
fog. In comparisonto previous methodsimagequality is alsoimprovedsigni�-
cantly.
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Chapter 1

Moti vation and Outline

Three-dimensionalcomputergraphicsplaysan importantrole in computational
scienceandengineering.Theinteractivevisualizationof simulationdataandmea-
surementsallows to exploreexperimentalresultsin anvery intuitiveway. While
interactive 3D graphicshasbeenthedomainof expensive graphicsworkstations
in the past,the in�uence of the computergamingindustry is growing with the
demandfor muchmorerealisticandever faster3D graphicsin interactive enter-
tainment.As a result,the graphicshardwaredevelopedfor 3D computergames
hasbecomeincreasinglypowerful andcheapandthushasbeenmadeavailablefor
abroadclassof consumers.

Thegoodpriceperformanceratio of consumergraphicscardsalsoopensnew
�elds of applicationbothfor scienti�c visualizationandcomputergames.In this
thesisweexploit thefeaturesetof modernPCgraphicscardsin thespeci�c areaof
volumerendering.Wedevelopalgorithmsthatareableto displaynaturalgaseous
phenomena,which are inherentlyvolumetric, with the focus on real-timeren-
dering. Our decisionto focuson real-timealgorithmswasin�uenced by a close
cooperationwith the 3D gamingindustrywherespeedis the oneandonly im-
perative. During a cooperationwith Massive Development[65] we includedour
previouslydevelopedterrainrenderer[89] into their Krassgameengine.

In theprocessof this cooperationwe noticedthat truly volumetriceffectsac-
tually areusedvery rarelyin computergames.Whatis more,mostof theapplied
volumetriceffects like explosionsandsmoke are just fake in a scienti�c sense.
Naturalgaseousphenomenaliketruecloudsor fog aremissingalmostcompletely
dueto the inherentcomplexity of thesevolumetriceffects. In thecasethat these
effectsshow upin computergamesthey aremostlyimplementedusingverymuch
simpli�ed physicalmodelswhich do not matchthecomplex situationin thereal
world. Anotherapproachencounteredfrequentlyin computergamesis to usea
cloud photopaintedon the sky hemisphere.But in this casethe possibleview
pointsarerestrictedto a small centricarea.The consequenceis thatonecannot
�y throughtheclouds,for example.

In this thesiswe provide solutionsfor the mentionedproblems. We devise
algorithmsthat are suitablefor the real-timedisplay of arbitrary natural look-
ing cloudsand fog. For this purposewe apply, modify, andextend techniques

8



9

known from scienti�c terrainandvolumevisualization. In particularwe extend
theC-LOD algorithmknown from terrainrenderingto work with scalarvolumes
anddeveloptheso-calledpre-integrationtechniquewhichallowssuperiorvolume
renderingquality.

The C-LOD algorithm(acronym for continuouslevel of detail) takesadvan-
tageof thefact thata terrainhasa largeextent. Thus,for a typical point of view,
very far andvery neardetailsareviewedat the sametime. Sincethe geometric
representationof the terrainconsistsof triangles,the perspective projectionwill
rendersomeof thesetrianglesvery small andsomevery large. Ratherthandis-
playingall trianglesin everyframe,theC-LOD algorithmrepeatedlydisposesthe
smallesttrianglesuntil the reducednumberof trianglescanbe handledat real-
time. The higher the target frame rate the smaller is the generatednumberof
trianglesandthelargerthesizeof thetriangles.Sincethedecimationschemede-
pendson theview point, roamingover theterrainresultsin aconstantlychanging
triangulation.This leadsto theso-calledpoppingeffect, that is a detailsuddenly
popsup whenapproachingit. However, if theC-LOD algorithmkeepsthetrian-
glespoppingup below a projectedsizeof onepixel thenthepoppingeffect does
notbecomeobservable.

TheC-LOD approximationschemeis notonly valid for terraindata,but it can
alsobeappliedto otherdatatypes.We show thatsincecloudyskieshave a large
extent,wecanalsoapplytheC-LOD decimationschemeto avolumerepresenting
the clouds. In this thesiswe describethe necessaryadjustmentsto adaptthe C-
LOD algorithmto thevolumetriccaseandgiveexamplesfor renderingcloudsand
groundfog.

In contrastto terraindatawhich consistsof triangles,thevolumeneedsto be
decomposedinto tetrahedra.This hasa major implication: Otherthanfor trian-
gles,thereis no built-in renderingsupportfor tetrahedraasa drawing primitive.
In orderto renderatetrahedrontheso-calledprojectedtetrahedraalgorithmhasto
beapplied. It projectsthe tetrahedrainto theviewing planeandtransformseach
tetrahedroninto asetof triangleswith associatedcolorandopacity.

In principle,therayintegralhasto besolvedfor everyviewing rayintersecting
a tetrahedron.Thecolorsandopacitiesassociatedwith eachtriangleof thetetra-
hedraldecompositionareonly averyroughapproximationof thisrayintegral. For
this reasonwe developa muchmoreaccuratemethodcalledpre-integratedcell-
projectionwhich exploits thefeaturesetof modernPCgraphicshardware. With
this solutiontheappearanceof cloudscanbemodeledmuchmorerealistically.

Theoutlineof this thesisis describedasfollows: As an introductioninto in-
teractive computergraphics,we �rst give anoverview of theOpenGLrendering
pipeline (Chapter2). We continuewith a chronologicalsurvey of the existing
terrainrenderingalgorithmswhich arethekey componentof all outdoorengines.
Thenwe proceedwith a brief summaryof thecurrentstateof theart in outdoor
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gameenginedesign. This is supposedto illustratethe specialdemandsthat are
posedon outdoorgameengines.To give an actualexampleof a moderngame
engine,we describethe graphicsengineof the computergameAquaNox [87]
(Chapter4). The terrain rendererof this enginewas developedin cooperation
with Massive Developmentat theUniversityof Erlangenin 1998. In thefollow-
ing chaptersthis terrainrenderingengineservesasthe framework for rendering
realisticcloudsandgroundfog. The enginealsodemonstratesthe useof sim-
ple volumetriceffects that arealreadywidespreadin computergames(seeFig-
ure 4.1). The previous work on visualizationof naturalgaseousphenomenais
presentedin Chapter5. In summarythischapterrevealsthatef�cient volumeren-
deringmethodshavenotyet beenappliedto displayvolumetriccloudsandfog in
real-time.In Chapters6 and8 thephysicalfoundationfor thedesiredvolumetric
effects is developedandbasicvolumerenderingalgorithmsare introduced(see
also[90, 35, 84]). Finally, the fundamentalalgorithmsareput in context, that is
they areappliedto renderingreal fog andcloudsin Chapters10 and11 usingthe
describedC-LOD andpre-integrationtechniques(seealso[86, 85].



Chapter 2

The OpenGL RenderingPipeline

In recentyears,graphicshardware hasbecomea standardequipmentof every
consumerPC.Thisdevelopmentwasmainlydrivenby thegamingindustrywhich
hasgrown to a multi-billion dollar market in only a few years.Dueto the tough
competitionfor ever fastergraphicshardwarethegraphicsacceleratorsnowadays
include featuresthat not long ago were available only on extremely expensive
graphicsworkstations.Consumergraphicshardwarehasundergonea hugeper-
formanceleapbut thefundamentaloperatingprinciplehasnot changedsincethe
earlydayswhenSilicon Graphicsdominatedthemarket. This chapterdescribes
the layout of graphicshardwarewhich is designedto acceleratethe perspective
displayof three-dimensionalobjectsandscenes.In comparisonto softwareap-
proachesthey achieve speed-upsof severalmagnitudesandthusarethebasicre-
quirementfor all typesof interactivecomputergraphics.As a fundamentalprop-
erty the graphicsacceleratorsexploit the enormouspotentialfor parallelization
andpipelining of 3D graphics.As a result,the basicprocessingstructureis the
so-calledrenderingpipeline.In thefollowing we describethemainstagesof this
pipelineandtheir purpose.

2.1 BasicLayout of the RenderingPipeline

In general,a three-dimensionalscenedescriptionhasto be convertedinto a set
of graphicsprimitivesbeforeit canbe displayed.This processis calledtessela-
tion. Typically, graphicsacceleratorssupporttrianglesor convex planarpolygons
suchasquadrilateralsasrenderingprimitive. Eachprimitive is de�ned by a �x ed
numberof 3D verticesandconnectivity informationtogetherwith appearanceat-
tributessuchascolor and texture coordinates.Theseverticesarepasseddown
the pipelineandprocessedin the following stagesof the pipelineuntil �nally a
two-dimensionalrasterimageis computed:

1. Geometry Processingtransformsthe incomingverticesin the 3D spatial
domain. Operationslike scaling,translation,rotationareperformed.Lo-
calshadinginformationis computedwhich is derivedfrom surfacenormals
anda �x ednumberof light sources.After thattheverticesfrom thestream
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12 CHAPTER2. THE OPENGLRENDERINGPIPELINE

are joined togetheraccordingto their order to form geometricprimitives
(points, lines, triangles,etc.). Finally the verticesare projectedperspec-
tively.

2. Rasterizationconvertsthegeometricprimitivesinto fragments.Eachfrag-
mentcorrespondsto apixel onthescreen.It holdsinformationaboutdepth,
color, transparency, andtexturesof thecorrespondingpixel.

3. Fragment Operations subsequentlymodify the fragmentsattributes(e.g.
blending).Severaltestsdecidewhetherafragmentis discardedor displayed
onthescreen.TheZ-test,for example,discardshiddenfragments.The�nal
color is written into theframebuffer.

Figure2.1: TheOpenGL1.1renderingpipeline.

OpenGL[80, 123] is anopenstandardwhich implementsall featuresof theren-
deringpipeline.It is asoftwareinterfacewith about200distinctcommandswhich
serve asanabstractionlayerbetweenapplicationsandthehardwarespeci�c im-
plementationof thepipeline.Sinceits introductionin 1992,OpenGLhasbecome
theindustry'smostwidely usedandsupported3D graphicsAPI. Thespeci�cation
of the OpenGLstandardis guidedby an independentconsortium,the OpenGL
ArchitectureReview Board. Thereview boardensurestheconformityof thespec-
i�cation for all licensedimplementationsand languagebindings. Justlike any
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softwarethecurrentversion1.5hasundergonealot of improvementssinceits ini-
tial version1.0.Thedevelopmentis pushedby theOpenGLextensionmechanism
which allows every hardwaredeveloperto introducenew technologicalinnova-
tions.Many of theseextensionshavebecomeastandardin thesubsequentrelease
of OpenGL.In contrastto the openstructureof OpenGL,Direct3D is a propri-
etary3D graphicsstandardwhich is only supportedon theWindows platform. It
is mostlyusedin thegamingcommunityandfor developingmultimediaapplica-
tions. In Figure2.1 the logical layout of the OpenGL1.1 renderingpipeline is
shown. Theblocksdealingwith vertices,primitives,andfragmentsaregrouped
together.

2.2 RenderingExample

OpenGLis organizedasa stateengine. EachOpenGLcommandbegins with a
”gl” pre�x andchangesthecontentof a statevariableor sendsvertex datato the
graphicsprocessor. A stateattribute suchascolor or texture remainsthe same
until a commandis issuedthatchangesit again.Sothetypical procedureto send
trianglesdown thepipelineis asfollows:

� Setglobal state
glMatrixMode(G L PROJECTION); // modify projectionmatrix
gluPerspective (3 0, 1, 1,1 0) ; // initialize perspectiveprojection
glEnable(GL DEPTHTEST); // enableZ-test

� Setattrib utes
glColor3f(1.0f ,1 .0 f, 1.0 f) ; // changevertex color to white

� Issueverticesorganizedastriangles
glBegin(GL TRIANGLES); // startprimitives
glVertex3f(0.0 f, 1. 0f ,-5 .0 f) ; // vertex v0
glVertex3f(-1. 0f ,0 .0 f,- 5. 0f ); // vertex v1
glVertex3f(1.0 f, -1 .0 f,- 10.0 f) ; // vertex v2
glColor3f(1.0f ,0 .0 f, 0.0 f) ; // changecolor to red
glVertex3f(1.0 f, 1. 0f ,-7 .0 f) ; // vertex v0
glColor3f(0.0f ,1 .0 f, 0.0 f) ; // changecolor to green
glVertex3f(-1. 0f ,- 1. 0f, -7 .0 f) ; // vertex v1
glColor3f(0.0f ,0 .0 f, 1.0 f) ; // changecolor to blue
glVertex3f(1.0 f, -1 .0 f,- 7. 0f ); // vertex v2
glEnd(); // endprimitives
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This small examplerendersa small white trianglein front of the viewer, which
perdefaultsettingis locatedin theorigin andlooksdownwardthenegativez-axis.
It alsorendersasmoothlycoloredtrianglewhich intersectsthewhite triangle(see
Figure2.2).To reconstructthecorrecthiddenrelationshipof thetwo trianglesthe
Z-testmustbe turnedon. Note that thecolor is speci�ed beforethe verticesare
issued,sothatthe�rst threesubsequentverticeshavethesamecolor, for example.

Figure2.2: An OpenGLrenderingexamplewith two trianglesthat intersectand
occludeeachother.

The geometricprimitivessupportedby OpenGLaredepictedin Figure2.3, that
is mainlypoints,lines,triangles,quads,trianglesstrips,quadstrips,trianglefans,
andplanarpolygons.Theoretically, currentconsumergraphicscardsareableto
processseveralmillion to tenthof millionsof trianglespersecond.Sincetheprim-
itivesmustbepassedto thegraphicshardwareovera dedicatedbus,thepractical
performance,however, is muchless. For this reason,onetries to minimize the
numberof necessarygraphicsprimitivesby a techniquecalledtriangleor quad
stripping. Typically trianglesarepartof a mesh.For a regularmeshthevertices
of eachquadrilateralmustbepassedfour timesdown thepipeline.By organizing
the quadrilateralsin stripeseachtwo new verticesin the vertex streamde�ne a
new quadrilateral(comparecentercaseat bottomof Figure2.3). As a resulteach
vertex mustbepasseddown thepipelineonly twice to renderthecompletemesh.

Vertex arraysareanothermeansof approachingthe theoreticalperformance
of graphicsaccelerators.Vertex arraysare indexed lists of graphicsprimitives
thatarestoredin dedicatedgraphicsmemory, so that the primitivesdo not need
to be transferredthroughthe bottleneckof the bus. If a 3D objectentirely �ts
into graphicsmemory, vertex arraysarethefastestrenderingmodeavailable.The
limited amountof dedicatedmemoryusuallyslowsdown renderingperformance,
sincedatachunkshave to bereloadedinto graphicsmemorywhenneeded.
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Figure2.3: TheOpenGLrenderingprimitives(from [123]).

2.3 Lighting and Texturing

Besidestherenderingperformancetherealisticappearanceof athree-dimensional
objectis anotherprimegoal. In therenderingexamplewe have only considered
theprimarycolor of anobject,but in reality theobjectstextureandillumination
alsoplaysan importantrole. To demonstratethis Figure2.4 contraststhe three
main contributionsto an image: geometry, illumination andtexture. The �gure
showsafamousMarsmountainwhichis commonlyknown asthe“Faceof Mars”.
Theleftmostimagesimplydepictsthegeometryof themountainby displayingthe
wire frameof the trianglemesh.At this point themethodby which the triangle
meshis createdis not relevant. This is explainedin full detail in Chapter3. The
next imagein the middle shows the mountainasif it werelit by the sunfrom a
near-zenithposition.With illuminationthebasicshapeof themountainis exposed
but smalldetailsarenotyetvisible. Theseareaddedin therightmostimagewhere
aphotographcapturedby oneof theMarsViking Orbitersis usedasatexture.By
addingthetexture it becomesclearwhy themountainhasbecomefamousasthe
“Faceof Mars”. Without thetexture it is just a mountainlike many others.This
factunderlinestheimportanceof texturing in computergraphics.
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Figure2.4: Lighting andtexturing example.From left to right : Wire frame,lit,
and texturedview of a famousMars mountainthat is commonlyknown as the
“Faceof Mars”.

2.3.1 Dir ectLighting

In therealworld theappearanceof asceneis theresultof aninconceivableamount
of photonsbeingre�ected from surfacesagainandagainuntil they �nally reach
the observer's eyes. The exact real-timesimulationof this processis of course
infeasible.While theshearamountof encounteredphotonspreventstheexactre-
productionof theillumination, the light re�ection propertiesof surfacesarewell
known andcomparativelyeasyto reconstruct.Theamountof light thatis re�ected
atagivenpointonasurfaceis describedby theso-calledBRDF, thebidirectional
re�ection distributionfunction.TheBRDF fr (x; ~wi ; ~wo) is de�ned astheradiance
leaving a point x in directionwo dividedby theirradiancearriving from direction
~wi . In otherwordsit is thedirectional“brightness”of a surfacepatchin relation
to its “illumination”. AlthoughtheBRDF is a �e xible meansof describinglight
interactingwith surfacesit hasto be notedthat it cannotmodelall physicalef-
fects. Phosporenceand�uorescencearenot takeninto accountfor example.For
simplicity we alsoneglectthedependenceon thewave lengthandtheorientation
of thesurfacepatch(thusweassumeisotropicre�ection).

Thenthe BRDF canbe measuredeasily in an experimentby examiningthe
radianceandirradiancefor a varietyof incomingandoutgoingangles.However,
it is muchmoreconvenientto split theBRDF into its diffuseandspecularcom-
ponentsandexaminethesecomponentsseparately. Most surfacesencounteredin
practicehave diffuse(or Lambertian)re�ection properties,which meansthat the
BRDF doesneitherdependontheincomingnor theoutgoingangle.A typicalex-
ampleis a paintedwall. On theotherhandthespecularcomponentof theBRDF
is characterizedby thefactthatmostif notall incidentlight is emittedin thedirec-
tion of there�ection vectorr = 2(n� l )n� l (seeFigure2.5). A mirror is anideal
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Figure2.5: Light re�ection.

specularsurface,thatis all light is re�ectedin thedirectionof r. Glossymaterials
likeplasticdonothavesuchanarticulatedre�ection, but ratheradistributionthat
is smearedaroundthere�ection angle(seeFigure2.6).

In OpenGLonecannotspecifytheBRDF of a surfacedirectly, but there�ec-
tion behavior canbedescribedasa combinationof ambient,diffuseandspecular
re�ection properties.Sothebrightnessunderwhichasurfacepatchappearsto the
viewer is the sumof the ambient,diffuseandspecularilluminationsof the light
sourcesmultiplied with the respective ambient,diffuse and specularre�ection
terms.

Theambientre�ection termis not physicallyvalid by any means,but it is of-
ten usedasa simpleapproximationof the indirect illumination of a scene.It is
assumedthatthedistributionof theobservedlight is uniform,sothattheambient
rte�ection termis constant.Thediffusere�ection termcorrespondsto theamount
of light re�ected off a surfacein Lambertianmannermeaninga uniform distri-
bution in all directions.Sincethebrightnessof a diffusesurfacedependson the
viewing anglea, thediffusere�ection termdependson thecosineof theviewing
angle.Thespecularre�ection termaccountsfor thespecularityof a surface.The
re�ecivity is maximalin the re�ection directionr anddecreaseswith increasing
re�ection angleg.

Let qa, qd andqs be theambient,diffuseandspecularre�ection coef�cients
andlet La, Ld andLs betherespective illuminations.ThenOpenGLcalculatesthe
brightnessof asurfacepatchby thefollowing formula:

B(l ;v) = qaLa + qdLdcosa + qsLscosgb (2.1)
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Thespecularre�ection exponentb describesthe idealnessof thespecularre�ec-
tion. An ideal mirror hasa specularexponentof ¥ while plastichasa specular
exponentin therangeof 10-100.

Figure2.6: Examplesof bidirectionalre�ection distribution functions(BRDF).
Left : Measurementof the BRDF of two differentmirrors. Right: BRDF of an
idealmirror andseveralBRDFswith differentspecularexponent.Thegreendot-
tedBRDF is typical for plastic.

The above equationcan be computedvery ef�ciently by moderngraphics
hardware,sothehardwareeffectively carriesoutthesimulationof asinglebounce
of a photon. This simpli�ed illumination schemeis known asdirect lighting or
local illumination. The re�ection coef�cients mustbe determinedin an experi-
mentto �t theidealizedcurveswith there�ection measurements.To accountfor
anisotropicmaterials(velvet, brushedmetaletc.) theBRDF alsodependson the
rotationangleof thesurfacematerial. Accordingly, themeasurementsaremuch
moreexpensive. A varietyof competingre�ection modelshave beenintroduced
for the descriptionof anisotropicBRDFs, but this topic is beyond the scopeof
this brief introduction.Thereaderis referredto thePhDthesisof WolfgangHei-
drich [122] for anexcellentoverview onhigh-qualityshading.

Thereal-timecalculationof morethanonebounceis currentlynot supported
by the streamingarchitectureof actualgraphicshardware. In orderto achieve a
morerealisticappearanceof illuminatedscenesthesurfacecolorsneedto bepre-
calculated.This taskis known asglobal illumination andcanbeextremelytime
consumingespeciallyif refraction,diffraction or wave lengthdependenteffects
alsoneedto beconsidered.Sincethefocusof this thesisis on real-timerendering
we furtherrestrictourselvesto thelocal lighting.
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2.3.2 TextureMapping

In order to achieve a realistic appearanceof virtual scenes,we have seenthat
high-qualitylighting playsanimportantrole. Homogeneousmaterialslikeplastic
canbe modeledvery realisticallyby choosingan appropriateBRDF. But other
commonreal-world materialslike rock,woodor carpetrequireadditionalefforts
becausethesematerialsalsohaveaspeci�c texture.Thereproductionof suchma-
terialsis performedby takingarepresentativephotoof thecorrespondingsurface.
Then this texture is ”painted” onto the surface. In computergraphicsthis pro-
cessis known astexture mapping. Thebasicprocedureis that thetexture is �rst
de�ned asa rasterimageanduploadedinto thededicatedtexturememoryof the
graphicshardware. Whenever a pixel is rasterizedthehardwarecannow lookup
the color of the pixel in the texture memory. For that purposea mappingfrom
world to texturecoordinatesis speci�edwhichuniquelyde�nesacorrespondence
betweeneachrenderedtriangleandthetextureimage.

To bemorespeci�c, eachtrianglevertex hasa setof texturecoordinates(s;t)
which de�ne the positionof the vertex in texture space. Thesetexture coordi-
natescan be speci�ed explicitely or implicitly by using the vertex position as
texturecoordinate.Afterwardsthemappingis appliedby multiplying thetexture
coordinateswith a 4 by 4 matrix. Whenever a triangle is renderedthe texture
coordinatesof eachrasterizedpixel areinterpolatedfrom themappedtextureco-
ordinatesof thethreetrianglevertices(by meansof scanline interpolation).With
theseinterpolatedtexturecoordinatesthehardwareperformsa lookupat thecor-
respondingpositionin texture spaceandretrievesa color from the rasterimage
(seealsoFigure2.7). The resultof this lookupdeterminesthe �nal color of the
pixel. Optionally, the texture color can be multiplied with the shadedprimary
color (Equation2.1).

(0,0)

(0,1)

(1,0)

(1,1)

Texture space

Object space

(s1,t1)

(s3,t3)

(s2,t2)

Raster imageTexture coordinates

Figure2.7: 2D texturemapping.Texturecoordinatesaredenotedby (s;t).
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Themappingfrom world coordinatesto texturespaceis notanisometricpro-
jection. This meansthatmorethanonetexel (that is a pixel in thetextureimage)
canmapto asinglepixel on thescreen.This is commonlythecasewhentheren-
deredtrianglesarefarawayfrom theview point. In suchacasethetexturelookup
will resultin a quasirandomselectionof oneof thetexels in thefootprint of the
pixel. This is likeshootingabagof rice. Therandomcolorsleadsto severeMoiré
artifactsif theview point is movedslightly.

TheMoiré artifactscanbeavoidedwith theMIP-mappingtechnique(MIP is
shortfor theLatin “Multum in parvo” whichmeansmany thingsin asmallplace).
This techniquepre-�lters the texture andproducesa seriesof shrinked images.
Eachshrinkedimagehashalf thesizeof theoriginalone.Thetexturelookupnow
is performedin thepre-�ltered imagewhich best�ts theresolutionof thescreen
(seeFigure2.8). This is thesolutionfor texturemini�cation. For magni�cation,
which meansthat onetexel mapsto severalpixels on the screen,the solutionis
simply to bilinearly interpolatethefragmentcolor from thefour adjacenttexels.

Figure2.8: MIP-mapping.Top left: Without mip-mappingtheMoiré patternis
clearlyvisible at the top of the image.Top right : With mip-mappingtheMoiré
patternhasdisappeared.Bottom: Seriesof shrinkedmip-mapimages.

Aside from pre-�ltered raster imageswhich are often also referredto as 2D
mipmapsor 2D textures,thesametexturemappingprocedurecanbealsoapplied
to three-dimensionaltexturedataor 3D textures.In thelattercasethedataeffec-
tively representsa volume. This volumeis addressedwith a texture coordinate
triple (s;t; r).
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3D texturemappingis averypowerful techniquethathasvariousobviousand
not so obvious applicationareas. Oneof the most obvious is the de�nition of
a texturevolumethatrepresentsthethree-dimensionalstructureof a material.In
Figure2.9a3Dmarbletextureis depicted.Thismarbletexturehasbeenappliedto
thefamousUtahTeapotby alsousingthepositionsof eachvertex asa3D texture
coordinate.Ratherlikepaintinganimageon thesurfaceaswith 2D texturing,3D
texturing is morelike sculptingan objectout of a solid block of material. One
of thenot soobviousapplicationsof 3D texturing, for example,is pre-integrated
cell-projectionasexplainedin Chapter8.

Figure2.9: 3D-Texturing. Left : TherealUtahTeapotof Melitta on exhibition in
theComputerHistory Museumin MountainView, CA. Top Right: Solid marble
texture.Bottom Right: Marbletextureappliedto teapot.

2.4 ProgrammableGraphics Hardware

In this sectionwe addresstheongoingevolution of thegraphicshardware. Basi-
cally, hardwareacceleratedrenderingstartedwith theSGI graphicsworkstations
andEvansandSutherland�ight simulators.Thesegraphicsworkstationsandsim-
ulatorswereveryexpensivegadgetsthatweretayloredto very speci�c visualiza-
tion tasks.It wasunthinkableto haveoneof thoseathome.
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But in thelate90's thecomputergamingindustrydiscoveredthethird dimen-
sionasthekey elementfor realisticcomputergames.Thiswasatremendouspush
for graphicshardwaremanufacturers.With theSony Playstationlaunchin 1994
three-dimensionalgraphicsfor the �rst time wasbecomingcheapenoughto be
affordablefor thebroadmass.

In the subsequentyearscheappowerful graphicsacceleratorswerealsobe-
coming available for the PC platform. Here, to mentiononly a few, the 3dfx
Voodooand the NVIDIA TNT andGeForce productswere the dominatingac-
celerators. Only recentlyATI with its Radeonproductshasbeenincreasingly
successfulin thatmarketandcurrentlyoffersthebestpriceperformanceratio.

Before the upcomingof three-dimensionalcomputergames,graphicshard-
warewasorganizedinherentlystatic. Thegraphicspipelinewasa �x edfunction
pipelineful�lling a speci�c operationat eachstage.For example,theperspective
transformationwashardwiredasthe multiplication of a 4 by 4 matrix with the
incomingpositionvectorof the verticesfollowed by the homogeneousnormal-
izationof thevector. Lighting is performedsimilarly by transformingthenormal
vectorwith anothermatrix.

Back in theearlydaysof computergraphicsthis transformationschemewas
suf�cient to shadethepolygonalmodels.But currentsophisticatedlighting tech-
niquesdonot �t aseasyinto thesimplehardwiredschemeof theoriginalgraphics
pipeline. For the ef�cient implementationof advancedlighting and rendering
techniquesthepipelinehadto beredesignedto bemuchmore�e xible. This was
achieved by makingthe main stagesof the pipelinecustomizable.In particular
thevertex projectionandthefragmenttexturing stagesof thepipelinehave been
replacedby specialpurposeprocessingunits thatarecustomizablevia low-level
assemblylanguage.

2.4.1 Vertex Shaders

Thevertex shaderis thecustomizablecounterpartof theperspective transforma-
tion andthe lighting operation.It usesa SIMD processingmodelwith ef�cient
instructionsfor vectormultiplication,summation,dotproduct,andnormalization.
It alsofeaturescontrolstructureswhichdirectthe�o w of thevectorcomputations.
In thelanguageof thevertex shadertheperspective transformation,for example,
canbe reformulatedasfour subsequentdot productsandonedivision summing
up to a total of � vevertex programinstructions.

The vertex programcodeis compiledat runtimeanduploadedto the graph-
ics hardware,which after that executesthe codefor eachincomingvertex. The
maximumprogramlengthis between128 and256 operationsdependingon the
actualgraphicshardware. With this restrictionalreadyquite complicatedvertex
programscanbe written. It is expectedthat the maximumprogramlengthwill
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increaseeven further in the future giving way for stunningnew graphicseffects
computedat real-time.

2.4.2 Pixel Shadersand Fragment Programs

Pixel shadersarefor fragmentprocessingwhatvertex shadersarefor vertex pro-
cessing.In comparisonto a vertex programthepixel shaderinstructionsareless
powerful andprogramlengthis muchmorelimited. Conditionaljumpsareonly
implementedin the latestgraphicshardware generation,and lead to a signi�-
cantslowdown of fragmentprocessingif usedtoo frequently. But the principle
is the sameaswith vertex programs. This meansthat for eachincoming frag-
menta pixel shadermicro-programis executedwhich determinesthe �nal color
of thefragment.Thepixel shadercanreadvariousinputregisters,suchasprimary
color, sampledtextures,Z-valuesandsoon to accomplishcomplex texturing and
shadingoperations.

Figure2.10:RegistercombinersonNVIDIA GeForce2.

The �rst steptowardsthe complex pixel shaderswerethe so calledregister
combiners.They becamenecessary, sincemoderngraphicsacceleratorsallowed
to de�ne not only a singletexture per fragmentbut up to eight texturesor even
more. The resultof the lookup for eachof the multiple textureshadto be com-
binedinto onesinglecolor valuewhich becomesthe �nal color of the fragment.
For that purposea register combinerallows to map an input register set to an
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outputregistersetvia a �x ed setof simpleprede�nedoperations.By adjoining
severalcombinerstagestherangeof computablefunctionsis enlarged.Theinitial
implementationof theregistercombinersin theNVIDIA GeForceofferedonly 2
suchstages,but theGeForce3alreadyoffered4 stages(seeFigure2.10)andmore
powerful operations.Thelogicalconsequencein thedevelopmentof thefragment
processingunit wasnot just to addmoreandmoreregistercombinerstagesbut
to introducea fully programmableunit, which is now known as the fragment
program in OpenGLnotationor thepixel shaderin DirectX notation.

To give anexampleof a fragmentprogramthefollowing codesamplesa tex-
turein thesamefashionastheoriginaluncustomizablepipeline,thatis thefollow-
ing programshowshow to performasimplemodulationbetweentheinterpolated
primarycolor anda singletexturelookupasdoneby thedefault textureenviron-
mentof OpenGL:

!!ARBfp1.0

ATTRIB tex = fragment.texco or d; # texture coordinates
ATTRIB col = fragment.color .p rim ar y; # interpolated color
OUTPUToutColor = result.color;
TEMP tmp;

TXP tmp, tex, texture, 2D; # sample the texture
MUL outColor, tmp, col; # perform the modulation

END

For completenesstheDirectX version(withoutmodulation)is givenbelow which
differsmainly in thedeclarationsyntaxbut otherwisethe pixel shaderoffersal-
mostthesameinstructionsetandfunctionalityasa fragmentprogram:

ps_2_0

; Declare the s0 register to be the sampler for stage 0.
dcl_2d s0
; Declare t0 to have 2D texture coordinates from stage 0.
dcl t0.xy

; Sample the texture at stage 0 into register r1.
texld r1, t0, s0
; Move r1 to the output register.
mov oC0, r1

After the �nal color of a fragmenthasbeencomputed,the last stepis to blend
the color of the fragmentwith the color in the framebuffer. This is necessary
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to implementtransparency. As opposedto vertex andfragmentprocessing,the
blendingstageof the pipelinehasremainedcomparatively unchangedsincethe
earlydaysof computergraphics.Theblendingstageoffersa �x edsetof opera-
tionsto mix theincomingcolor with thecolor in theframebuffer. In our opinion
it is only amatterof timewhenthisstagealsobecomesfreelyprogrammable(e.g.
by meansof ablendingcombiner).



Chapter 3

A Brief History of Terrain
Rendering

The�rst prerequisitein enrichingoutdoorsceneswith naturalvolumetriceffects
is to havebasicknowledgeaboutthefundamentalprinciplesof outdoorrendering
andin particularthekey component,theterrainrenderer. In thischapterwethere-
foregiveabrief chronologicalsurvey of existing terrainrenderingalgorithmsand
try to predictthein�uence of futuregraphicshardwaredevelopment.

3.1 Data Representation

Traditionally, terrain data is available mostly as contourmap. During the last
centurygeographershave beencollecting contourmapsfor nearly every point
on earth. Nowadaysdataacquisitionvia remotesensing,that is via airborneor
satellitebasedscanners,playsa moreandmoreimportantrole. In this context,
topographicinformationis representedby a so-calledheight�eld, that is a regu-
lar heightmatrix. Thematrix is oftengivenasa grey-scaleor color-codedimage
wherethebrightnessor color of eachpixel correlatesto its elevation(for anex-
ampleseemiddleimagein Figure3.1). Theactualsizeof aheight�eld canrange
from 1000by 1000grid pointsto any arbitrarily largenumber. Thewholeearth
at a resolutionof 1km, for example,correspondsto roughly 1

2 billion datapoints.
Due to thehugeamountof dataandthe large sizeof the correspondingtriangle
mesh,height�elds usuallycannotberenderedexactly. Instead,asimpli�ed mesh
is producedanddisplayed.As wewill seein Chapters10and11,thesamesimpli-
�cation strategy is suitablefor volumerenderingof naturalgaseousphenomena.

3.2 TINs

The so-calledtriangularirregular networks (commonlyabbreviatedby the term
TIN [30]) werethe�rst algorithmicattemptsto implementa terrainsimpli�cation
strategy (Military �ight simulatorshave beenusingsimpli�cation schemessince
the seventiesbut little is known abouttheir algorithmic strategy). The regular

26
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height�eld is convertedintoairregulartrianglemeshwhichcontainslesstriangles
in regionsthataresmoothandmoretrianglesin regionswhich have high surface
curvature.Dueto theirregularstructuretheachievedcompressionratiosarehigh.
A completemountainridgeor a�at riverbed,for instance,canberepresentedwith
justa few appropriatelyshapedtriangles(compareFigure3.1).

Figure3.1: Exampleview of aTriangularIrregularNetwork (TIN). Firstacontour
map(left) is convertedinto a height�eld (middle). The brightnessof eachgrid
point correspondsto its elevation. Thenthe height �eld is tessellatedin sucha
way that low surfacecurvatureleadsto larger triangles(right) ascanbe seenat
theriverbeds.

Thereexist a varietyof differentalgorithmswhich try to squeezethesizeof
the irregular meshwhile preservingthe structureof the original data(including
wavelet basedencodings[33]). However, the basicprinciple is the samefor all
thesealgorithms,sowe do not givea detailedanalysishere.It is moreimportant
to pointoutthattheseapproacheshaveonefundamentaldisadvantage:Depending
on thecompressionratio small detailsof the landscapearesmoothedout during
simpli�cation. If theviewer is far away from thesedetails,onemight not notice
their absence,but in thenearvicinity the absencebecomesobservable. For this
reason,TINs arenot suitablefor a varietyof applicationareassuchaslow level
�ight simulationsor proximity warningfor civil aviation. In thenext sectionswe
outlineview-dependentterrainrenderingalgorithmswhich circumvent themen-
tioneddisadvantage.
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3.3 S-LOD

As mentionedin theprevioussection,thehugeamountof datapreventstheterrain
modelfrom beingdisplayedin full detail. Put in anotherway, thelargeextentof
a terrainleadsto a projective sizeof muchlessthanonepixel for distantdetails
(compareFigure3.2). While it would be overkill to draw all suchdetail, it still
mustshow up if theviewer is closeenough.This kind of view-dependency was
themainproblemwhichhadto bedealtwith in theearlydaysof terrainrendering.

Oneof the�rst solutionsto thisproblemwastheso-calledstaticlevel of detail
(S-LOD[50,107]) technique.Heretheterrainis dividedinto tileseachof whichis
representedby a setof TINs with varyingresolutions.Dependingon thedistance
to theviewerfor eachtile aTIN with appropriateprojectivetrianglesizeis chosen
from theset.If regularlycoarsenedmeshesareusedinsteadof TINs themethodis
calledgeo-mipmapping[15]. Theappropriateresolutionof eachtile is chosenin
suchawaythattheprojectedscreenspaceerrorof eachindividualtile is justbelow
aprede�nederrorthresholdof oneor severalpixels.If theerroris below onepixel
thesimpli�ed terrainis indistinguishablefrom theoriginalmesh.Specialcarehas
to betakento closethegapsthatmayarisein betweenthetiles.

In practice,muchhighererrorsthanonepixel have to beadmittedto achieve
suf�cient framerates. Sincethe estimationof n of the screenspaceerror of an
entireblock is veryconservativea lot of smallredundanttrianglesaregeneratedif
theblock containsonly justa few smalldetails.Soa block-basedtriangulationis
only a very roughapproximationto theoptimaltriangulation.As a consequence,
farmoretrianglesarerenderedthannecessaryandtheframeratesachievedfor an
errorthresholdof onepixel arejustnotsuf�cient. Thereforehigherthresholdsare
usuallyallowed,but thenthetransitionof onelevel of detail to anotherbecomes
visible. This temporalartifact is known as the poppingeffect. As the human
eye is very sensitive to suddentemporalchangestheseartifactslead to serious
distractionof the observer and shouldbe avoided whenever possible. Another
problemthat arisesfrom tiles with different resolutionsis the issueof building
a conformingmesh. In order to avoid gapsbetweenadjacenttiles of different
resolution,additionaltrianglesareneededto connectthetilesproperly.

3.4 ProgressiveMeshes

A specialcaseof the S-LOD techniqueareprogressive meshesasproposedby
Hoppe[42]. While theprogressivemeshestechniquewasoriginally designedfor
the incrementalsimpli�cation andtransmissionof three-dimensionalobjectsthe
techniquecanalsobeappliedto terrainrendering.Eachtile of theterrainis rep-
resentedby a setof mesheswhich arederivedfrom theoriginalmeshby thewell
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Figure3.2: StaticLOD asproposedby Koller et al. (Imagestaken from [50]):
On the left side the original meshis shown, whereason the right sidethe tiled
representationis depicted.For eachtile asetof mesheswith increasingcoarseness
is built. Dependingonthedistanceto theviewer, themeshis selectedwhichhasa
projectivescreenspaceerrorthatdoesnotexceeda certainprede�nedlimit. This
limit is usuallyset to oneor several pixels. If the limit is below onepixel the
simpli�ed meshis indistinguishablefrom theoriginalmesh.

known split andmergeoperationsof progressivemeshes(see[40, 41] for detailed
information).Theconnectivity of thetiles is ensuredby a full grid at theborders.
Figure3.3 shows anexamplein which differenttiles aredepictedby alternating
colors. Theadvantageof this approachis thegoodapproximationquality but on
thedownsidethememoryrequirementsarehugeandcomplex datastructureshave
to bemaintained.In summary, progressivemeshesarea goodchoicefor thesim-
pli�cation of arbitrary3D geometrybut for thespecialcaseof height�elds there
exist specializedalgorithmswhich aremuchmorestraightforward andeasierto
implementaswewill seein thefollowing.

3.5 C-LOD Algorithms

The most elaborateterrain renderingtechniqueknown today is the continuous
level of detail technique(C-LOD). It improves the sub-optimalapproximation



30 CHAPTER3. A BRIEFHISTORY OFTERRAIN RENDERING

Figure3.3: Progressive meshesasproposedby Hoppe(Imagestakenfrom [42]).
Dif ferenttilesaredepictedby alternatingcolors.

quality of the S-LOD algorithmsin a sensethat the triangulationis alteredon a
per triangleandnot on a per tile basis.This allows muchbetterapproximations
which adaptoptimally bothto theviewing distanceandto surfaceroughness.If,
for example,a tile hasa singlesmallpeak,theS-LOD algorithmneedsto choose
a high resolutionmeshfor theentiretile (comparedark tile at thebottomleft of
Figure3.2).TheC-LODmethoddoesnotexhibit thisrestriction,sincethetriangle
countcanbeincreasedfor thesmallpeakonly. In thefollowing sectionsthethree
mainC-LOD algorithmsby Lindstrom[59], Duchaineau[19], andRoettger[89]
arediscussedin chronologicalorder.

3.5.1 Lindstr om'sAlgorithm

The �rst published C-LOD algorithm which achieved consistentinteractive
framesratesandhigh imagequality is the approachof Lindstromet al. [59]. It
appliesa two-stepsimpli�cation scheme,that is a block- anda vertex-basedsim-
pli�cation step.Both stepsaredrivenby thescreenspaceapproximationerrorof
themesh.A coarselevel of simpli�cation is performedto selectdiscretelevelsof
detail for blocksof thesurfacemesh,followedby furthersimpli�cation through
repolygonalizationin which individualmeshverticesareconsideredfor removal.
Thesestepscomputetheappropriatelevel of detaildynamicallyin realtime,min-
imizing the numberof renderedpolygonsand allowing for smoothchangesof
resolutionacrossareasof thesurface(seeFigure3.4).

Theconditionsunderwhich a trianglepair canbecombinedinto a singletri-
angleareprimarily describedby theamountof changein slopebetweenthe two
triangles.Themaximumverticaldistancebetweenthetwo con�gurationsinduced
by theomissionof onevertex is referredto asthedeltavalued of eachvertex. As
the delta value increases,the chanceof triangle fusion decreases.By project-
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Figure3.4: C-LOD algorithmasproposedby Lindstromet al. The wire frame
view shows a triangulationwith approximately40,000polygons(Imagestaken
from [59]).

ing thedeltasegmentontotheprojectionplane,onecandeterminethemaximum
perceivedgeometricerrorbetweenthemergedtriangleandits correspondingsub-
triangles. If this error is smallerthana given thresholdt , the trianglesmay be
fusedto reducethecomplexity of thesurfacemesh. If the resultingtrianglehas
a co-trianglewith errorsmallerthanthethreshold,this pair is alsoconsideredfor
simpli�cation. This processis appliedrecursively until no furthersimpli�cation
of themeshcanbemade.

Let~e betheview point andlet~v bethepositionof eachvertex. Furthermore,
let d bethedistancefrom~e to theprojectionplaneandde�ne l to bethenumber
of pixels per world coordinateunit in the screencoordinatesystem.With these
de�nitions, the lengthof the projecteddeltasegmentasshown in Figure3.5 is
approximatedby thefollowing equation:

dscreen=
dld

r

1�
�

~ez� ~vz
jj~e� ~vjj

� 2

jj~e� ~vjj
(3.1)

The squareroot term equalsthe sineof the viewing angleandaccountsfor the
vanishingerroratnadirviewing angles(thatis lookingdown from straightabove).
Thedenominatoraccountsfor decreasingerrorrelatedto increasingdistance.

In principle, the lengthof theprojecteddeltasegmentneedsto be computed
for every trianglepair in orderto checkwhetherit is fusedor not. But complex
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NADIR
POSITION

Figure3.5: Theprojectionof a deltasegmentonto theviewing plane.Thedelta
segmentandits respective projectionaredepictedby bold lines. For nadir view
positionstheprojectedlengthvanishes.For largerdistancesof thesegmentto the
view positiontheprojectedlengthalsobecomessmallerandsmaller.

datasetsmayconsistof millions of polygons,andit is clearlytoocomputationally
expensive to run the describedsimpli�cation processon all polygonverticesfor
eachindividual frame. By obtaininga conservative estimateof whethercertain
groupsof verticescanbeeliminatedin a block, themeshcanbedecimatedwith
little computationalcost. If it is known that themaximumdeltaprojectionof all
lowestlevel verticesin a block falls within t , thoseverticescanimmediatelybe
discarded,andtheblock canbereplacedwith a lower resolutionblock, which in
turn is consideredfor furthersimpli�cation. Accordingly, a large fractionof the
costlydeltaprojectionscanbeavoided.

To ef�ciently renderthe mesh,a graphicsprimitive suchasthe tri-stripping
primitive supportedby OpenGLmay be used. For eachspeci�ed vertex v, the
previoustwo verticesandv form thenext trianglein themesh.At certainpoints,
theprevioustwo verticesmustbeswappedvia anadditionalglVertex() call,
but basicallya completeblockcanberenderedwith asinglegraphicsprimitive.

Themostprominentadvantageof thedescribedC-LOD algorithmis thepos-
sibility to maintainadesiredqualityof thetriangulationvia thescreenspaceerror
thresholdt . Due to the view-dependenttriangulationsmall distantdetailsneed
notberepresentedwith thesamenumberof trianglesthanthosewhicharenearby.
This leadsto a tremendousreductionof the numberof renderedpolygons. On
thedown sidethetriangulationhasto beupdatedfor eachframe,which leadsto
heavy CPU utilization. Especiallythe block switchesare very costly andmay
causeframedropson slower platforms. Sincethe triangulationis different for
almosteveryframe,vertex arraysandotherrelatedperformanceoptimizationsare
dif�cult to apply. In many applicationscenariosit is desiredto guaranteea maxi-
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mumtrianglecount.Althoughthenumberof generatedtrianglescorrelatestightly
with theerror thresholdit is not possibleto guaranteea maximumtrianglecount
directly. Negative feedbackmustbeusedto steerthetrianglecountby smoothly
adaptingtheerrorthreshold.

3.5.2 Duchaineau's Algorithm

Following the Lindstrompaper, a major improvementof the C-LOD technique
wasachievedby Duchaineauet al. [19] (seealsoFigure3.6). They presentedan
algorithmwith optimizederrormetricesandguaranteederrorboundsthatachieves
speci�ed trianglecountsdirectly andusesframe-to-framecoherenceto operate
at high frame rates. The methodwas dubbedReal Time Optimally Adapting
Meshes(ROAM). It usestwo priority queuesto drive split andmergeoperations
thatmaintaincontinuoustriangulationsbuilt from preprocessedbintreetriangles.
ROAM executiontime is directly proportionalto thenumberof trianglechanges
per frame,henceperformanceis almostinsensitive to the resolutionandthe ex-
tentof theinputterrain.Justasthesquare-shapedquadtreehasatriangle-quadtree
counterpart,thefamiliar rectangleshapedbintree[94] hasa little-known triangle-
shapedcounterpart.Thechildrenof therootarede�nedby splittingtherootalong
anedgeformedfrom its apex vertex to themidpointof its baseedge.Therestof
the bintreeis de�ned by recursively repeatingthis splitting process.A key fact
aboutbintreetriangulationsis thatneighborsareeitherfrom thesamebintreelevel
or from thenext �ner level for left andright neighbors,or from thenext coarser
level for baseneighbors.A simplesplit operationandits inversearedepictedin
Figure3.7for a triangulationcontainingaso-calleddiamond.

Figure3.6: C-LOD asproposedby Duchaineauet al. (Imagestakenfrom [19]):
Exampleof ROAM terrain.

An importantfact aboutthe split andmerge operationsis that any triangulation
maybeobtainedfrom any othertriangulationby asequenceof splitsandmerges.
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Figure3.7: Split andmergeoperationon adiamond(from [19]).

The split and merge operationsprovide a �e xible framework for making �ne-
grainedupdatesto atriangulation.No specialeffortsareneededto avoid cracksor
T-vertices.Theideaof a greedyalgorithmthatdrivesthesplit andmergeprocess
is simple: keeppriorities for every triangle in the triangulation,andrepeatedly
do a forcedsplit of thehighest-prioritytriangle. This processcreatesa sequence
of triangulationsthat minimize the maximumpriority. The only requirementto
ensurethis optimality is thatprioritiesaremonotonic,meaningthata child's pri-
ority is not largerthat its parent's. This is a valid assumption,sincethepriorities
typically correlateto a monotonicerror bound. Adding a secondpriority queue
for mergablediamondsallows the greedyalgorithmto startfrom a previousop-
timal triangulationwhentheprioritieshave changed,andthustake advantageof
frame-to-framecoherence.

Thebasicerrormetricof ROAM is thedistancebetweenwhereeachsurface
pointshouldbein screenspaceandwherethetriangulationplacesthepoint. Over
thewholeimagethemaximumof thesepointwisedistortionsis measured.In this
senseDuchaineau's approachis very similar to Lindstrom's. Besidesthis basic
error metric the priority-driven meshgenerationallows further advancederror
metrices:

� Back-facedetail reduction: Prioritiescanbesettoaminimumfor triangles
whosesubtreeof trianglesareall back-facing.

� Normal distortion: Priorities shouldbe increasedat verticeswith large
normaldistortionto reducespecularhigh-lightingartifacts.

� Texture coordinate distortion: Prioritiesshouldalsocorrelateto texture
distortion.

� Silhouetteedges: Speci�c emphasiscanbeplacedon triangleswhosenor-
malboundsindicatepotentialback-faceto front-facetransitions.
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� View frustum: Prioritiesoutsidetheviewing frustumcanbesetto a mini-
mum.

� Atmospheric obscurance: Wherefog reducesvisibility, priorities canbe
reduced.

� Object positioning: To correctlypositionobjectsona terrain,thepriorities
of trianglesundereachobjectcanbearti�cially increased.

Thescreen-distortionprioritiesof thetriangleschangeastheviewing position
changes,typically in a slow andsmoothmanner. Recalculatingpriorities of all
trianglesfor every frameis too costly, especiallyfor someof theadvancederror
metrices. Instead,priorities arerecomputedonly whenthey potentiallyaffect a
split/mergedecision.Recomputationof a trianglecansafelybedeferreduntil its
priority boundoverlapsthecrossover priority. A deferrallist is kept for eachof
thenext few dozenframes.Only thetriangleson thecurrentframe's deferrallist
musthave priorities recomputed.If time allows, additionaltrianglesmay be re-
computedin subsequentdeferrallists. Thetotal memoryrequirementsof ROAM
rangefrom 8 to 20bytespervertex dependingon thespeci�c implementation.To
give a practicalexample,the memoryfootprint for a 2000by 2000height �eld
rangesfrom 31 to 76 MB.

The main advantagesof ROAM are its �e xibility with respectto applicable
errormetricesandtheguaranteedtrianglecountwhich canbeachievedwith low
computationaloverhead.But eventheimplementationof only asubsetof thepro-
posedadditionalerrormetricsis a very complicatedtask. For a speci�c type of
applicationoneneedsto know in advancewhetherthedescribedsophisticatedfea-
turesaredemandedor if a muchsimplerapproachis suf�cient. For example,the
excessiveuseof linkeddatastructures,suchasthedeferrallists, is not preferable
in interactiveentertainment,sincemainmemorycanbecomeheavily fragmented
afterlongperiodsof gameplay. Hereamuchsimplerapproachcanleadto amuch
morestablealgorithmwhich is alsomucheasierto implementandverify.

3.5.3 Roettger'sAlgorithm

Albert Einstein:Everythingshouldbeassimpleasit is,
but notsimpler!

In the last sectionwe have describedthe developmentof terrain renderingal-
gorithmsover the years. While thesealgorithmsare alreadyquite mature,the
demandsof interactive entertainmentarequitedifferentfrom thoseencountered
in the academicarena:Simplicity, stability, andtime-to-market areoften much
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underrated.An exampleof an algorithmthatmeetsthe requirementsof interac-
tive entertainmentis thesimpleyet ef�cient C-LOD algorithmpresentedin [89].
We have beendevelopingthis algorithmin cooperationwith Massive Develop-
ment in 1997/98. It is includedin the Krassgameenginewhich is the graph-
ics coreof the multi-awardwinning computergameAquaNoxandits successor
AquaNox:Revelation.Theterrainrendererfeatureslow memoryconsumptionand
ef�cient geomorphing.As we will seethesefeaturesarevery importantfor out-
doorgameengines.

Figure3.8: C-LOD asproposedby Roettgeret al.: Wire frameview of theGala-
pagosIslands.

Thealgorithmis basedon a quadtreerepresentationof theheight�eld, which
is storedasacompactquadtreematrix. Besidestheelevationdataonly thismatrix
needsto bestoredin mainmemory. This resultsin amemoryfootprintof either3
or 5 bytesperheixel (asananalogueto a pixel a heixel is a height�eld element)
for 16 bit or �oating point heightvalues,respectively. In Figure3.8 anexample
triangulationof the GalapagosIslandsis shown. The correspondingschematic
view of thequadtreeis givenin Figure3.9.

Eachnodeof thequadtreecorrespondsto amaximumof 8 trianglesorganized
asatrianglefanaroundthenode'smidpointasshown in Figure3.9(alsocompare
left middlecasein Figure2.3).A conformingmeshis obtainedsimplyby skipping
thoseverticesof a trianglefan which area T-vertex. In Figure3.9 the skipped
verticesaredepictedby crosses.Thetriangulationfor a speci�c point of view is
calculatedby evaluatingadecisioncriterionfor eachquadtreenodein atop-down
fashion.Beingmorespeci�c, thecriterion is �rst evaluatedfor theroot node. If
the criterion is true for the root nodeits four childrenarechecked usingdepth-
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Figure3.9: Left : Sampletriangulationof a 9 by 9 height�eld. Parent-childrela-
tionsof thequadtreeareindicatedby arrows. Right: Thesametriangulatedheight
�eld decomposedinto trianglefans(depictedby circulararrows). A conforming
meshis built by simply skippingthoseverticesthataremarkedwith crosses.

�rst traversal.This processis continuedrecursively until a speci�c nodedoesnot
ful�ll the criterion which meansthat this nodeis a leave nodeof the quadtree.
Whethera quadtreenodeis re�ned or not is calculatedby the following rather
simplecriterion:

f =
l

d �C� max(c� d2;1)
; subdivide if f < 1 (3.2)

Here, l denotesthe distanceof the viewer to the midpoint, d denotesthe edge
length, and d2 de�nes the local surfaceroughnessof eachnode. As a result,
the level of meshre�nementis determinedby thedistanceto theviewer andthe
localsurfacecurvatureasde�ned by theprecomputedd2-values.Theconstantsc
andC determinetheglobalandminimumresolutionof theresultingtriangulation.
Thetotalnumberof generatedtrianglesis closelycoupledto theglobalresolution
parameterc, so that on fastmachinesthis parametercanbe chosento be larger
thanon slow machinesto obtaina �ner triangulationof theterrain.

Thegivenformulacomputesanapproximationof theprojectionerrorof each
node. The criterion is a reformulationof Lindstrom's deltasegmenterror (see
Figure3.5). For simplicity thesquareroot termin Lindstrom's formulahasbeen
neglected.This meansthatthere�nementdoesnot dependon theviewing angle,
sincethis would introducesigni�cant computationaloverheadas illustratedby
Lindstrom's approach.If oneonly considersgeometricaberration,thenangular
dependency makessense,but if onealsoconsidersthein�uence of texturing and
lighting thenangulardependency makeslesssense.This statementis illustrated
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in thefollowing example:Considerlookingontoa �at planewith asmallpeakin
birdseye view. Thenthegeometricerror inducedby thepeakis very smallsince
theviewing angleis nearly90 degrees.Sothetrianglesof thepeakprobablywill
be fusedandthepeakwill be �attened out. Now, if you take per-vertex lighting
into accountthepeakshouldstill bevisible becauseof thechangeof thesurface
normal. But sincethe peakis �attened out we also loosethe surfacenormals
which meansthat thepeakis not shadedcorrectly. Dueto perspective distortion
it alsomakesadifferencewhetherwerendera texturedpeakor a �at surfacewith
the sametexture. In summary, angulardependency is not compatiblewith per-
vertex lighting andtexturing. For this reasonwe decidednot to includeangular
dependency in our approach.This keepsthe decisioncriterion simplewhich in
turn also resultsin a very fast, robust, andsimplealgorithmconsumingonly a
minimumof extramemorypergrid point.

Since C-LOD approachesgenerateview-dependenttriangulations,the so-
called poppingeffect leadsto a seriousdistractionof the observer. When ap-
proachinga surfacedetail from the far distancethe surfacedetail will suddenly
popupataspeci�c point. If thescreenspaceerroris below onepixel thispopping
effect is not visible but in many situationsonecannotafford the resultinghigh
trianglecount.In thesecasesa techniquecalledgeomorphingeliminatesthepop-
ping effect: Insteadof letting thesurfacedetailpopup suddenly, it is blendedin
smoothly. For thispurposetheelevationsof theverticesof aquadtreenodewhich
is marked for re�nement are smoothlyinterpolatedbetweenthe corresponding
two quadtreelevels. In contrastto a suddenpop,a smoothinterpolationis hardly
noticableby ahumanviewer.

Our terrainrenderingalgorithmis especiallytailoredto ef�cient geomorph-
ing. The interpolationof the verticesis not carriedout in a �x ed time interval.
Instead,thespeedof morphingis coupledto thescreenspaceerrorwhich yields
a muchbettersuppressionof the poppingeffect. This geomorphingschemere-
liably preventsthe poppingeffect up to an screenspaceerror of approximately
10 pixels. On a Linux PC equippedwith an AMD Athlon with 1.2 GHz andan
NVIDIA GeForce3we achieve about105,000geomorphed,textured,andlit tri-
anglesper frameat a target framerateof 30 Hertz. This correspondsto about3
million verticespersecond.

Backin 1996,whentheC-LOD algorithmwaspresented,a thresholdof t = 3
resultedin a frame rate of approximately30-50 framesper second. But then
thepoppingeffect wasalreadyobservable. Nowadaysthegraphicsperformance
hasincreasedsigni�cantly, and it is no longer a problemto maintaina screen
spaceerrorof lessthanonepixel at frameratesabove 50 Hertz. As explainedin
Chapter4 thesituationis differentin interactiveentertainment,wheremany tasks
arecarriedout concurrentlyandthereis lesstime availablefor terrainrendering.
In suchasettinggeomorphingis still required.
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3.6 Futur eDevelopment

With respectto the future developmentof terrainrenderingalgorithms,onecan
foreseea main developmentbranch. Due to increasingprogrammabilitythe
graphicshardware is taking over many tasksthat previously had to be carried
outby theCPU.With respectto terrainrendering,for example,theMatroxParhe-
lia is ableto interpreta 2D texturemapasa height�eld. It generatesthesurface
triangleson chip to minimize bus traf�c. This procedurehasthe drawbackthat
thesizeof a height�eld is limited asit hasto residein texturememory. Larger
terrainsrequirea hierarchysimilar to the S-LOD technique.For this reasonthe
S-LOD techniquewill celebrateits comebackin thenearfutureasindicatedby
recentpublications[8], but theproblemof maintaininga conformingmeshis yet
to besolvedonthegraphicshardwareside.Asidefrom any uncertaintiesof future
developmentone thing is almostcertain: More andmorehardware-accelerated
alternativesto traditionalterrainrenderingalgorithmswill emerge.



Chapter 4

The Terrain RenderingPipeline

Figure 4.1: An examplescreenshot of the computergameAquaNox showing
volumetriceffectslike fog anda jet-wash.

With theupcomingof advancedterrainrenderingalgorithms(seeChapter3) the
complexity of the outdoorscenesdisplayedin interactive entertainmenthasin-
creasedsigni�cantly over thepastyears.By today's standardsthemostef�cient
methodto displayaterrainis thecontinuouslevel of detailtechnique(C-LOD; see
Section3.5).Despiteits advantagesthesetechniquesarenowadaysjustbeginning
to migrateinto thedesignof modern3D graphicsengines.With thedemandfor
moreandmorecomplex outdoorscenesthis situationwill clearly changein the
future.

With theC-LOD algorithmbeingthekey componentfor therealtimedisplay
of largeoutdoorscenes,thereexist a varietyof otheraspectsthathave to becon-
sideredto achievethedesiredlook andfeelof anorganiclandscape.Fromagame
developerspointof view, terrainrenderingis adatadrivenprocess,whichnotonly
involvestherealtimedisplayof agiventerrainbut alsothedesignof thearti�cial
landscapesandthe realistic texturing andlighting thereof. The entirestory can

40
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bedescribedaswhat is calledthe terrainrenderingpipeline. Following thedata
�o w from thebeginningto theendof thepipeline,in this chapterwedescribethe
terrainrendererasimplementedby theKrassgameengineof Massive Develop-
ment.For themodelingof thesurfacepropertiesweintroducethethreefunctional
groupsillumination,material,andglobaleffects.Ontheonehand,thisseparation
offershigh �e xibility with respectto thevisualappearanceof thesurface.On the
otherhand,eachfunctionalgroupresultsin the applicationof oneor moresur-
facetextureswhich canberenderedef�ciently usingmulti-texturing. In addition,
the renderingprocesscan be easily divided into several distinct passes,which
makesit possibleto customizetheentirepipelinefor differentgraphicshardware.
This approachhasbeensuccessfullydemonstratedin the DX8 computergame
AquaNox[87].

The terrainrenderingpipelineconsistsof 6 main stageswhich aredescribed
in thefollowing (seealsoFigure4.2):

4.1 LandscapeData Generation

Thegenerationof terraindatais a complex task,which is oftenunderestimated.
Theterraindatahasto satisfyseveralrequirements.Obviously, thevisualappear-
anceis of primeimportance.Furthermore,thetopologyof theterrainis oneof the
key elementsfor the subsequentmissiondesignprocess.Last but not least,the
datagenerationprocessshouldbe cheapin termsof time andmoney. As a �rst
step,realworld terraindatais collected.This datasourceguaranteesthenatural
appearanceandauthenticity. For thepurposeof missiondesign,thelevel designer
usescommonimageediting tools. Thesetoolsareutilized to manuallygenerate
displacementmaps,containingthefeatureswhich arerelevantfor thegameplay.
In a �nal step,the height �eld is �ltered in variousways(noise,edgeenhance-
ment,etc.).To avoid quantizationartifactstheentireprocessis carriedoutwith at
least16 bitsof accuracy.

4.2 RealTime Display of the Terrain

Oncethe terrainis de�ned by a two-dimensionalcartesianheight�eld, sophisti-
catedalgorithmsareneededto displaythe landscapein real time. Thesizeof a
height�eld easilyexceeds1024x1024grid points,which in turn correspondsto
morethan2 million trianglesthathave to be renderedin eachindividual frame.
Sincetheexactdisplayis not feasible,theKrassgameengineappliesthecurrent
stateof theart in this area,that is theC-LOD technique[89] asdescribedin the
previouschapter.
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In interactiveentertainment,however, terrainrenderingis only onetaskamong
many othersthat have to be carriedout for eachframe. Thereforethe afford-
ablescreenspaceerror targetedby theterrainrendereris usuallywell above one
pixel. Larger screenspaceerrorsmanifestthemselvesin thepoppingeffect. As
a solutionto this problem,thegeomorphingtechniquesmoothlyinterpolatesbe-
tweenthedifferentlevelsof detaileffectively renderingthepoppingeffect invis-
ible [12, 89]. This allows smoothimmersive terrainvisualizationseven on low
endgraphicshardware. Sincethemorphingoperationneedsto becarriedout at
leastevery100millisecondsto keeptheillusion of astatictriangulation,frameto
framecoherenceis dif�cult to exploit. In orderto speedup terrainrendering,the
view frustumis predictedfor the next 100 milliseconds.Thenthe triangulation
is computedfor thepredictedandenlargedvisible area.Until thenext updateof
thetriangulationthegeneratedtrianglesarecached.In thiswaysmoothvisualiza-
tionsof a terrainaregeneratedatrealtimeandwith a low averageCPUload.This
conceptis calledsemi-dynamicterraingeneration.

4.3 Terrain Material

Theterrainmaterialis assembledfromthreetextures,acoarsecolortexture,a�ner
materialtexture,andan even �ner detail texture. It is importantto differentiate
betweencolor andstructure.Thecoarsecolor mapis usedto generatethe large
scalecoloringof theentireterrain.Thematerialmaprepresentsthestructureof a
materialatamid-frequency level,whereasthedetailmapcontainsonly intensities
at a high-frequency level. The lattermapis usedto representsmalldetailsclose
to theviewer.

4.4 Terrain Illumination

Theillumination is constructedby summingup theemissionof all staticanddy-
namiclight sources.Thestaticlight mapcoverstheentireterrainandis generated
in a preprocessingstep,which gathersthe ambientanddiffusecontributionsof
all static light sources.Sincea simple ray castingstrategy is usedto calculate
theincomingintensityfor eachtexel of thelight map,staticshadows arealready
includedat thispoint. As theterraingeometryis generatedby aC-LOD system,it
only makessenseto performthedynamiclighting calculationonaper-pixel basis.
For this purpose,a dynamiclight mapis generated,which only coversthe view
frustumin orderto ensurea suf�cient texture resolution.Using the light mapas
a rendertarget,the incominglight is accumulatedfor eachdynamiclight source.
The light intensity is calculatedby applyinga dot productbetweenthe normal
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mapof the terrainanda radial light �eld which is speci�c for eachlight source.
At this point, dynamicshadows arealsotaken into account.A boundingsphere
approximationof eachdynamicobjectis projectedonto theterrainto maintaina
shadow buffer in thealphachannelof therendertarget.Thealphachannelrepre-
sentstheheightof theobject.Whenrenderingeachdynamiclight source,wehave
to determinewhethereachtexel is shadowedor not. This is achievedby compar-
ing theheightof thelight sourcewith theheightcodedin thealphachannel.This
conceptis appliedto all dynamiclights including causticsandthe sunlight. A
total of morethan500light sourcescanbetreatedin real time usingthis texture
basedlighting approach.

4.5 OrganicFeatures

In thenext steporganicfeaturesareaddedto thescene.We distinguishbetween
local andglobal phenomena.As an examplefor local phenomenaa large scale
plant renderingsystemis used. The plantsarecategorizedinto several groups.
For eachgroupa densitydistribution is paintedby the level designer. According
to this distribution, theplantsareplacedin a pseudo-randomfashion.Theplant
seedingis performedon the �y for the visible part of the terrainonly. In order
to maximizethe geometrythroughput,the plantsare cachedbasedon a tiling
scheme.As an examplefor a global phenomenona particlesystemis usedfor
the displayof �oating plankton. This particlesystemhasbeendesignedto run
entirelyin thevertex shaderof DX 8 graphicshardware.

4.6 Global Volumetric Effects

Thelaststageof thepipelinehandlesvolumetriceffectssuchasfog or watertur-
bidity. In general,thevisualizationof volumetriceffectsrequiresthesolutionof
the light transportequation.TheKrassgameengineusesa specialtypeof volu-
metricfog whichis de�ned to occurbelow aspeci�c baseheight.In thisrestricted
case,the light transportequationsimpli�es to a two dimensionalray integral for
aconstantheightof theviewer. Thesolutionof this integral is pre-calculatedand
storedin astandard2D texturewhichis mappedovertheentirescene[57,39] (see
alsoSection5.3). This methodavoids theappearanceof poppingartifacts,since
the fog attenuationandemissionis calculatedon a per-pixel basis.Interestingly
enoughthis featureis not only a visualeffect but alsooffersgameplay relevant
elementssuchashiding in mistyvalleys.

In summarythestagesof theterrainrenderingpipelinearedepictedin Figure4.2.
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4.7 Volumetric Effects in Practice

The questionis now the following: What volumetric effects are usedin prac-
tice apartfrom thementionedsimplefog model?Theanswerreducesto a mere
two words:Not many! Billboard techniques(seeSection5.5)areutilized for the
displayof explosions,jet-washs,andsmoke for instance.The latter areutilized
mainly becausethey have low algorithmiccomplexity anddo not requirea large
renderingoverhead.Sincethereis no needfor disproportionaterealismin com-
putergamesa lot of eye-candycanberealizedevenwith sucha simplestrategy.
On theotherhandmore�e xible fog modelswouldoffer moredegreesof freedom
with respectto level design.

Anothervolumetriceffectwhichis oftenencounteredin computergamesis the
socalledsky dome(alsoseeSection5.1). Thesky domeis a hemispherewhich
is texturedwith thephotographof a realsky. While thisallowsanicelookingsky
at merelyno costonecannotusethis approachin a �ight simulator, for example,
sinceit is not allowedto �y into theclouds.

Thedirectionof futuredevelopmentclearly is to allow arbitraryview points,
andin particularview pointsin thecloud layer. This canonly be achievedwith
truly volumetricfog andcloudrepresentations.
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Figure 4.2: The main stagesof the terrain renderingpipeline in the AquaNox
gameengine.



Chapter 5

Natural GaseousPhenomena

Mr. Horse:... NoSir, I don't like it!

In general,the display of volumetric gaseousphenomenais a non-trivial task.
Without going into detail here,solutionsto this problemsexist for a variety of
caseswhereadditionalassumptionsreducethe complexity of the problem. The
generalproblem,however, is closelyrelatedto volumerenderingwhich is still a
very active researcharea.Theinherentcomplexity of volumedatamakesit very
hardto designan algorithmthat displayslarge volumedatasetsin a reasonable
time or even worseat real time. Medium sizeddatasets,that �t into the dedi-
catedtexturememoryof consumergraphicshardware,canbedisplayedusingthe
slicing method(compare[26]). But for large volumescurrentvolumerendering
approachesachieve interactivity only by massive parallelization[53] or the uti-
lization of specialpurposegraphicshardware [83, 72]. A generalintroduction
into the topic of volumerenderingis givenin Chapter6. For thepurposeof the
real time display of gaseousphenomenaspeciallytayloredalgorithmsare pre-
sentedin Chapter10 and11. For now, we resortto thosespecialcaseswhich can
behandledeasilydueto additionalconstraintson thevolumedata.

If themediumthroughwhich a light ray travelsis assumedto havea constant
density, the absorptionalong eachray of light can be expressedin termsof a
simpleformula.In eachsmallstepthelight travelsacertainfractionof its intensity
is absorbedby themedium.This meansthat theabsorbedlight is transferedinto
thermalenergy. Theenergy maynotbeabsorbedcompletely, but usuallyacertain
amountis alsoscatteredandsentoutagaininto otherraydirections.Thebackand
forth scatteringof the light is oneof the main reasonswhy volumerenderingis
computationallyvery expensive. Thusmany approachestry to neglectscattering
which leadsto theformulationof theray integralasdescribedin Chapter6.

If the direction of the scatteredlight is evenly distributed, one speaksof
isotropicscattering. Otherwiseonespeaksof anisotropicscattering. The scat-
teredlight maybeof thesamewave length,but this is no necessity. For example,
the effect known asRayleighscatteringmeansthat the intensitydistribution of
thescatteredlight dependson the frequency of the light. This effect is responsi-
ble for thebluesky andfor a reddishsunset.Shortwave lengths,that is theblue
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spectrum,aremorelikely to bescatteredperpendicularto theincomingdirection
of the light. The oppositeholdsfor long wave lengths,that is the red spectrum.
As aconsequence,thezenithof thesky is morebluishthanthehorizon(compare
Figure5.1).For thesamereasonthesunlighttravelinga longway throughtheat-
mosphereat sunset,appearsto beorange.Sincethebluespectrumis morelikely
to bescatteredaway from theviewing ray, theredcomponentof thelight is more
likely to remain.

In Section4.7wehaveoutlinedthevolumetriceffectswhicharecurrentlyused
in theactualgametitle AquaNox.Now wecoverthevolumetricalgorithmswhich
areknown in generalandjudgethemby suitability for real time rendering.We
mustkeepin mindthatall thealgorithmspresentedin thefollowing havebeende-
velopedwith themaindirective to maximizerenderingspeed.Sincerealismis no
strict aim in interactiveentertainmentit is oftenmucheasierto fake certainvolu-
metriceffectssuchasexplosionsandsmoke. But with theincreasingspeedof the
graphicsacceleratorsandtheCPU,therewill bea growing demandfor advanced
renderingtechniques.Right now someof thebest-sellinggametitles like “Grand
Theft Auto II”, whosesuccessoris expectedto yield earningsof morethan200
million dollars,areapproachingthe averagebudgetof a major Hollywood �lm
productionand thusa certainrealismof the renderingsis expected. If this de-
velopmentis continuing,therewill begreatneedsin thenearfuturewith respect
to interactive realism. Right now, however, the collectionof appliedvolumetric
algorithmscomprisesmostlythefollowing methods:

5.1 Sky Dome

The easiestapproachto renderingcloudsis the so-calledsky dome. It is used
if a cloudysky hasto be displayedwith minimumrenderingoverhead.For that
purposeatessellatedhemisphereis texturedwith aphotographof arealsky which
is resampledin the polar coordinatesof the hemisphere(seeFigure5.1). If the
radiusof movementof theviewer insidethedomeis small comparedto thesize
of thehemispherethentheperspective distortionof thesky domeremainssmall,
soa sky domeis aneffectiveway to fake a realsky. It is alsoeasyto animatethe
clouds. Themajor drawback,however, is thatonecannotmove into the clouds,
which for exampleis necessaryin �ight simulations.

5.2 OpenGL Fog

If the viewer is allowed to maneuver insidecloudsor fog, then a sky domeis
not adequate.Assumingconstantgasdensity, the absorptionof light on its way
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Figure5.1: Thetrianglemeshof thesky domehemisphereandtwo examplesky
dometexturesresampledin polarcoordinates.Thezenithof thehemispherecor-
respondsto the upperedgeand the horizonto the lower edgeof the sky dome
textures.Theleft sky domeis a stitchedphotographwhile theright oneis a syn-
thetic texture. The latter mimics the effect that the sky usually is morebluish
at the zenithdueto wave lengthdependentscatteringof the sunlight (Rayleigh
scattering).

througha mediumleadsto an exponentialattenuationof the light intensitywith
respectto thetraveleddistance.Assumingconstantin-scatteringfrom thesun,the
attenuatedlight intensityis increasedagainateachpointon theviewing ray. Both
effectstogetherdeterminetheappearanceof fog. Thelongerthetraveleddistance
throughthe mediumthe darker the backgroundbut the brighter the fraction of
scatteredlight from thesun(seeFigure5.2).
This observation is the motivation for the so-calledOpenGLfog [80], which is
thesimplestsolutionof the ray integral. For eachrenderedpixel theattenuation
of the light intensityI of a surfacepatchis calculatedby meansof thefollowing
formula

I0= Ie� t z (5.1)

wherez is thedistanceto theeye (thez-coordinateof eachfragment)andt is the
opticaldensityof themedium.Forair theopticaldensityis about0:001to0:00001
dependingon theactualweatherconditionsandotherfactorslikehumidity.

As mentionedabove, absorptionandemissionoccurtogetherin nature.Ab-
sorptionalonewould renderdistantobjectscompletelyblack. But sincethereis
alsoatmosphericin-scattering,weneedanadditionaltermto expressthetendency
of thehorizonto fadeinto white (seeFigure5.3for anexampleof asimplefoggy
scene).In �rst approximation,thesunlight scatteredin from theatmospherecan
beexpressedasanambientlight, sinceit is mostlyisotropic.This meansthatthe
absorbedlight alonga viewing ray is replacedby the light scattereduniformly
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Figure5.2: Absorptionandscatteringin anopticalmedium(from [37]).

from thesuninto thedirectionof theray. With this interpretationtheRGB color
componentseachfoggedpixel arecalculatedasfollows:

I0
r=g=b = 1� (1� Ir=g=b)e� zt (5.2)

This formula can be evaluated ef�ciently by the graphics hardware. In
fact, OpenGL-fogis implementedin all actualconsumergraphicsaccelerators.
OpenGLalso supportsother fog functionssuchas a linear attenuation. These
additionalfunctionsaredepictedon theright of Figure5.3.

Figure 5.3: Plain OpenGLfog. Left : Fog illustratedby a depthramp of the
famousUtahteapot.Right: Fog functionsassupportedby OpenGL(from [80]).
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5.3 LayeredFog

As seenabove,theray integral reducesto amereexponentialtermfor thecaseof
a uniform gasdensity. For thegeneralcase,however, no analyticformulationis
known anda numericalintegrationis required.But in somecasestheintegration
or at leasta large fractionof thework canbeof�oaded into a preprocessingstep
which is calledpre-integration.

For thecasethat thegasdistribution variesin a singledimensionan explicit
solutionis known. If thedensityof thegasvariesin theverticaldimension(see
Figure5.4), which meansthat it dependson elevation only, the ray integral de-
pendson a total of threeparameters:theheightof theviewer, theheightof each
surfacefragmentandits distancein screencoordinates.Now thecolorsandopac-
ities of theray integral arede�ned by a three-dimensionalfunctionwhich canbe
pre-computedandstoredin a3D table,hencethetableis saidto bepre-integrated.

For eachframethesliceof the3D tablethatcorrespondsto theactualheight
of theviewer is put into a2D texture,transferedto graphicsmemory, andusedas
a texture for all surfacepatcheswith the texture coordinates(s,t) of eachvertex
beingsetto its elevationandthedistancein screencoordinates.So theproblem
is effectively reducedfrom 3D to 2D. Themethodis dubbedlayeredfog [57, 39]
andis easilyimplementedasanadditional2D texturingpassin any gameengine.
Theapproachis per-pixel exactat theexpenseof not beingableto de�ne thegas
distribution freely.

Figure5.4: Layeredfog asutilized in thesequelof AquaNox.Theopticaldensity
of thefog dependsonelevationonly, suchthatmist is visibleonly in thelowlands
of thelandscape(left) or asmultiplecloudlayers(right).
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5.4 BoundedLayeredFog

As opposedto theuseof OpenGLandlayeredfog which requireonly oneinex-
pensive operationper pixel, moresophisticatedvolumerenderingmethodsusu-
ally leadto multi-passrenderingalgorithms.Oneof thosemulti-passalgorithms
is boundedlayeredfog asproposedby Mech [70]. Boundedlayeredfog, which
sometimesis alsocalledpatchyfog, is de�ned asa volumewith a sharpbound-
ary anda constantgasdensityinsidetheboundary. Theouterhull of thevolume
is de�ned by a trianglemesh.This meshis renderedtwice per framein the fol-
lowing fashion:First thebackfacingtrianglesarerenderedinto theframebuffer
with additive blendingenabledandthecolor of eachvertex setto its distanceto
theviewing plane.Thenthesameprocedureis repeatedfor thefront facingtrian-
gleswith subtractiveblendingenabled.Thiseffectively computestheintersection
lengthsof eachviewing raywith thevolume.

In thethird andlastpasstheintersectionlengthsstoredin theframebuffer are
transformedinto attenuationfactorsusingpixel textures[112]. Sincetheintersec-
tion lengthcangrow arbitrarily largea high resolutionframebuffer is mandatory
to preventMachbands.In Section10 we presentanextensionto Mech's method
which doesnot show this restrictionandis more�e xible with respectto de�ning
thefog boundary.

With the upcomingof programmablePC graphicshardwarethe accuracy of
the methodcanbe increasedby usinga �oating point rendertarget to compute
theintersectionlengths.Thenping-pong�ltering [74] canbeappliedto mapthe
intersectionlengthsto theattenuationfactors.For this purpose,a 1D dependent
texture is usedwhich containsthe exponentialattenuationfunctionaccordingto
Equation5.1.

EventhoughMech's methodis a multi-passalgorithmit is reasonablefastif
thehull of thefog volumeis not toocomplex. Otherwisethemajorityof thepixels
tendto berenderedmultiple times,thustheoverdraw is considerable.Only sharp
boundariesanda constantfog densityarepossible.This doesnot correlatewith
reality wherethedensityof a cloudusuallyvaries. In addition,themethoddoes
only featureapproximatelighting, hencetheappearanceof boundedlayeredfog
is quitearti�cial (compareFigure5.5). Neverthelessits performancemakesit a
goodchoicefor interactiveentertainment.

5.5 Billboards

Asmentionedin Chapter4 acommonmethodto render“fuzzy” volumetriceffects
is to usebillboards. Billboardsarejust quadrilateralswhich arealignedto face
towardstheviewer. They aretexturedwith custommadeimagesof mostly trees,
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Figure5.5: Exampleandschematicview of boundedlayeredfog.

explosions,or smoke. Explosions,for example,areusuallymadeup of several
evolving blastelementsthatareblendedover eachother. Despitethesimplicity
of this approachthe effectscanbe quite stunning. If the billboard texturesare
designedby anexperiencedgraphicsartist explosionscanlook very impressive.
Unlesstheview point is verycloseto thecenterof theexplosionthebillboardsis
notunveiled.Thebillboardmethodis fastandsimplebut it is notsuitedverywell
for thedisplayof naturalgaseousphenomenaaswewill seein thefollowing.

5.6 Metaball Methods

A sibling of the billboard techniqueis the metaballmethodfor the display of
clouds.Insteadof billboardsit usessphereswhicharetexturedwith aprojectionof
thevolumeeachmetaballis associatedwith. The�rst approachto incorporatethis
techniquewaspresentedby Gardner[31] asearlyasin 1985.In fact,thismethod
was the �rst that achieved interactive framerateswhile maintainingreasonable
quality. On the onehand,the metaballscan be cachedef�ciently usingvertex
arrays,but in comparisonto billboardsmore trianglesare neededper graphics
primitive. On theotherhand,moredetailedcloudscanbeconstructedeasilyby
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clusteringseveral metaballs(seeFigure 5.6). More recently, Elinas et al. [25]
managedto renderhighly detailednaturalclouds,but asthey notein their paper
themetaballtechniqueis notsuitablefor a �y-through, sincethemetaballsclearly
becomeobservablein thevicinity of acloud.

Figure5.6: A cumuluscloudde�ned by aclusterof metaballs(from [31]).

5.7 Impostor BasedMethods

In orderto compensatefor the disadvantagesof the metaballmethodimpostors
areutilized frequently. They were�rst introducedby Schau�eret al. [95, 97] to
speedupthedisplayof objectswith complex geometry. Impostorscanbethought
tobedynamicbillboards.An impostoris essentiallyabillboardwith anassociated
polygonalobjectwhichis usedto generatethebillboardtexturefor aspeci�c point
of view. So the textureof an impostoradaptsto the actualpoint of view. If the
deviation of the cachedtexture from the projectionof the underlyinggeometry
exceedsa speci�c error threshold,the impostortexture is recomputedfrom the
originalpolygonaldata.Thedeviationis calculatedby takingthemaximumof the
projectiveshiftsof eachpolygonontheimpostorplaneinducedby themovement
of theviewer. Speakingnon-technically, thedeviation of the impostortexture is
theprojecteddistancebetweenwhereeachpolygonis placedandwheretheviewer
observesit on theimpostortexture. Theprobabilityof anupdateof theimpostor
textureis proportionalto themovementof theviewer sincethe lastcapture.The
updateprobabilityis alsoinverselyproportionalto theviewing distance.
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The impostor techniqueconverts complex polygonalobjectsinto an image
basedrepresentation.Thespeedup is dueto thefactthatthebillboardcanberen-
deredmuchfasterthanthe objectitself which mayconsistof thousandsor even
millions of polygons.However, theimpostortexturehasto berecomputedwhen-
ever theperspective distortiongrows too large. In this casethepolygonalobject
hasto berenderedandtransformedinto a texture.Sono speedup is achievedfor
theframein which theimpostoris updated.In subsequentframesthecachedim-
postortexturecanbereusedto obtainasigni�cant speedupuntil theimpostorhas
to beupdatedagain.Hence,updatesneednot occurtoo frequentlyto keepa high
performancelevel. More precisely, the impostormethodachievesa signi�cant
speedupcomparedto polygonalrenderingif thefollowing criteriaaremet:

� The trianglecountof thecachedpolygonalgeometryis largecomparedto
the geometryof the billboard framewhich consistsof two triangles(one
quadrilateral).

� Thecachedtexturescompletely�t into texturememory.

� Themeanupdatefrequency of theimpostorsis signi�cantly lessthanonce
perframe.

� Thevisible impostorsin thesceneneednotbeupdatedsimultaneously.

Theimpostormethodhasbeensuccessfullyappliedto speedingup therendering
of largepolygonalmodelsandafterwardsto speedingup cloudrendering.Here,
eachimpostorrepresentsa smallcloud. Its appearanceis computedby light scat-
teringmethods(seeChapter6 for moredetails).For a crowd of cumulusclouds,
for example,the scenecanbe representedwith only a few impostors(seeFig-
ure 5.7). In this casethe performanceis quite impressive. However, the update
rateof the impostorsincreaseswith theproximity to a cloud. Nearbyor insidea
cloud the impostortexturehasto be recomputedalmostevery frame,so that the
speedupis nearlyzero.Furthermore,theupdateof animpostormanifestsitself in
a temporalaliasingartifact. Thesedrawbackscanbe avoidedonly by switching
to a realvolumetricrepresentationof theclouds.

Nevertheless,the impostormethodis usedwidely for cloudrenderingdueto
therealisticappearanceof theclouds.Themostnotablepapersherearethoseof
Dobashiet al. [16] andof Harris et al. [37]. Dobashiachievesvery high image
quality including the depictionof soft shadows andshaftsof light, but render-
ing timesarein therangeof severalseconds(therenderingtime of the imagein
Figure5.8wasabout20seconds).

Harris' methodperformssigni�cantly betterwith truerealtimeperformanceif
thenumberof impostorsis keptreasonablesmall.Neithersoftshadowsnorshafts
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Figure 5.7: A crowd of cumulus clouds representedby impostors (image
from [37]).

of light areincluded(seeFigure5.9).Moredetailedsceneslikeentirecloudlayers
requirea largernumberof impostors,henceresultin lower framerates.

In summary, the impostormethodcan be utilized not only to speedup the
displayof largepolygonalmodelsbut alsoto acceleratecloudrendering.Instead
of diving into thealgorithmicdetailsof both Dobashi's andHarris' method,the
methodsarevery well suitedfor their speci�c applicationarea(seealsoChap-
ter12),but haveonemajordrawbackwhich is discussedin thefollowing.

As the main drawback,the impostormethodworks well in the caseof what
we call goodweatherconditions,that is a crowd of small cumulusclouds. But
if large cirrus clouds,overcastsky, or hugelayersof mist have to be dealtwith
impostorstherearisea varietyof problems.Largecloudsrequirelargeimpostors
whichexhibit largeprojectivedistortion.Thereforetheupdaterateis high,sothat
thespeedupis dissatisfying.But if we try to make up largercloudsfrom several
smallerimpostors,renderingartifactsoccurwhenever theimpostorsoverlapeach
other. In summary, large cloud formationsaredif�cult to dealwith impostors.
Impostormethodswork well for goodweatherconditionsbut they arenot suited
for thevisualizationof arbitrarily shapedcloudsandin particularfor thevisual-
izationof weathersimulationdata.Hererealvolumetricalgorithmsareneeded.In
orderto comeupwith asolutionfor thementionedproblemswetakeanexcursion
into volumevisualizationin thenext chapterto seewhatcanbe learntfrom this
researcharea.
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Figure5.8: Dobashi'scloudrenderingmethod(imagefrom [16]).

Figure 5.9: Harris' cloud renderingmethod(imagefrom [37]). Note that the
distantcirruscloudsarerenderedusingasky dome.



Chapter 6

VolumeRendering: The Basics

In this chapterwe describethefoundationsof volumerendering.Our specialin-
terestlies on revealingpossibleimprovementsfor therealtimedisplayof clouds.

6.1 BasicPrinciples

The principle of volumerenderingis basedon the physicalmodelof an optical
medium,whichtypically is agasor aliquid. Thedensityof themediumis de�ned
as a three-dimensionalscalarfunction. Light traveling throughthe so-de�ned
volumeis scatteredandabsorbedassinglephotonshit theatomsof themedium.
Theprobabilityof hitting anatomis proportionalto thegasdensity. In caseof a
hit theenergy of thephotonis eitherabsorbedandtransferredinto thermalenergy
or thephotonis sentoutagainin amoreor lessrandomdirection.In thelattercase
thewave lengthof thephotonmayalsoshift. Theappearanceof naturalgaseous
phenomenais thus the resultof a vastnumberof photonsbeingscatteredback
andforth multiple timesuntil they �nally reachtheobserver. Dueto thecomplex
pathsof scatteredphotonsthe exact solutionof the observed light propertiesis
rathertimeconsuming.

Henceit is no surprisethat for traditionalrendering,thepresenceof anopti-
cal mediumis usuallyneglected. Thus,scatteringis assumedto appearonly at
the surfaceof an object. Even thoughthis is a strongsimpli�cation, the correct
simulationof thephysicalphenomena,that is of light scatteringoff varioustypes
of surfaces,remainsa challengingtask. As thereis a large numberof solutions
to the traditionalrenderingchallengewe only introducethebasicconceptof the
renderingequationin this chapter.

6.2 The RenderingEquation

Therenderingequationof Kajiya [44] subsumesawidevarietyof renderingalgo-
rithmsandprovidesa uni�ed context for viewing themasmoreor lessaccurate
approximationsto thesolutionof a singleequation.

57
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It hasto bementionedthat the ideabehindthe renderingequationoriginates
from the areaof materialsciences.A descriptionof the phenomenonsimulated
by this equationhasbeenwell studiedin theradiative heattransferliteraturefor
years[102].

Therenderingequationis

I (x;w) = Ie(x;w) +
Z

W+

I (y(x;w0); � w0) fr(w0;x;w) cosq0dw0: (6.1)

where:

I (x;w) is relatedto theintensityof light passing
from pointx into directionw

y(x;w0) denotesthepoint y thatis visible
from x in directionw0

Ie(x;w) is relatedto theintensityof emittedlight
from pointx in directionw

fr (w0;x;w) is relatedto thefractionof light scattered
from w0 into directionw by a patchof surfaceat x

q is theanglebetweenthesurfacenormalatpoint x
andthedirectionw0

Theequationis verymuchin thespirit of theradiosityequation,simplybalancing
theenergy �o ws from onepoint of a surfaceto another. Theequationsstatethat
thetransportintensityof light from onesurfacepoint to anotheris simply thesum
of theemittedlight andthe total light intensitywhich is scatteredtowardx from
all othersurfacepoints.Theequationdiffersfrom theradiosityequationbecause,
unlike thelatter, no assumptionsaremadeaboutre�ectancecharacteristicsof the
surfacesinvolved. As opposedto this, the radiosityequationpresumesa solely
diffusere�ectancebehavior.

As anapproximationto Maxwell's equationfor electromagneticstherender-
ing equationdoesnot attemptto modelall interestingoptical phenomena.It is
essentiallya geometricaloptics approximation. It only modelstime averaged
transportintensity, thus no accountis taken of phasein this equation– ruling
out any treatmentof diffraction. In addition,no wavelengthor polarizationde-
pendenceis mentionedexplicitly in therenderingequation.Finally, it is assumed
thatthemediabetweensurfacesis of homogeneousrefractive index anddoesnot
itself participatein the scatteringlight. Treatmentsof participatorymediaand
of phaseand diffraction can be handledwith path integral techniques.For in-
stance,an integro-differentialequationis necessaryfor participatingpropagation
media[45].
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6.3 The Ray Integral

As mentionedin thelastsectiontherenderingequationof Kajiya doesnot include
the effectsof participatingmedia. In the following we accountfor the change
of the light transmittedthroughtheparticipatingmediumfrom point y to x. The
formula,which describestheabsorption,thescattering,andtheemissionof light
on its theway throughthemediumis calledtheray integral.

Let I (x;w) be the intensityat positionx in directionw, and let kt(x) be the
extinction coef�cient of the participatingmedium. This is the total opacity(ab-
sorptionplusscattering)perunit lengthsokt (x)I (x;w)ds is theintensityremoved
along an in�nitesimal ray segmentds at x. Let the albedoa be the fraction
of the removed intensityscatteredinto otherdirections,and let the phasefunc-
tion fp(w;w0) be thedirectionaldistribution function for this scatteredintensity,
so that

R
B fp(w;w0)dw is the fractionof thescatteredintensityfrom directionw0

thatendsup in solid angleB. Then

akt(x)ds
Z

4p
I (x;w0) fp(w0;w)dw0 (6.2)

is theintensityscatteredinto thedirectionw alongtheray segmentds from other
directionsw0 in the 4p unit sphere.This is the sourcefunction (compare[102])
in the absenceof volumeemission.The integro-differentialequationfor I (x;w)
includingemissionis thus

dI (x;w)
ds

= � kt(x)I (x;w) + akt(x)
Z

4p
I (x;w0) fp(w;w0)dw0+ Ie(x;w) (6.3)

Using an integrating factor (see[102, 119, 92], this can be integratedalong a
pathx0(s) = x+ sw from x = x0(0) to y = x0(s0) at theedgeof themedium,to give
theray integral:

I (x;w) = I (y;w)exp
�

�
Z s0

0
kt(x0(s))ds

�
+

Z s0

0

�
Ie(x;w)exp

�
�

Z s

0
kt(x0(t))dt

� �
ds+

a
Z s0

0

�
kt(x0(s))exp

�
�

Z s

0
kt(x0(t))dt

� Z

4p
I (x0(s);w0) fp(w0;w)dw0

�
ds

(6.4)
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Substitutingthe ray integral for I (y(x;w0); � w0) in the renderingequationyields
the completeequationthat both takesscatteringat surfacesand insidea partic-
ipating mediuminto account. For volumerenderingalonethe interactionwith
surfacesis notnecessary, soasolutionof theray integralsuf�ces.

6.4 Light Scattering in Participating Media

Now that the fundamentalpropertiesof light transportandscatteringhave been
laid out the questionsurely is how to renderimagesef�ciently? To recall the
complexity of theentireproblem,for eachray theintegratedintensityconsistsof
theenergy scatteredin thedirectionof theray. All thesescatteredenergiesalong
the ray againconsistof scatteredenergy originatingfrom otherpaths.All these
energiesmustbecollectedproperlyto yield anaturallookingcloud,for example.
In particular, it is not suf�cient to collect only the light scattereddirectly from
the suninto the directionof the viewing ray. This preconditionis illustratedin
Figure6.1 whereboth singleandmultiple scatteringarecomparedagainsteach
other. If the energy collection processis performedonly a single time (hence
singlescattering)thecloudsclearly look unacceptablein comparisonto multiple
scattering.

The phasefunction fp(w;w0) for scatteringin air is not isotropic,that is the
energy scatteredback is smallerthan the energy scatteredforward. Figure6.2
showsthedifferencebetweenanisotropicandisotropicmultiplescattering.Using
an isotropicapproximationof the real scatteringconditionsin natureallows to
precomputethelight intensities,sinceisotropicscatteringis view-independent.In
contrast,anisotropicscatteringis view-dependent,so the light scatteredinto the
viewing directionhasto berecalculatedfor every frame.

In our opinion isotropic scatteringis suf�cient in many cases. The differ-
encemainly becomesobservablewhenthesunis visible directly behinda cloud
or beneaththe edgeof a cumuluscloud. For thick cloud layersthe distinction
betweenisotropicandanisotropicscatteringis not so important.For eachappli-
cationscenarioit hasto bedecidedwhetheror not anisotropicscatteringis worth
theadditionaleffort.

Nevertheless,for atmosphericrenderingand skylight exact solutionsof the
ray integral, henceanisotropicscatteringmodelsare necessary. Due to wave-
lengthdependentRayleighscatteringthesky color is shiftedeitherto redor blue
tones[17].
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Figure 6.1: Top: Single scattering, Bottom: Multiple scattering(images
from [37]).

6.5 RenderingSolutionsfor Participating Media

Holly Rushmeier[93, 92] appliedtwo techniquesto solve the generalproblem
of volumerenderingwith participating(i.e. absorbing,emitting,andscattering)
media. Oneis the Monte Carlo method,wherea randomcollectionof photons
or �ux packetsaretracedthroughthevolume,undergoingrandomscatteringand
absorption.This methodcanaccuratelymodelall the physicsof scattering,but
maytakeanimpracticalnumberof randomtrials to convergeto ausefulsolution.

Theotheroneis thezonalmethod[93] for isotropicscattering,which divides
thevolumeinto a numberof �nite elementswhich areassumedto have constant
radiosity. This requiresthe calculationof a form factor betweenevery pair of
elements.With theassumptionof theGalerkin�nite elementschemeandan in-
teractivemethodfor solvingtheresultingmatrixequationthetotalcomputational
costis O(n7) for acubeof n3 elements.

Althoughthetwo mentionedmethodsaccuratelycomputethesolutionsof the
generalray integral therestrictionto isotropicscatteringandin particulartheslow
runtimebehavior disquali�esthemethodsfor realtimeapplications.
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Figure 6.2: Top: Isotropic scattering,Bottom: Anisotropicscattering(images
from [37]).

In contrastto thepreviousmethods,thediscreteordinatesmethodin radiation
transfer(see[102]) achievesa largespeedupwith regularcubicalgrids.Sincethe
methodmakesessentialuseof the homogeneityof the grid, it will not work on
moregeneral�nite elementmeshes.Onealsohasto point out that this method
producesthesocalledrayeffects(a typeof aliasingartifacts),becauseit is equiv-
alentto shootingtheenergy from anelementin narrow beamsalongthediscrete
directions,missingtheregionsbetweenthem.Max [67] presentedanapproxima-
tion to the discreteordinatesmethod,which reducesthe ray effect by shooting
radiosityinto thewholesolid angle(seealso[43]). This approachhasbeenim-
proved continuously(compare[78]), however the basicidearemainedthe same
over time.

As a concludingremarkwe emphasizethat due to the inherentcomplexity
of thescatteringprocessa visualsimulationof cloudsis restrictedto application
scenarioswhich only requirea local solutionof the ray integral. At presentthe
real time simulationof a globalsystemseemsimpractical.For thesimulationof
suchaglobalsystemweneedto furthersimplify theray integralequations,which
leadsto avolumevisualizationtechniqueknown asdirectvolumerendering.



Chapter 7

Dir ectVolume Rendering

For volumevisualizationpurposesscatteringis usuallyneglected,sinceit is com-
putationallyexpensive. In otherwords,thealbedoa in Equation6.4 is assumed
to be zero. Additionally it is assumedthatonly a volumedescribingthedensity
of theopticalmediumis presentin a scene,sothat thereis no backscatteringof
surfaces.ThenEquation6.4 is reducedto theintegrationof asinglelight ray:

I (x;w) =
Z ¥

0

�
Ie(x;w)exp

�
�

Z s

0
kt (x0(t))dt

� �
ds (7.1)

The evaluationof the above line integral is characteristicfor all direct volume
renderingtechniques[18]. In comparisonto indirect volumerenderingmethods
like isosurfaceextractionno intermediaterepresentationsaregenerated.

Oneof theclassicdirectvolumerenderingscenariosis themedicalvisualiza-
tion of computertomographydata.Heretheinteractiveandintuitiveexamination
of thescannedorgansandnotthephotorealisticappearancethereofis of primeim-
portance.This makesdirectvolumerenderingthemethodof choicefor medical
visualization.

On theotherhand,it hasto bementionedthat,of course,thetrueappearance
of cloudscannotbereproducedwith directvolumerenderingtechniques.But in
Section11 we will seethat theseeminglyrestrictive physicalmodel,in fact,can
be extendedto mimic the naturalappearanceof clouds. Thusthe advantagesof
fastrenderingandrealisticdisplaycanbecombined.

7.1 Transfer Functions

The densityof the optical mediumis usuallydescribedby a three-dimensional
scalarfunction f (x;y;z). In order to assigna speci�c appearanceto the scalar
valuesa so-calledtransferfunction is used. The emissionand the optical den-
sity of the mediumare given by the transferfunctionsdenotedby k( f (x;y;z))
andr ( f (x;y;z)) , respectively.

Regardingthe physicalnatureof light transport,both absorptionandemis-
sionarerelatedto thedensityof themedium,that is themoredensethemedium
themorelight is beingemittedandabsorbed.If themediumis fully transparent
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neitherabsorptionnoremissionarebeingperceived. In orderto re�ect thisphysi-
cal relationship,theemissionk is oftenimplicitly pre-multipliedwith thedensity
functionr . In this caseonespeaksof apre-multipliedtransferfunction.

7.2 Grid Types

Sincein themajority of casesthevolumecannotbe representedasa continuous
function, thedomainof thescalarfunction is usuallydiscretized.We categorize
thesediscretizedrepresentationsinto threemainclasses:Regular, curvilinearand
unstructuredgrids. In the �rst casethe domain is a three-dimensionalmatrix
which is sampleduniformly in all threeprincipal axis. If the samplingis not
uniform onespeaksof a rectilineargrid. Semi-regulargridslikeoctreesor multi-
grid meshesarespecialcasesof a regular grid. In the secondcasethe domain
is still a regular matrix in computationalspace,but in objectspaceit may have
any shape.To give a example,a regularly meshedcylinder is a curvilineargrid.
Theremaininggrid typesarecoveredwith the lastcaseof unstructuredgrids. In
contrastto surfacemesheswhichareconstructedfrom convex polygons(triangles,
quadrilaterals,etc.) unstructuredgrids arebuilt from convex polyhedra,suchas
hexahedra,prisms,pyramids,or asthemostcommoncase,tetrahedra.To name
only a few typical applicationareasregular grids are generatedby CT or MR
scanners,while unstructuredgrids are mostly encounteredas the meshtype of
numerical�nite elementsimulations.

7.3 Ray Casting

Theneglectionof scatteringhastheadvantageof a fastsolutionof theray integral
asdescribedin the following: By shootinga viewing ray throughevery pixel in
imagespaceinto thevolumethelight intensityof eachpixel is simply equivalent
to theincominglight collectedonthecorrespondinglight ray. Sothetaskof direct
volumerenderingis to calculatetheline integral asgivenabove for eachpixel in
imagespace.In general,eventhisseeminglysimpleline integralcannotbesolved
analytically. Instead,a numericalintegrationis required,that is the line integral
is approximatedby a Riemannsum. This meansthat the volumeis sampledat
equallyspacedpointson the light ray. This basicprocedureis calledray casting
(seeFigure7.1for aschematicview).

Theemissionsassociatedwith eachsamplepointareattenuatedon theway to
theviewerdueto theabsorptionof themedium.Fromonesamplepoint to another
theattenuationcanbeexpressedin termsof themeanopticaldensityt betweenthe
two respective samplepoints.Let d bethedistancebetweenthesamplepointsxi
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Figure7.1: Basicprincipleof raycasting.

andxi+ 1, thenthemeanopticaldensityis givenby t i = 1
2(r ( f (xi)) + r ( f (xi+ 1))) .

Hence,the (approximated)opacity a i of the correspondingray segmentis 1 �
exp(� t id). Similarly the averageemissionof the ray segmentis givenby Ei =
d1

2(k( f (xi)) + k( f (xi+ 1))) . By processingthesampleson the light ray in a back
to front fashionthe�nal colorC of eachpixel is reconstructedby summingupthe
emissionsusingthefollowing blendingformula:

Ci+ 1 = (1� a i)Ci + Ei

For a decreasingray segmentlengthd this approximationconvergesto the ex-
act solutionof the continuousformulationof the line integral. In practice,the
scalardensityfunction f is bandlimited in almostany case.Thus,thesampling
distanced can be chosenso that it correspondsto half the wave length of the
highestfrequency in the frequency domainrepresentationof the scalarfunction
(oftenreferredto astheNyquistfrequency). For instance,theminimumrequired
samplingdistancefor a regulargrid is theedgelengthof thevoxels,sothateach
contributing cell is touchedat leastonceon the viewing rays. For unstructured
grids with highly varyingcell sizesthe samplingdistanceis usuallynot setto a
constantvalue,but ratheradaptedto thelengthof theintersectionsof theviewing
rayswith eachcell.

Recently, hardware-acceleratedimplementationshave beenpresentedboth
for structured[88] andunstructured[110] volumedataexploiting programmable
graphicshardware. Theachievedspeed-upsarequite remarkablein comparison
to a puresoftwareapproach,but therearestill somelimitations suchastexture
memorysize,whichcurrentlyrestricttheapplicationof hardware-acceleratedray
casting.But with theupcomingof future improvedconsumergraphicshardware
thoseapproachesclearly will becomea very interestingalternative to the tradi-
tionalmethodswhicharedescribedin thenext sections.
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7.4 Slicing via 3D Textures

For regular grids thereexist a variety of accelerationtechniqueswhich improve
the performanceof the basicray castingapproach.Thesearemainly early-ray
termination,spaceleaping,the shear-warp algorithm[54], 3D slicing or textur-
ing [1, 7, 113, 26], andsplatting[115,14]. Early ray terminationmeansthatrays
shotinto thevolumemaystopin caseof reachingfull opacity, sincetheremaining
ray is occludedentirely. Likewise,entirely transparentareascanbeskippedover
veryquickly, which is calledspaceleaping.Theshear-warpis apuresoftwareap-
proach,whichtakesadvantageof thefactthatanorthogonalprojectionof aregular
volumecanbedecomposedinto two consecutiveshearoperationsin imagespace,
sothatresamplingandinterpolationof thegrid canbeperformedef�ciently by 2D
operations.As opposedto this puresoftwareapproachthehardware-accelerated
techniquestry to of�oad thecomputationallyexpensiveresamplingof thevolume
ontothegraphicshardware.For thispurposearegularvolumeis packedinto a3D
texture.Thenview-planealignedslicesaredrawn from backto front asillustrated
in Figure7.2. For eachslicethegraphicshardwareis setupto interpolatethecor-
rectcolorsandopacitiesfrom the3D texture. In thiswaytheentiresetof viewing
raysis treatedsimultaneously, resultingin a tremendousspeedupdueto thehigh
rasterizationperformanceof thegraphicsaccelerator.

Figure7.2: Hardware-acceleratedvolumerenderingvia 3D textures.

While this methodef�ciently utilize the graphicshardware,it usuallyhasprob-
lemscopingwith large datasets,sincethe 3D texture hasto residein dedicated
texture memory. Datasetsthat do not �t entirely into texture memoryneedto
be “bricked”, that is they are broken down into several smallerblocks that are
renderedsubsequently. However this methodsuffers from a slow transferspeed
betweenthe main and the graphicsmemory, becauseeachbrick hasto be up-
loadedin eachsingle frame. Hierarchicalmethods[55, 111, 4, 36] for volume
compressionarealsoknown asa solutionfor insuf�cient texturememory, how-
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ever thesetechniqueswill not be discussedin detail in this thesis,sincethese
approacheshaveproblemswith maintaininga conformingview-dependentmesh.
Recently, advancedlighting andpre-integrationtechniques[71, 48, 49] havebeen
introducedwhichimproveimagequalitybut donotsolvetheproblemof restricted
texturememorysize,sotheseapproachesarealsonotdiscussedin this thesis.

As the last basicaccelerationtechniquesplattingshouldbe mentionedhere.
In contrastto thepreviousmethodssplattingis not an imagebut anobjectspace
techniquewhichapproximatesthefootprintof eachvoxel with asplatkernel.The
splattingalgorithmprocessesall voxelsin visibility sortedorderandaccumulates
thesplatsontheimageplane(or sheetbuffer). Themaindrawbackof thesplatting
algorithmis that thesplatkernelis only a moreor lesscoarseapproximationof
the true footprint of a voxel. As a result,thegeneratedimageslook smootherin
comparisonto theresultsof a raycaster.

In general,theachievedframeratesof classicvolumerenderingtechniquesdo
not meetthe real time demandsof cloudvisualization.To achieve higherframe
ratesweaimto exploit theinherentview-dependentnatureof thecloudrendering
problem. Our �nal goal is to develop a hierarchicalview-dependentrendering
algorithmthatdisplaysthecloudsnearbywith highdetailanddistantcloudswith
lessdetail. For this purposewe �rst have to dive into the topic of unstructured
volumerendering.

Although a variety of hardware-acceleratedmethodsare known for regular
volumes,unstructuredgridsdid notyet pro�t asmuchfrom theupcomingof pro-
grammablegraphicshardware.In thetwo chapterswedevelopa techniquebased
onhardware-acceleratedcell-projectionthatclosesthisapparentgap.



Chapter 8

Pre-IntegratedCell-Projection

More than ten yearsago direct volume renderingof unstructuredtetrahedral
mesheswasdramaticallyacceleratedby theProjectedTetrahedra(PT) algorithm
by Shirley andTuchman[101], which is summarizedin Section8.2. Although
therearenumerouscompetingapproachesto directvolumerenderingof unstruc-
tured meshes,e.g. ray casting[103, 110], slicing [127], or sweep-planealgo-
rithms [112], several aspectsof the PT algorithmarestill subjectof currentre-
search,e.g.the visibility sortingof tetrahedralcells (see[13, 28] andreferences
therein). Our extensionsof the PT algorithm are restrictedto the renderingof
projectedtetrahedra.

8.1 Visibility Sorting

For this work it is assumedthat the visibility orderingof an unstructuredmesh
hasalreadybeencomputed.A visibility (or depth)orderingof asetof polyhedral
cells is an orderingsuchthat a cell A precedesa cell B if B occludesA. This
resultsin a backto front orderingof thecells. For semi-regulargridslike octrees
thevisibility sortingis trivial (seeSection11.5),but for unstructuredmeshesthe
depthorderinghasto becomputedexplicitely. Thiscanbeachievedin O(n) time
for convex simplicialgridsby usingtheMPVO algorithmof Williams etal. [118].
It startswith anarbitrarycell andsortsits adjacentcellsby insertingthemeither
at the beginning or the endof a queuedependingon whetherthe neighborsare
attachedto eithera front or a backface.By recursively repeatingthis procedure
for all insertedcellsadepthorderingis constructed.Non-convex or disconnected
gridsaresortedonly partiallyby thismethod.In orderto obtainacorrectordering,
occlusionrelationsbetweenthe boundaryfaceshave to be established.The so-
calledBSP-XMPVO algorithm[13] computestheserelationsby searchingthem
in a BSP(binaryspacepartition) tree. It is commonlyassumedthat thecellsdo
notoverlapin acyclic way, otherwisethedependency graphcannotbesortedin a
unambiguousway. Fortunatelymostdatasetsencounteredin practicedonothave
cycles,but in the caseoneencountersa cycle the algorithmof Krauset al. [51]
rendersacyclic groupconsistingof n tetrahedrain O(n2) time.

68
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8.2 The Original PT Algorithm

The PT algorithmvisualizesa scalarfunction f (x;y;z) de�ned over a region of
three-dimensionalspaceby renderingpartially transparentpolygons,which can
be processedvery quickly by specializedgraphicshardware. The PT algorithm
canbesummarizedasfollows(seealso[101]):

1. Decomposethe volumeinto tetrahedralcells. For example,a prism is de-
composedinto threetetrahedra.Scalarvaluesarede�ned at eachvertex of
the mesh. Insideeachtetrahedralcell, f (x;y;z) is assumedto be a linear
combinationof thevertex values.

2. Sortthecellsaccordingto their visibility.

3. Classifyeachtetrahedronaccordingto its projectedpro�le anddecompose
it into smallertriangles(seeFigure8.1).

4. Findcolorandopacityvaluesfor thetriangleverticesusingray integration.

5. Renderthetriangles.

Class 1a Class 1b Class 2

Figure8.1: Classi�cation of non-degenerateprojectedtetrahedra(top row) and
thecorrespondingdecompositions(bottomrow) accordingto [101].
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8.3 Drawbacksof the Original PT Algorithm

The original PT algorithmapproximatesthe opacityandcolor betweenvertices
linearly resultingin Mach bandsasreportedby Max et al. in [66]. Steinet al.
presenteda solutionfor thecorrectinterpolationof opacitiesutilizing 2D texture
mappingin [106], which is alsodiscussedin Section8.2. However, this method
is restrictedto lineartransferfunctionsfor theopacityandstill interpolatescolor
componentslinearly ignoringthetransferfunctionsfor theminsidethetetrahedra.

Our �rst improvementof the PT algorithmallows us to renderboth,opacity
andcolor, accuratelyby exploiting 3D texturemapping.In particularthismethod
allows us to employ arbitrarytransferfunctions.Themethodandits application
to a volumedensityopticalmodelis describedin Section8.4. In Section8.5 we
derive anapproximaterenderingmethodbasedon 2D texturemapping,which is
supportedby considerablymoregraphicssystemsandrequireslesstexturemem-
ory. A secondextensionallows us to includethe renderingof isosurfacesin the
PT algorithmusing2D texturemappingwithout extractinga polygonalrepresen-
tation of the isosurfaces.Therearenumerousalgorithmsto display isosurfaces
ef�ciently . We will mentiona selectionin Section8.6. However, noneof these
algorithmstakes any particularadvantageof the PT algorithm. Therefore,the
costsof displayinganisosurfacewerenot reducedby a combinationwith thePT
algorithmin thepast.

Our approach,however, reusesthevisibility orderingandthedecomposition
of the tetrahedralcells,which areanessentialpartof every variantof thePT al-
gorithm. The visibility orderingalgorithmsdescribedin Section8.1 all appear
to becompatiblewith our renderingextensions.By reusingtheorderingandde-
compositionof tetrahedraourmethodis capableof renderingisosurfaceswithout
constructinga polygonalrepresentation.As it is conceptuallysimilar to the �rst
passof themulti-passalgorithmfor smoothlyshadedisosurfacesby Westermann
andErtl [113], we presenta variantof this �rst passin Section8.7. We employ
this ideain thecontext of thePT algorithmandpresenta specializedsingle-pass
algorithm for �at-shadedisosurfacesusing2D texture mappingin Section8.8.
Moreover, a two-passalgorithmfor smoothlyshadedisosurfacesis describedin
Section8.9.

Extensionsfor coloredandmultiple isosurfacesarediscussedin Section8.10,
while Section8.11 presentstwo methodsfor mixing isosurfaceswith projected
volumecells,eitherapproximatelybut smoothlyusingappropriateblendingand
texturemappingor moreaccuratelyby modifying thetexturemaps.

We emphasizethat the worst-casetime complexities of all our methods,
i.e. volumerenderingwith arbitrarytransferfunctions,renderingof multiple and
smoothlyshadedisosurfaces,andmixing of isosurfaceswith projectedvolume
cells, are linear in the numberof tetrahedraandneitherdependon the transfer
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functionsnor on the numberof isosurfaces. In the reminderof this sectionand
in Sections8.4 and 8.5 we will only discussmethodsto improve the last two
points: ray integrationandrenderingof thedecomposedtriangleswith emphasis
onhardware-acceleratedrendering.

8.4 PT with Accurate Opacity and Color

Theoriginal PT algorithminterpolatescolorandopacitylinearly betweenthetri-
anglevertices.This, however, is anapproximationwhich leadsto renderingarti-
factsasdemonstratedin [66, 106].

In order to avoid theseartifactsSteinet al. suggestedin [106] to usea 2D
texturemapwith thetexturecoordinatesbeingtheaveragedextinctioncoef�cient
t andthe thicknessl of the projectedcell, while the texturemapcontainsan a-
componentwhich is set to a = 1 � exp(� t l ). In betweenthe verticesof each
trianglethe texture coordinatesand,therefore,t andl are interpolatedlinearly;
thus,this approachis restrictedto a linearly varyingextinction coef�cient t , i.e.
a linear transferfunction t = t ( f (x;y;z)) . Moreover, the color is still linearly
interpolatedbetweenvertices.Williams et al. extendedtheseideasto piecewise
lineartransferfunctionsin [120].

In thissectionageneralizationof themethodof Steinis presentedwhichworks
for color and opacity, and placesno restrictionson the transferfunctions. We
achieve thesebene�tsby employing 3D texturemapping.

Let usstartby investigatingthesituationdepictedin Figure8.2.

Sf Sb

l

Figure8.2: Intersectinga tetrahedralcell with a viewing ray. sf andsb arethe
scalarvalueson theentry (front) andexit (back)facerespectively; l denotesthe
thicknessof thecell for this ray.

As texturecoordinatesareinterpolatedlinearly, weshouldonly usevariables,the
valuesof which vary linearly with screencoordinates.We will restrictour con-
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siderationsto orthographicprojections.In thiscasel varieslinearly for geometric
reasons;sf andsb vary linearly becausethey are interpolatedlinearly between
verticesasmentionedabove. Therefore,sf , sb, andl shouldbethe threetexture
coordinates.Fortunately, all othervalues,e.g.color, opacity, etc.,canbe calcu-
latedfrom l , sf , andsb. Thus,wecansetup a3D texturemapwhich containsthe
colorandopacitycharacterizingtheintersectionof a rayandacell in dependency
of l , sf , andsb.

For many applicationsthe calculationof the texture mapis a preprocessing
stepand,therefore,not time-critical. Usually it includesa numericalintegration
of a ray for eachtexel in the 3D texture map as outlined in Section7.3. We
sketchtheprocedurefor thevolumedensityopticalmodelproposedby Williams
andMax [68, 119,120] with a chromaticityvectork = k( f (x;y;z)) anda scalar
opticaldensityr = r ( f (x;y;z)) , whicharethetransferfunctionsof thismodel.

Assumingcellsareprocessedbackto front, theadditionof theprojectionof a
cell changesanexistingpixel color I to a new pixel color I 0by theformula

I0 =
Z l

0
exp

�
�

Z t

0
r (sl (u))du

�
k(sl (t)) r (sl(t))dt

| {z }
RGBt3D

+ exp
�

�
Z l

0
r (sl (t))dt

�

| {z }
1� a t3D

� I

(8.1)
with theabbreviation

sl (x) = sf +
x
l
(sb � sf ):

RGBt3D denotesthecolor components(notethatk is a vector),anda t3D the
opacityof anentryin the3D texturemap.RGBt3D anda t3D dependonthetexture
coordinatesl , sf , sb, andthetransferfunctionsk andr . Thus,thetexturemaphas
to beupdatedwhenever thetransferfunctionsaremodi�ed.

It is an intrinsic limitation of our methodthatk andr have to dependon the
samescalar�eld. However, we arenot limited to this opticalmodel;for example
themodelof WilhelmsandVanGelder[68, 116,120] couldbe implementedby
simplyreplacingk(sl (t)) r (sl(t)) byadifferentialcolorvectorE(sl (t)) (or g(sl (t))
in thenotationof [68, 120]).

After thecalculationof thetexturemapin a preprocessingstep,all tetrahedra
areprojectedfrom backto front. Beforerenderingthetrianglesof oneprojected
tetrahedron,the threetexturecoordinatesaresetfor eachvertex of the triangles.
Thenthey areblendedappropriatelyinto theframebuffer.
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Theblendingoperationcorrespondsto

I0= RGBt3D + (1� a t3D) � I ;

and is donevery ef�ciently by today's graphicshardware. We give a synthetic
exampleof this renderingmethodin Figure8.3. Thescalarvaluesat thevertices
of thevisualizedtetrahedralmesharedeterminedby thedistanceof eachvertex
to the surfaceof a sphere.The transferfunctionof the opacityis 0 exceptfor a
smallinterval, which resultsin thetwo partiallyopaqueringsin Figure8.3.

In summaryour methodallows us to exploit hardware-supported3D texture
mappingin orderto renderprojectedtetrahedrawithout theneedto do any time
consumingcalculationsfor eachpixel. Our approachis not asaccurateasray-
castingalgorithmsor the high accuracy (HIAC) volume renderingsystemde-
scribedin [120] becauseof limited texture memoryandnon-lineartransforma-
tions in the caseof perspective projections. Especiallylimited texture memory
will limit the sizeof the 3D texture mapresultingin a lessaccurateresampling
of thetransferfunctions.Within this limited accuracy, however, arbitrarytransfer
functionsmaybeusedwithout affectingtherenderingtimes,whereastheperfor-
manceof the HIAC systemdependscrucially on the chosentransferfunctions.
In particular, thin peaksarepossiblewithin our approachresultingin unshaded
isosurfacesasdemonstratedin Section8.13.

Figure8.3: Visualizationof a synthetic
dataset with non-lineartransferfunc-
tions implementedwith a 3D texture
mapof dimensions64� 64� 64(1MB).

Figure 8.4: Samedata set as in Fig-
ure8.3 but renderedusinga 2D texture
mapof dimensions256� 256(256KB).
(SeeSection8.5.)
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8.5 A NewApproximation for PT

As hardware-supported3D texture mappingis not available on every graphics
workstation,andthe3D texturemapsthatareemployedin Section8.4needrather
much texture memory, we will describea new approximationto the rendering
of projectedtetrahedrausing2D texture mapping,which interpolatesthe opac-
ity linearly. However, this methodallows us to usearbitrarytransferfunctions,
while existing hardware-acceleratedsolutionsarelimited to linear transferfunc-
tionswithin eachcell (e.g.[106]).

Thebasicideais to approximatethedependenciesof theintegralsin Equation
(8.1) on l by linear terms,andto implementthesetermsby a modulationof the
vertex colors.Theremainingintegralsdependonly on sf andsb, andcanthusbe
tabulatedin a2D texturemap.

Thedependencieson l in Equation(8.1) becomemoreexplicit with thevari-
ablesubstitutionst0= t=l andu0= u=l :

I0 = l
Z 1

0
exp

�
� l

Z t0

0
r (s1(u0))du0

�

� k(s1(t0)) r (s1(t0))dt0

+ exp
�

� l
Z 1

0
r (s1(t0))dt0

�
� I :

For l = 0 this equationreducesto I 0= I . For given r , k, sf andsb we evaluate
the integrals for anothervaluel = l = const: andextrapolatelinearly in l . The
optimalchoiceof l dependson theparticularapplicationbut settingl equalto the
averagecell thicknesshasproven to be a goodapproximation.The 2D texture
mapis de�ned by

RGBt2D = l
Z 1

0
exp

�
� l

Z t0

0
r (s1(u0))du0

�

� k(s1(t0)) r (s1(t0))dt0;

a t2D = 1� exp
�

� l
Z 1

0
r (s1(t0))dt0

�
(8.2)

andis modulatedby colorsat theverticeswith theRGBa componentssetequalto
(l=l ; l=l ; l=l ; l=l ). In practicewearescalingthesecolorsby themaximumopacity
valuein thetexturemapin orderto avoid clampingfor valuesl > l . This scaling
is compensatedby multiplying theentriesin the texturemapwith the reciprocal
value. Thecombinedeffect of texturing andblendingwith appropriateblending
coef�cients is

I0=
l

l
� RGBt2D +

�
1�

l

l
� a t2D

�
� I ;
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which is our new approximationof Equation(8.1). Accordingly, we useGL ONE
for thesourceblendfactorandGL ONEMINUSSRCALPHAfor thedestination
blendfactorin OpenGL.

On theonehand,this approximationresultsin artifactsbecauseof the linear
interpolation(see[106]),ontheotherhand,theuseof 2D texturemappingenables
usto utilize largertexturemapscomparedwith the3D texturemapsemployedin
Section8.4resultingin animprovedresamplingof thetransferfunctions.

Figure8.4 shows thesyntheticexamplefrom Figure8.3 using2D insteadof
3D texturemapping.The linear approximationresultsin slightly smalleropaci-
ties resultingin lighter colors,while the improvedresamplingresultsin sharper
edgesof thestructuresgeneratedby thetransferfunctions.Themiddle imagein
Figure8.12 representsan exampleof a 2D texture mapgeneratedby Equation
(8.2).

Thefollowing sectionsdiscussanindependentextensionof thePT algorithm
capableof displayingsmoothlyshadedisosurfaceswithout vertex interpolations.
Additionally, two methodsare presentedto combineprojectedtetrahedrawith
opaqueisosurfaces.

8.6 Prior Work about Isosurfaces

For an in-depthintroductioninto currentresearchabout isosurfacesthe reader
is referredto [5]. Isosurfacesarean indispensabletool in volumevisualization,
althoughdirectvolumerenderingincludesmuchmoreinformationin onepicture.
However, isosurfacesarepreferredfor many applicationsasthey areusuallymore
comprehensible.Thus, direct volume renderingtechniquesare often extended
with isosurfacesin orderto combinetheadvantagesof bothtechniques.

In theirdescriptionof thePTalgorithm[101] Shirley andTuchmansuggested
to calculateisosurfacesbasedon a marchingtetrahedraalgorithmsimilar to the
marchingcubesalgorithm [62, 63, 125]. The combinationof thesealgorithms
makesit possibleto renderisosurfaceswith any degreeof transparency asnoted
in [101].

However, researchonmarchingcellsalgorithmsconcentratedonreducingthe
numberof cells testedfor intersectionswith theisosurface[6, 9, 10,61,100,99,
117] andon simplifying thepolygonalmeshrepresentingthe isosurface[27, 60,
76, 79, 98]. Insteadof reducingthenumberof polygonspoint-basedalgorithms
for the extractionof isosurfaces[20, 58, 81, 108] do not produceany polygons.
Westermann's multi-passalgorithm for shadedisosurfaces[113] also doesnot
constructa polygonalrepresentationof theisosurface.As our algorithmis based
onthesameidea,wepresentthecommonconceptin Section8.7beforediscussing
ouralgorithmin Section8.8.
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8.7 Hardware-AcceleratedMar ching Cells

This sectiondiscussesa variantof the �rst passof Westermann's algorithmfor
shadedisosurfacesin unstructuredgrids[113]. Thealgorithmpresentedheresets
all pixels of the silhouetteof an intersectionof an isosurfacewith a tetrahedral
cell. Figure8.5ashowstheresultingsilhouette,while Figures8.5band8.5cshow
intermediatestepsof thealgorithm.

0.1

0.6

0.8

0.4

0.1

0.6

0.8

0.4

0.1

0.6

0.8

0.4

(a) (b) (c)
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Figure8.5: Thepolygonof an isosurface(isovalue0.5) within a tetrahedralcell
(a) canbe obtainedby anXOR combinationof the two pictures(b) and(c). (b)
shows thepartsof thebackfacesof thecell with scalarvaluelessthan0.5. (c) is
theanalogueto (b) for thefront faces.

The �rst stepis to renderthosepartsof the backfacesof the cell wherethe
interpolatedscalarvalue is less than the isovalue (seeFigure 8.5b). Utilizing
OpenGLthis canbeachievedby settingthea-componentsof thevertices'color
to the scalarvaluesand activating an appropriatea-test. Then the front faces
are renderedin exactly the sameway, i.e. againonly thosepartsare rendered
wheretheinterpolatedscalarvalueis lessthantheisovalue(seeFigure8.5c).By
combiningboth pictureswith an exclusive-OR(XOR) operationthe correctset
of pixelsis obtained.UsingOpenGLanXOR operationcanberealizedwith the
helpof a 1-bit stencilbuffer by invertingits contentswhenevera pixel passesthe
a-test.

Note that the result is not sensitive to the order of the polygon rendering,
i.e. the backand front facescould be renderedin any order. The result is also
thesameif thea-testis invertedfor all faces,i.e. if thosepartsof thepolygonsare
renderedwherethe interpolatedscalarvalueis greaterthanthe isovalue. West-
ermann's original algorithmdiffers in sofar asthea-testis invertedfor theback
facesonly andthepicturesarecombinedwith anAND-operation.However, this
requiresadditionalpassesin orderto generatebothfacesof theisosurface.

In summarythisalgorithmrequirestherenderingof all front andbackfacesin
orderto setthestencilbuffer andto rendereitherthefront or thebackfacesonce
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morefor �at-shadedisosurfaces.Thus,for atetrahedralcell � veto seventriangles
have to berendered,while a polygonalrepresentationof theisosurfacein a tetra-
hedronneedsonly oneor two triangles.Therefore,theadvantageof interpolating
thescalardatawith thehelpof OpenGLhardwareis morethancompensatedby
theneedto renderadditionalpolygons.

The situationis, however, fundamentallydifferent in the context of the PT
algorithmaswill bediscussedin thefollowing section.

8.8 Flat-ShadedIsosurfaces

As mentionedin Section8.2thePTalgorithm[101] triangulatestheprojectionof
tetrahedraasshown in Figure8.1.However, insteadof referringto atriangulation
of theprojectedsilhouetteinto triangles,wecanaswell think of adecomposition
of the original tetrahedroninto smallertetrahedra,which areprojectedafter the
decomposition.The projectionsof thesesmallertetrahedraareall of the same
kind: Two facesaredegenerateandtheothertwo facesareprojectedontothesame
(non-degenerate)triangle. This observation enablesus to reducethe algorithm
presentedin Section8.7 to a single-passalgorithmfor thesetetrahedrausing2D
texturemapping.

As explainedin Section8.7pixelsaresetif andonly if theinterpolatedscalar
valueof eitherthe backor the front faceis lessthanthe isovalue. As notedthe
backandfront faceareprojectedontothesametriangle.Therefore,it is suf�cient
to renderthis triangleusinga checkerboard-like, two-dimensionaltexturemapas
shown in theright-handcolumnof Figure8.6with thetwo texturecoordinatescor-
respondingto theinterpolatedscalarvalueof thebackandfront face,respectively.
(SeeSection8.13for analternativederivationof this2D texturemap.)

The �rst texture coordinatecorrespondsto the scalarvalueon the front face
and the secondtexture coordinateto the scalarvalueon the back face. As the
scalardataareinterpolatedlinearly, the texturecoordinatesshouldalsobe inter-
polatedlinearly. Perspective correctionsof texturecoordinatesshould,therefore,
bedisabled.Actual valuesof texturecoordinateshave to bespeci�ed at thever-
ticesof thetriangleandaredeterminedby thescalardatade�nedat theverticesof
theprojectedtetrahedron.(Seethe left-handcolumnin Figure8.6 for thescalar
datade�ned at theverticesof the tetrahedronandthemiddlecolumnfor the re-
sultingpairsof texturecoordinatesat theverticesof theprojectedtriangle.)If the
scalardataarenot in theappropriaterangefor texturecoordinates,thevalueshave
to bescaledaccordingly. However, this canbedonein a preprocessingstep.The
textureitself hasto determinethea-component,i.e. theopacity, whichhasto be1
for opaqueisosurfaceswhenevereitherthe�rst or thesecondtexturecoordinateis
lessthantheisovalue,and0 otherwise(seetheright-handcolumnof Figure8.6).
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Figure8.6: Projectedtetrahedra(middlecolumn)with �at-shadedisosurfacesfor
isovalues0.75(top row), 0.5 (middle row), and0.3 (bottomrow). The left-hand
columnshowsthesametetrahedraslightly rotatedwith scalardataat thevertices.
Thesevaluesde�ne the texturecoordinatesincludedin thepicturesof theactual
projectionsin themiddlecolumn.Theright-handcolumnshows thecorrespond-
ing texturemapsincludingthetrianglesin thespaceof texturecoordinates.

As this passdoesnot allow any kind of smoothshading,we employ �at shading,
i.e. theRGB-componentsof thecolorof thetriangleareconstant.

Unfortunately, edgesof isosurfacepatcheswithin triangles(seethe middle
columnof Figure8.6for someexamples)will causerenderingartifactsasthereis
no mechanismwhich alignsthemexactly to thecorrespondingedgesin thepro-
jectedtetrahedrain front or behind.We canavoid gapsby slightly modifying the
texturemap,effectively “thickening” the isosurface.This eliminatesartifactsfor
opaqueisosurfaces;for partially transparentisosurfaces,however, this will visu-
ally enhanceedgesof thetetrahedralmeshby renderingpixelstwice. Removing
theseartifactsfor partiallytransparentisosurfacesis anopenproblemandrequires
additionalefforts in thefuture.
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8.9 SmoothlyShadedIsosurfaces

Our algorithm for smoothlyshadedisosurfacesis againa variantof the corre-
spondingpassesof Westermann'salgorithmfor shadedisosurfacesin unstructured
grids [113]; however, thereareseveralcrucial differences.For eachtrianglethe
stepsof ouralgorithmare:

1. Rendertheshadedbackfacetrianglerestrictedto the isosurfacesilhouette
asdiscussedin Section8.8.

2. Repeattheprecedingstepfor thefront facetriangle.

3. Form theweightedsumof thetwo picturesto getshadingfor intermediate
positionsof theisosurface.

Theweightsdiffer for eachpixel asthey dependon the relative distancesof the
isosurfaceto the front andbackface,respectively (seeFigure8.7). For reasons
which will becomeclearin thenext paragraph,let a denotetheweightof a pixel
of thefront triangle.Accordingto Figure8.7theweighta is

a =
siso � sb

sf � sb
for sf < siso < sb or sf > siso > sb

with the isovaluesiso; sf andsb were de�ned in Section8.4. The weight of a
correspondingpixel on the back facetriangle is 1 � a. While weights for all
pixelswerecalculatedin softwarein [113], we arecalculatingtheweightedsum
completelyin hardware.

We still usethe 2D texturemapof Section8.8 for the backfacetrianglebut
employ amodi�ed versionof thistexturemapfor thefront facetriangle.Thisnew
texturemap(seeFigure8.8for anexample)is modulatedwith theweightsa. As
theoriginal texturemapcontainsonly opacityvalues0 and1, thismodulatedmap
in factstorestheweightsa = siso� sb

sf � sb
for the front facetriangle. (Rememberthat

sf andsb arethetexturecoordinatesandthatthetexturemapalreadydependson
siso.) Thus,theweightsa in factspecifyopacities.Usingthis texturemapwhen
renderingthe front facetriangle and blendingit appropriatelyonto the opaque
backfacetrianglegenerates,therefore,thecorrectweightedsumof bothtriangles.

Thus,our algorithmfor smoothlyshadedisosurfacescanbe reformulatedin
two passesfor eachtetrahedron:

1. Rendertheshadedbackfacetrianglerestrictedto theisosurfacesilhouette.
(SeeSection8.8.)

2. Blendtheshadedfront facetrianglemodulatedwith a texturemapcontain-
ing thecorrectweightsontothebackfacetriangle.



80 CHAPTER8. PRE-INTEGRATED CELL-PROJECTION

sf sb

siso

Figure8.7: Renderingsmoothlyshadedisosurfacesby shadingthebackandfront
facetriangle,and forming the weightedsum. Weightsaresymbolizedby gray
scalesandaredeterminedby therelative distancesof thefront andbackfacesto
theisosurfacegivenby (siso � sb)=(sf � sb) and(siso � sf )=(sb � sf ) respectively.

Specialcarehasto be taken with verticesfrom the decompositionof projected
tetrahedra,becausethey canresultin artifactssimilar to thoseinducedby hang-
ing nodes.Therefore,the color of a vertex insertedbetweentwo verticesof the
meshhasto beequalto thecolorgeneratedby thegraphicshardwareinterpolating
betweenthesevertices.

Thealgorithmwasusedin Figure8.10to renderseveral isosurfacesof differ-
entcolorsasexplainedin thefollowing section.

8.10 Coloredand Multiple Isosurfaces

Thetechniquespresentedin Sections8.8and8.9canbeextendedto coloredand
multiple isosurfaces. Coloring can be achieved by settingthe vertex colors to
white andmodulatingthemwith coloredRGBa texturemaps.The two facesof
anisosurfacecanbecoloredindependentlyby choosingdifferentcolorsfor texels
with sf > sb andsf < sb respectively.

An exampleof a texturemapfor multiple isosurfacesis given in Figure8.9,
which shows thecombinationof the(colored)texturemapsfrom Figure8.6. The
“visibility ordering”is easyto understand:For sf < sb weview alongthegradient
of thescalar�eld, thusisosurfacesfor smallerisovaluesoccludethosefor greater
isovalues,andviceversafor sf > sb.

Assumingthatall cellsarerendered,thenumberof isosurfacesn in thetexture
mapdoesnotaffect therenderingtime. For opaqueisosurfacesourmethodshares
this featurewith Westermann's algorithm for multiple isosurfaces[114], while
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Figure8.8: A 2D texture mapusedfor
a front facetriangle;blackcorresponds
to opacity1 (opaque),white to opacity
0 (transparent).It is amodulationof the
lowertexturemapin Figure8.6with the
weightsa = siso� sb

sf � sb
andsiso = 0:3.
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Figure8.9: Thecorrectcombinationof
the texturemapsfrom Figure8.6 into a
single texture map for multiple isosur-
faces.(SeeSection8.10.)

ray-castingapproachesdependat leastlogarithmicallyon n. For partially trans-
parentisosurfacesourmethoddoesstill notdependonn while thedependency of
ray-castingapproacheschangesto n.

8.11 Mixing Isosurfaceswith ProjectedVolumes

It wasclaimedthat renderingmixturesof opaquepolygonsandvolumetricdata
is straightforward, e.g. in [52]. This claim, however, doesnot apply to any cell
projectingapproachincludingthePT algorithm,sincespecialattentionhasto be
paid to partially occludedcells. In [120] Williams et al. suggestto slice each
cell at user-speci�ed isovalues. The time complexity of this method,however,
dependslinearly on thenumberof isosurfaces.As we notedin Section8.10the
time complexity of our algorithmdoesnot dependon thenumberof isosurfaces;
therefore,weproposetwo alternativemethodsof mixing isosurfacesandvolumes,
whicharemoreappropriatein this context.

The algorithm presentedin Section8.9 allows us to smoothly include pro-
jectedtetrahedraby renderingthemafterthecorrespondingbackfacetriangleand
beforethe front facetriangle. This order ensuresthat the projectedvolume is
completelyoccludedwherethefront facetriangleis opaque,i.e.wheretheisosur-
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Figure 8.10: Several isosurfaces ex-
tractedfrom the datasetshown in Fig-
ures8.3and8.4.

Figure 8.11: Smooth combinationof
Figures 8.4 and 8.10. (See Sec-
tion 8.11.)

faceis in front of thevolumeat thefront face,andthatthevolumeis not affected
wherethefront faceis transparent,i.e. wheretheisosurfaceis behindthevolume
at thebackface. Figure8.7 illustratesthis correlation:The relative thicknessof
theoccludedpartof thetetrahedron(white)correspondsto theweightof thefront
face(left grayscale).

An exampleemploying this methodis givenin Figure8.11,which mixesthe
isosurfacesof Figure8.10with theprojectedtetrahedraof Figure8.4.Morerealis-
tic examplesarepresentedin Figures8.13,8.14,and8.15.Figure8.12comprises
the three2D texture mapsrequiredto renderthe NASA Blunt�n dataset (Fig-
ure8.13).

Although our approachavoids discontinuities,it is not completelyaccurate
with respectto correctray integration. Therefore,we developeda morerigorous
method.For opaqueisosurfacestheray integrationin Equation(8.2),respectively
Equation(8.1) if 3D texturemappingis employed,hasto bestoppedassoonas
oneof theisovaluesis reached,i.e. for sl (t) = siso (seeFigure8.7). By rendering
theisosurfacesfor eachtriangle�rst (eitherin onepassfor �at-shadedisosurfaces
or two passesfor smoothlyshadedisosurfaces),followedby theprojectedvolume
with the modi�ed 2D or 3D texture map, we are able to generatean accurate
picture.

An exampleof a 2D texture mapgeneratedthis way is shown in the middle
imageof Figure8.12.Theisosurfacesmanifestthemselvesin transparentvertical
stripeswhich correspondto a scalarvaluesf on the front faceof a tetrahedron
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slightly greaterthanoneof theisovalues.Both methodspresentedin this section
canbegeneralizedto partially transparentisosurfaces.

8.12 PerformanceComparison

With hardware-acceleratedtexturemappingthedirectvolumerenderingmethods
presentedin Sections8.4 and8.5 areessentiallyasfastasexisting implementa-
tionsof thePTalgorithm.Weemphasizethattherenderingtimesfor ourmethods
arenotaffectedby theparticulartransferfunctionsemployed.

Our extensionsof thePT algorithmarehardto comparewith “non-PT” algo-
rithmsfor directvolumerendering,e.g.approachesbasedon slicing,becausethe
mosttime critical stepof thePT algorithmis thesortingof thetetrahedra,which
is notaffectedby theextensionspresentedin this chapter.

Thealgorithmsfor therenderingof isosurfacesdescribedin Sections8.8and
8.9dependonthecorrectsortinganddecompositionof thetetrahedralcells,while
most of the algorithmsmentionedin Section8.6 do not requireany sorting or
decompositionof tetrahedra.Moreover, we did not attemptto reducethenumber
of cells testedfor intersectionswith theisosurface.Thus,mostof thealgorithms
mentionedin Section8.6will usuallybefasterthanourcurrentimplementationif
usedto renderonly asingleisosurface.However, asourworst-caserenderingtime
doesnotdependonthenumberof isosurfaces,ourmethodwill outrunmostof the
otheralgorithmsif thenumberof isosurfacesis largeenough(seealsoTable8.1).

Moreover, our renderingalgorithmsgreatlybene�t from a combinationwith
projectedvolumecells asdescribedin Section8.11becausethe sortingandde-
compositionof tetrahedracanbe reusedin this scenario.Thus,the inclusionof
isosurfacesin a visualizationapplicationbasedon thePT algorithmis almostfor
free. As the renderingin our methodsincludesextractionand triangulationof
theisosurface,therenderingtime (without sortinganddecompositionof tetrahe-
dra)shouldbecomparedto thesumof theextraction,triangulation,andrendering
times of other algorithms. Additional efforts requiredby other algorithmsfor
partially transparentisosurfacesandmixing with volumecellsshouldalsobecon-
sideredin a fair comparison.

The renderingtimes in Table8.1 wereobtainedon an OctaneMXE with a
MIPS R10K 250 MHz CPU. The isosurfaceswere extractedfrom the NASA
Blunt�n dataset,which wasconvertedinto 187,395tetrahedra.An imagewith
threeisosurfacesis depictedin Figure8.13andthecorrespondingpre-integrated
texture mapsarevisualizedin Figure8.12. Clearly the renderingtimesfor �at-
shadedisosurfacedependon the numberof intersectedtetrahedra(no double-
counting) insteadof the numberof isosurfaces. Smoothlyshadedisosurfaces
requireabouttwice as much time becausethe backand front faceshave to be
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no. isosurfaces no.cells �at-shaded smoothlyshaded
1 14,729 0.09sec. 0.22sec.
2 25,361 0.20sec. 0.41sec.

10 25,361 0.20sec. 0.41sec.

Table8.1:Renderingtimes(including“extraction”and“triangulation”)for isosur-
facesfrom theNASA Blunt�n dataset.Thenumberof cellsrefersto thenumber
of tetrahedraintersectedby at leastoneisosurface. Timings for the sortingand
decompositionof tetrahedraarenot includedasthesestepsarealreadydoneby
theoriginalPTalgorithmwithoutourextensions.

renderedseparately. For a single,smoothlyshadedisosurfaceour renderingtime
is closeto the0.2 secondsreportedby Westermannin [113]. Therenderingper-
formanceis comparableto theresultsof Wittenbrinkin [121].

8.13 HeavisideExcursion

This sectiondemonstratesthe extractionof unshadedisosurfaceswith the tech-
niquepresentedin Section8.4by choosinganappropriatetransferfunctionr . As
asideeffect the2D texturemapsof Section8.8revealthemselvesasspecialcases
of the 3D texture mapof Section8.4. In order to extract the isosurfacefor an
isovaluesiso wehaveto setr (s) = 0 for s6= siso andr (siso) = ¥ . Formally, weset
r (s) = Cd(s� siso) with a largeconstantC andDirac'sdeltafunctiond(x); multi-
ple isosurfacescorrespondto a sumof deltafunctions.As k(siso) is constant,we
areonly interestedin thevalueof a asde�ned in Equation(8.1):

1� a = exp
�

�
Z l

0
r (sl (t))dt

�

= exp
�

�
Z l

0
Cd(sf +

t
l
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� andlet H(x) be the Heaviside stepfunction (see[21]). Thus,

for C ! ¥ weobtain
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;
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which is independentof l . The dependency on sf andsb is alreadyvisualized
in thetexturemapsshown in Figure8.6. Obviously, the2D texturemapsusedin
Section8.8arein factspecialcasesof the3D texturemapof Section8.4.However,
thederivationpresentedin Sections8.7 and8.8 appearsto bemoreintuitive and
comprehensible.

Figure8.12:These2D texturemapsof dimensions256� 256wereusedto render
theBlunt�n datasetdepictedin Figure8.13.Theleft andright textureswereem-
ployedto renderthebackandfront facetriangles,whereastheprojectedvolume
wasgeneratedby themiddletexturewith pre-integrationstoppedat theisovalues.
Thetexelson thediagonalof this texture representthe transferfunctions.Black
pixelsin theseimagescorrespondto completelytransparenttexels.

8.14 Pre-vs. Post-Classi�cation

Theoriginal approachof Shirley andTuchmanis oftencalledpre-classi�cation,
becausethe transferfunctionsare appliedto the scalarvaluesof eachcell be-
fore rendering. In contrastto this, our cell projectionapproachis called post-
classi�cation,sinceemissionandopacitiesarederivedaftercell projection.Post-
classi�cationis ableto reproducetherayintegralaccurately, whichmeansthatthe
in�uence of thetransferfunctioncanbereproducedaccuratelyinsidethetetrahe-
dra.Pre-classi�cationsimply neglectsthenon-linearcontributionsof thetransfer
function. This becomesespeciallyvisible if the transferfunctioncontainsa dis-
continuity. This is bestillustratedby adirectcomparisonof themethodsasshown
in Figure8.16.



86 CHAPTER8. PRE-INTEGRATED CELL-PROJECTION

Figure8.13: Visualizationof the Blunt�n datasetwith threeisosurfacesmixed
with projectedtetrahedra.

Figure8.14:A visualizationof anMRI
headscan. The orangeisosurfacede-
picts soft tissuelocatedin the cheeks
andbehindtheeyeballs.

Figure 8.15: A CT scanof a bonsai:
Leaves are visualized by direct vol-
umerendering,while thetrunkandthe
branchesareshown by thebrown iso-
surface.
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Figure8.16: Pre-vs. post-classi�cation:The exampledatasetshows the elec-
tron densityof a hydrogenatom. Top row: pre-classi�cation(left) and post-
classi�cation(right) with atransferfunctionthatcutsawaylow electrondensities.
Whereasthe sharpcut is smoothedout on the left, on the right the cut is repro-
ducedcorrectly inside the tetrahedra.Center: wire-frameview. Bottom row:
post-classi�cationwith colorrampastransferfunction,andtheextractionof three
unshadedisosurfacesby settingthe transferfunction to thin differently colored
peaks.



Chapter 9

Unstructur edVolume Renderingon
the PC

The presentedcell projectionsmethodsigni�cantly enhancesthe quality of un-
structuredvolumerendering,but not yet fully exploits thecapabilitiesof current
PCgraphicsaccelerators.Dueto theincreasing�e xibility of commoditygraphics
hardwarethepre-integrationtechniquehasbecomewidely availablefor thevisu-
alizationof volumedataonregulargrids.Thepreviousapproachfor unstructured
meshesemployeda 3D textureto effectively applypre-integration.Althoughthe
resultingimagesareof high quality, thereareseveral restrictionsdueto the lim-
ited amountof availabletexturememory. Transferfunctionswith high gradients
requirea high resolutionpre-integrationtable,which doesnot �t easilyinto the
dedicatedtexture memory. ModernPC graphicshardware,for instancethe ATI
Radeon8500andthe NVIDIA GeForce4,allow moresophisticatedapproaches
usingdependenttextures,multi-texturing,per-pixel shading,andhardwareaccel-
eratedpre-integration. This enablesusto overcomethe limited sizeof thethree-
dimensionalpre-integrationtable. To circumvent this restrictionwe proposeto
implicitly storethe3D textureby meansof multiple2D textures.Thenthecolors
andopacitiesof thethree-dimensionalpre-integrationtablecanbereconstructed
accuratelywith thehigh internalprecisionof thepixel shader.

9.1 High ResolutionRay Integral

Sincehigh resolution3D texturesrequirehugeamountsof texture memory, we
separatethethree-dimensionalfunctionof thevolumedensityopticalmodel.Un-
fortunately, only the opacitycanbe separatedeasily. The chromaticityneedsto
beapproximatedby meansof a linearcombinationof two-dimensionalfunctions.

9.1.1 Opacity Reconstruction

Sincethe opacitydependson the averagedensityalongthe viewing ray andthe
lengthl of theraysegment,it canbeseparatedasfollows:

88
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exponentiala

Figure9.1: Comparisonbetweenlinearapproximationandcorrectexponentiala.
Thecorrespondingtransferfunctionwhich is split into normalizedemissionand
opacitycanbeseenbelow eachimage.

r̂ (sf ;sb) =
Z 1

0
r (sf + t(sb � sf ))dt (9.1)

a1D(x) = 1� e� x (9.2)

For eachrenderedpixel we derive theaveragedensityr̂ from a 2D texturemap
(Equation9.1) andcomputethe �nal opacitya1D by meansof a 1D dependent
texturelookup(Equation9.2).

In order to further increasethe accuracy of the reconstructeda values,the
dependenttexture is extendedto hold thehigher8 bits of a 16 bit a valuein the
alphachannelA andthe lower 8 bits in the additionalluminancechannelL. In
orderto mapthemaximum16bit a valueto 1, it is scaledby thefactor 256

257. Since
theresultingequationa1D = 256A

257 + L
257 is linear, thetextureinterpolationdelivers

a true16bit a lookup.
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unit coordinates RGB A
0 sf , sb Ĉ0(sf ;sb) r (sf ;sb)
1 sf , sb DC1(sf ;sb) -
2 l r (sf ;sb) - a1D(l r (sf ;sb))

Table9.1: Texturesetupfor dependenttexturemapping.

Comparedto the linearapproximationof the opacityusingthe 2D texturing ap-
proachasoutlinedin Section8.5theresultingimagesaresigni�cantly improved,
asillustratedin Figure9.1.

9.1.2 Chromaticity Reconstruction

In order to achieve a high-quality approximationof the chromaticity, we pre-
integratethenormalizedchromaticitiesĈl = Cl

a l
for l ! 0 andl = lmax with lmax

beingthemaximumlengthof theray segments.ThenormalizedemissionĈ0 and
thedifferenceDC1 of thenormalizedemissionsĈ0 andĈlmax arestoredin two high
resolution2D textures.Thelatteremissionsarede�ned asfollows:

Ĉ0(sf ;sb) =
R1

0 k(S1(t)) r (S1(t))
R1

0 r (S1(t))

Ĉlmax(sf ;sb) =
C(sf ;sb; lmax)
a(sf ;sb; lmax)

DC1(sf ;sb) = Ĉlmax(sf ;sb) � Ĉ0(sf ;sb)

Using the texture setupof Table 9.1, we implementthe following approxi-
mationof the volumeoptical densitymodelby utilizing dependenttexturesand
thepixel shaderon theNVIDIA GeForce4[128] andtheATI Radeon8500[74]
graphicsadapter:

C(sf ;sb; l ) � Ĉl in(sf ;sb; l )a(sf ;sb; l )

Ĉl in(sf ;sb; l ) = Ĉ0(sf ;sb) +
l

lmax
DC1(sf ;sb)

a(sf ;sb; l ) = a1D(l r (sf ;sb))

This is a linearapproximationin l for everypair of sf andsb. As seenin Fig-
ure9.2,thelinearapproximationis notaccuratefor transferfunctionsthatcontain
high gradients.For animprovedreconstructionwe approximatethechromaticity
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by a polynomialof degreen > 1 in l with the coef�cients C̃i , i = 0: : :n. This
is similar to thepolynomialtexturemappingapproachof Malzbenderet al. [64],
which reconstructsthe colorsof a surfaceby a biquadraticpolynomial. In our
casetheapproximatedchromaticityis givenby thepolynomial

C(sf ;sb; l ) � a(sf ;sb; l )
n

å
i= 0

l i

l i
max

C̃i(sf ;sb):

To computethe polynomialcoef�cients C̃i we pre-integratethe chromaticity
at l = i

lmax
for i = 0: : :n andconstructa polynomialthrougheachof thesepoints

for every pair of sf andsb. This correspondsto the computationof n+ 1 slices
with l = const of thepre-integrationtable.

Sincethe numberof texture units is limited, we canonly usea polynomial
approximationwith a degreeof up to 2 on the GeForce4andof up to 4 on the
Radeon8500. In the latter casethe rasterizationperformancedropsby almost
50%,but thequality of theapproximationis only improvedslightly. Thereforea
polynomialdegreeof 2 shouldbepreferred(seeFigure9.2). Thecorresponding
texture setupsaredepictedin Table9.2. The polynomialcoef�cients arescaled
to themaximumpossibletexel range[� 1: : :1] to improvetheprecisionof theap-
proximation.Additionally, thea valuesarereconstructedwith 16bitsof accuracy.

unit coordinates RGB A
0 sf , sb C̃0(sf ;sb) r (sf ;sb)
1 sf , sb C̃1(sf ;sb) -
... ... ... ...
n sf , sb C̃n(sf ;sb) -

n+1 l r (sf ;sb) - a1D(l r (sf ;sb))

Table 9.2: Texture setup for polynomial color approximationof the three-
dimensionalray integral (with a maximumpolynomial degreeof n = 2 on the
GeForce4andof n = 4 on theRadeon8500).

9.2 Hardware Accelerated Pre-Integration on the
ATI Radeon8500

In order to visualizevolume datacomfortablyone needsto changethe trans-
fer function interactively. Whenever the transferfunction is modi�ed the pre-
integrationtablehasto berecomputed.For a resolutionof 5122 andapolynomial
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linearchromaticity
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Figure9.2: Comparisonbetweenlinearandquadraticcolor approximationcom-
binedwith 16 bit a, for thetransferfunctionseenbelow eachimage.

degreeof 4, for instance,this requiresapproximately11 secondson a Pentium4
runningat2 GHzwhichis far tooslow for interactiveupdatesof thetransferfunc-
tion. In orderto speedup the calculationof the pre-integrationtablewe utilize
graphicshardwarefor thepurposeof numericalintegration. We maintaina high
level of accuracy by usingthehigh internalprecisionof thepixel shader.

The numericalintegrationof the ray segmentsis performedby samplingthe
integral m times. At eachsamplingstep,the integratedchromaticityk and the
integratedopacity a are blendedwith the correspondingentriesof the transfer
function.

As describedby Engel et al.[26] the integratedopacity can be calculated
quickly by thedifferenceof two de�nite integrals.If self-attenuationis assumedto
benegligible thesameapproachcanbeusedto ef�ciently calculatetheintegrated
chromaticities.Thisassumptionis valid for volumeslicing,sincetheraysegment
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lengthsl areusuallysmall. In the caseof unstructuredvolumerendering,how-
ever, thisassumptiondoesnothold,thusself-attenuationcannotbeneglected.As
a consequence,thenumericalintegrationof thechromaticitiesis not fastenough
to achieve interactive updatesof the transferfunction. However, thechromatici-
tiesof onesliceof thepre-integrationtablecanbeintegratedin parallelby usinga
hardware-acceleratedapproach.For eachslicewith aconstantraysegmentlength
l this is accomplishedby blendingm quadrilateralscontainingthesampledtrans-
fer functionfor everypairof sf andsb into theframebuffer. Thesampledtransfer
functionis reconstructedfrom a 1D texture(seeTable9.3). For this purpose,the
texture coordinates of eachvertex of the quadrilateralsis assignedasshown in
Figure9.3.

Figure9.3: Hardware-acceleratedpre-integration: First, the transferfunction is
storedin a 1D texture map. Thenn rectanglesaredrawn andblendedwith the
texturecoordinates assignedin thedepictedfashion.

As the8 bit framebuffer depthof currentPCgraphicshardwarelimits theac-
curacy of thenumericalintegration,we integratethechromaticitywith thehigher
internalaccuracy of thepixel shader. Combiningtwo channelsof theframebuffer
for eachintegratedcolor componentof the chromaticity, a total accuracy of 16
bit canbe achieved. In practicehowever, a bit depthof 12 hasturnedout to be
suf�cient.
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We store the chromaticityand opacity of the transferfunction for a given
lengthl andthe numberof integrationstepsm in a 1D textureasde�ned in Ta-
ble 9.3. To effectively representhigh gradientsin the transferfunction,we con-
structthe1D texturewith thehighestpossibleresolutioninsteadof usinga linear
interpolationof the1D texture.

channel meaning value
red high8 bit (chromaticity) k(s)

green low 4 bit (chromaticity) k(s)
blue high8 bit (opacity) 1� e� l

mr (s)

alpha low 4 bit (opacity) 1� e� l
mr (s)

Table9.3: 1D textureusedfor hardware-acceleratedpre-integration.

On the Radeon8500 the numericalintegration is implementedusinga method
calledping-pong�ltering [74]. For eachblendingstepanRGBA texturecontains
thepreviously integratedchromaticityin the red (high 8 bits) andalphachannel
(low 4 bits). First, the original 12 bit chromaticityis reconstructedin the pixel
shaderby multiplying thelow bits with 1

256 andaddingtheresultto thehigh bits.
Note that a texture entry of 255 in the high bits alreadyrepresentsa value of
1:0. Next, thechromaticityandopacityof thetransferfunctionarereconstructed
from the1D texture in thesamefashion.Thenthechromaticityis multiplied by
the opacity, the result of the previous iteration is multiplied by one minus the
opacity, andthesumof bothyields thenew integratedchromaticity. Finally, the
integratedchromaticityis split into 8 high and4 low bits andis written backinto
thecorrespondingpingpongtexture.

The Radeon8500masksout all bits representingvalueshigher than 1:0 or
lower than 1

256. Thereforethehigh8 bitsareextractedautomatically, whereasthe
low 4 bitsareextractedby simplymultiplying the12bit chromaticitywith 256.In
contrastto this, theGeForce4alwaysusessaturationlogic insteadof bit masking.
Thereforethe low 4 bits canonly beextractedon theRadeon8500. It shouldbe
notedthatthedescribedapproachfor high-accuracy blendingis not necessaryon
the latestgenerationof PC graphicsacceleratorssuchas the ATI Radeon9800
whichallow �oating point rendertargets.

A speedupof nearly100%is achieved by performingfour subsequentinte-
grationstepsat oncein the pixel shader. SinceeachRGB color componenthas
to be computedseparately, the hardware-acceleratedpre-integrationneedsto be
performedthreetimesfor every requiredsliceof thepre-integrationtable. Each
componentof apre-integratedsliceis transferredbackinto mainmemoryandre-
combinedwith the othercolor channels.This resultsin 9 pre-integrationcycles
for apolynomialapproximationof adegreeof 2, for example.
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In contrastto softwarenumericalintegration, this hardware-acceleratedap-
proachallows to updatethepre-integrationtableinteractively. With respectto in-
tegrationaccuracy thehardware-acceleratedmethodexhibits a higherintegration
error which is dueto the 12 bit quantization.An exampleof thesequantization
artifactsis givenin Figure9.4.

Figure 9.4: Comparisonbetweenhardware (left) and software (middle) pre-
integration, including the error (right, scaledby a factor of 8 and inverted)for
m= 128samplingsteps.

9.3 PerformanceMeasurements

In thepreviouschapterswe have demonstratedthat themulti-texturing capabili-
tiesof modernPCgraphicsacceleratorscanbeutilized to bring high-qualitypre-
integratedvolumerenderingof unstructuredgrids to the PC platform. Because
of the reducedmemoryrequirementsof the employed 2D textures,our method
is capableof applyinghigh resolutiontransferfunctions. A comparisonof the
visualqualityof theproposedmethodsis givenin Figure9.5togetherwith visual-
izationsof theBlunt Fin andtheBucky Ball datasets.Thebestapproximationof
thepre-integrationtableis achievedby using16 bits for therepresentationof the
opacitiesandapolynomialof degree4 for thereconstructionof thechromaticities.
A polynomialof degree2 is only slightly lessaccurate,but performssigni�cantly
fasterdueto reducedrasterizationrequirements.Becauseof thehigh internalpre-
cisionof thepixel shaderandtherepresentationof theopacitieswith 16 bits the
resultsareevenbetterthanthoseobtainedwith a 3D texturing setup.Using our
hardware-acceleratedpre-integrationapproachwe areableto maintainhigh up-
dateratesof thepre-integrationtable. In comparisonto softwareintegrationthe
achievedspeedupis about700%onaPCequippedwith aPentium4 runningat2
GHzandanATI Radeon8500(compareTable9.4).
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software setupof textures
linearcolor (n = 1) 4.4s
polynomialn = 2 6.6s
polynomialn = 4 11.0s
Radeon8500 setupof textures
linearcolor (n = 1) 0.6s
polynomialn = 2 1.0s
polynomialn = 4 1.7s

Table9.4: Preprocessingtimesfor 2D multi-texturingwith a textureresolutionof
5122 texels.

The total renderingtime is almostindependentof the chosenreconstruction
method(exceptfor n = 4). It dependsmainly on thesortingalgorithm[118,104,
121] andthe transferspeedbetweenthe CPU andthe graphicsadapter(seeTa-
ble 9.5). For comparisonpurposestheexperimentalresultsaregivenfor a poly-
nomialdegreeof 2. Weachieveupto 600,000tetrahedraperseconddependingon
the sortingalgorithm. Approximatelyhalf of the time is spentby sorting,while
the otherhalf is spentby rendering. The lower performancefor renderingthe
Bucky Ball datasetis dueto a largervariationof thescalarvalueswhich leadto a
reducedtexturecachecoherence.

GeForce4 #tetra numeric MPVO XMPVO
Blunt Fin 187k 3.18fps 2.64fps 2.35fps
Bucky Ball 177k 2.46fps 2.19fps 2.05fps

Radeon8500 #tetra numeric MPVO XMPVO
Blunt Fin 187k 2.51fps 2.20fps 1.99fps
Bucky Ball 177k 2.09fps 1.98fps 1.87fps

Table9.5: Displaytimesincludingvisibility sortingon a Pentium4 runningat 2
GHz usinga polynomialapproximationof degree2 anda 1280� 960view port.
The appliedsorting algorithmsare numericalsorting [121], MPVO [118], and
XMPVO [104].
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linear
approximationof a

exponential
interpolationof a

linearcolor
reconstruction

quadraticcolor
reconstruction

Figure9.5: Comparisonbetweendifferentapproximationsof therayintegral. The
appliedtransferfunctionsaredepictedbelow eachimage.

Figure9.6: Bucky Ball with per-vertex lighting of originaldatasetandpartof the
ChristmasTreedataset [46], both with quadraticpolynomialapproximationof
chromaticityandaccurate16bit a.

Figure9.7: Blunt Fin datasetusingquadraticpolynomialapproximationof chro-
maticityand16bit a. Dueto thehighreconstructionqualityof thepre-integration
table,theundersamplingwithin theoriginaldatasetcaneasilybeseen.



Chapter 10

Ground FogRendering

Albert Einstein:Asfar asthelawsof mathematics
referto reality, they arenot certain;
andasfar asthey arecertain,
they do not referto reality.

In contrasttoChapters8and9,wherethepre-integrationtechniquewasdeveloped
to enhancethequality of unstructuredvolumerendering,in this chapterwe try to
improvetheperformanceby posingseveralrestrictionson theopticalmodel.The
performanceof theresultingalgorithmis demonstratedby renderinggroundfog
in realtime.

Actual implementationsof the PT algorithmachieve a peakperformanceof
250,000[121] to 600,000[35] tetrahedrapersecondincludingtimesfor sorting.
Dueto thegrowing complexity andamountof thedatasetsframeratesof lessthan
oneframepersecondarestill quitecommonfor typicalunstructureddatasets.

Recently, hardware-acceleratedmethodshave beenproposedto speedup the
PTalgorithm,but with actualgraphicshardwarestill nomorethanapproximately
480,000[109] respectively 490,000[124] tetrahedraare possible. In fact, the
hardware-acceleratedmethodsareslower thanawell tunedsoftwareimplementa-
tion. This observationmaybeastonishingin the �rst place,but with an in depth
analysisof thebottlenecksthis becomesclear. Therearefour limiting operations
which determinetheperformanceof thePT algorithm:visibility sorting,tetrahe-
dralprojection,transferof vertex data,and�nally rasterization.Usinga fastCPU
like the Pentium4 3.0 GHz, the orderingandthe projectionof the tetrahedrais
performedfasterthanthe GPU canbe fed over the AGP bus. With the increas-
ing speedof theGPUsthevertex processingperformanceis almostbalancedwith
theperformanceof theCPU,but rasterizationstill is a limiting factor. In conclu-
sion, performingthe cell-projectionon the GPU will only slow down the entire
pipeline,sincethe graphicsprocessoris alreadynearits limit. Therealsoexist
hardware conceptsto overcomethe speedlimitations, but it is uncertainwhen
theseconceptswill �nd its way into graphicsaccelerators[47].

Sincerecentefforts to signi�cantly speedup the PT algorithmhave not led
to satisfactoryresults,we pursuea differentstrategy: First we evaluatethe the-
oreticalspeedlimit on the numberof polyhedrathat canbe renderedon actual
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graphicshardware. Basedon theseresultswe proposea reasonablemodi�cation
of theopticalmodelto approachthetheoreticallimit.

10.1 Theoretical Performance

In principle,all the facesof anunstructureddatasethave to betreatedto recon-
structthe ray integral exactly. For the caseof hexahedralcells, this resultsin 6
faceswith 4 verticeseach. Assumingthat the volumetricgrid canbe rendered
with trianglestripping,8 verticeshave to be passeddown the graphicspipeline
per hexahedron. Actual graphicsadaptorslike the NVIDIA GeForce3reacha
peakperformanceof about12million verticespersecondusingtrianglestrips(in
practicalexperience).Thus,themaximumtheoreticalperformanceof aGeForce3
is 1.5million hexahedrapersecond.

In order to verify the theoreticalresult,we �rst appliedmaximumintensity
projection(MIP) [38]. The advantageof MIP is that a volumetricgrid canbe
visualizedjustby renderingall thefacesof thecellsin anunsortedorder. Without
greatlossof accuracy the scalarvaluescanbe assumedto vary linearly inside
eachhexahedron.Thenthemaximumprojectedscalarvalueof eachray segment
is eitherthevalueat theintersectionpointon thefront or on thebackface.Using
this approachwe achieved a performanceof 643,000hexahedraor 5.1 million
trianglespersecond.Assumingthatahexahedronneedsto bedecomposedinto at
least5 tetrahedrato berenderedwith thePT algorithmtheexperimentalresultof
643,000hexahedraper secondcorrespondsto 3.2 million tetrahedraper second.
This is still far away from thetheoreticalmaximum,but it is almosta magnitude
fasterthanthebestknown PT implementation.

10.2 Practical PerformanceAnalysis

The performancefor sucha simpleoptical model like MIP is alreadyconsider-
ably lower thanthetheoreticallimit. This is mainly dueto thelargerasterization
overhead.Hence,it is no surprisethat theperformanceis evenworsein thecase
of the standardvolumedensityoptical model[119]. This is dueto the require-
mentof visibility sorting.Conceptually, thetetrahedramustberead,written,and
readback from main memory for sorting (compareWittenbrink et. al [121]).
With increasingrenderingspeedof the graphicsacceleratorthe memoryband-
width consumedby visibility sortinganddatatransferover theAGPbusbecomes
the limiting factor. This behavior startsat approximately1.5 million tetrahedra
persecondon actualPChardware. Sincethetotal performanceis currentlyonly
around600,000tetrahedrapersecondthemainlimiting factoris still thegraphics
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accelerator. We suspectthat a signi�cant performancebump beyond the men-
tioned1.5 million tetrahedraper secondlimit is possibleonly with a structural
paradigmshift of graphicsacceleratorsor specialpurposehardware.

Becauseof the limiting behavior of visibility sorting,we devise an ef�cient
algorithmfor an emissive optical model[68] which doesnot requiresorting. In
our opinion this opticalmodelcanbe consideredto be a goodtradeoff between
speedand quality. The emissive optical model neglectsabsorptionso that the
ray integral is simply the sum of all emissionsalong eachray. As a welcome
sideeffect sorting is not required,sincethe blend function is commutative. In
comparisonto the standardoptical model the emissive model gives lessvisual
cluesbut as we will seethe implementationis extremely simple so that it can
serveasa fastpreview andprototypingoption.

Recently, Mech[70]proposeda methodto renderboundedlayeredfog using
anemissiveopticalmodel.Theboundedfog is de�ned within a triangularsurface
meshwhich allowsfor easyhardware-acceleratedcomputationof theray integral
(seeSection5.4). While this approachis simpleyet very fast,it assumesa con-
stantfog densityand requiresa 12 bit visual to eliminateMach bands. In the
following weextendthisalgorithmto projectarbitrarycell types,suchastetrahe-
dra,hexahedra,or prisms,without therestrictionto a12bit framebuffer andwith
linearly interpolateddensitieswithin eachcell.

10.3 ProjectedConvexPolyhedra Algorithm (PCP)

Our so-calledProjectedConvex Polyhedra(PCP)algorithmrequiresthreepasses
per cell. In the �rst two passesthe lengthof the ray segmentsis calculatedin
the alphachannelof the frame buffer. For this purpose,the distanced to the
nearplaneis computedfor eachvertex of the cell. Let dmax denotethe maxi-
mum distance,let dmin denotethe minimum distance,and let Dd = dmax� dmin
bethedifferenceof both(seealsoFigure10.1).Thenthebackfacesof a cell are
renderedinto thealphachannelof theframebuffer with thealphacomponentof
eachvertex setto a = (d � dmin)=Dd. In thesamefashion,thefront facesof the
cell arerenderedinto thealphachannelwith subtractive blendingenabled.As a
result, the normalizedray segmentlengthsarenow availablein the alphachan-
nel of the framebuffer. In the lastpassall facesof thecell arerenderedinto the
color channelof the framebuffer. Let k(S) denotethe transferfunction of the
emissiveopticalmodeldependingon thescalarvalueS. Thenthecolor I of each
vertex is setto I = 1

2k(S)Dd. Thefollowing blendfunctionis appliedasdescribed
in OpenGLnotation: glBlendFunc(GL DST ALPHA,GL ONE). This effec-
tively multiplies the averageemissionalongeachray segmentwith the segment
lengthalreadystoredin thealphachannel.
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In contrastto Mech's methodwe do not requirea 12 bit visual,sincewe use
normalizedray segmentlengthsfor eachcell. A solutionto suppressthe Mach
bands,if we would applyMech's method,would beto usethe�oating point ren-
der target of actualPC graphicsacceleratorssuchas the ATI Radeon9700 or
NVIDIA NV30. However, sincethealgorithmis mainly rasterizationboundthe
increasedbandwidthfor the �oating point rendertargetwould signi�cantly slow
down rendering.Additionally, Mech's algorithmis not as�e xible asours. Us-
ing ourmethod,almostany desiredvolumetricobjector effectcanbeconstructed
from convex polyhedra,suchastetrahedra,prisms,andhexahedrain a verycom-
pactway.

Dd
min d

near plane

Figure10.1:Projectionof polyhedralcells.

In principle, all typesof cells usedfor FEM suchas tetrahedra,hexahedra,
prisms,pyramidsetc. arecompatiblewith our approach.For the commoncase
of projectedhexahedraSchussmanet al. [96] reportabout80,000hexahedraper
second.Weachieveabout212,000hexahedrapersecond,which is aperformance
increaseof 265%. Comparedto the 643,000hexahedraper secondof the MIP
method,theperformancedropis mainlydueto theincreasednumberof rendering
passes.

In Figure10.2and10.3exampledatasetsareshown thathavebeenvisualized
with thePCPalgorithm. Thecorrespondingtimingsaregivenin Table10.4. To
speedup projectionhexahedrawith zeroemissionwerediscarded.
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Figure10.2:Blunt Fin andBucky Ball datasetrenderedwith thePCPmethod.

10.4 Application of the PCPMethod to Ground Fog
Rendering

RenHöek:Back off man!!!...
Don't makemeusethis...
Onestepcloser, I'm warningya...
Don't makemeuseit!
Nowyou'vedoneit!
You... forcedmeto useit!!!...

Eventually, we cometo the�rst applicationexampleof theproposedunstruc-
turedvolumerenderingmethodsin theareaof naturalgaseousphenomena.Be-
sidesthe applicationareaof scienti�c volumevisualizationasdemonstratedin
Figure10.2theperformanceand�e xibility of theproposedcell projectionalgo-
rithm in Section10.3pavesthewayfor other�elds of application.As anexample,
wedemonstratetherealtimedisplayof groundfog. In principle,all effectsrelated
to light emittinggascanbe modeled.In particular, thedisplayof groundfog in
terrainrenderingscenariosbene�tsfrom ouralgorithm,asshown in thefollowing.

In a terrainrenderingscenariothe landscapeis commonlygiven asa height
�eld (seeChapter3). Here,thebasicideato displaygroundfog is to useasecond
height�eld (thegroundfog map)which de�nestheheightof thefog layerabove
the ground. Eachtriangleof the surfacemeshis treatedasa basetriangleonto
which a vertically alignedprismis stacked. Theheightof theprisms,that is the
heightsof thethreeverticaledgesof eachprism,arederivedfrom thegroundfog
map(seeFigure10.5).

At the top left of Figure 10.6 an exampleheight �eld of Yukon Territory,
Canada,is depicted. The shown groundfog hasbeengeneratedwith 2D Per-
lin noise[82]. In orderto reducethe numberof displayedtrianglesandstacked
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Figure10.3: Syntheticdatasets:A searchlight with quadraticintensityattenua-
tion, a lasercone,andacamp�re generatedwith 3D Perlinnoise.

prisms,we useda C-LOD approach(seeChapter3), that is our C-LOD imple-
mentationof [89]. Thetriangulationalgorithmof this C-LOD implementationis
drivenby asubdivisioncriterionwhichdependsonviewing distanceandlocalcur-
vature.In caseof groundfog renderingthelocalcurvatureof boththeheight�eld
andthegroundfog maphasto beconsidered.Sincetheprojectionof aprismtakes
moretimethanrenderingthebasetriangle,thelocalcurvaturesarenotconsidered
equallyimportant.In ourapproachthemaximumof theweightedlocalcurvatures
is takenassubdivisioncriterion.TheC-LOD algorithmalsoimplementsgeomor-
phingsothat thepoppingeffect is suppressedef�ciently . This allows theviewer
to �y throughthegroundfog withoutexperiencingany temporalaliasingartifacts.

Figure10.4:Timingsfor hexahedralprojection.

Dataset dimension #hexahedra framespersec.
BluntFin 32� 32� 40 37,479 8.5
Bucky Ball 32� 32� 32 29,791 15.9
SearchLight 16� 4� 32 1,395 115.8
CampFire 16� 16� 16 3375 51.3
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triangulated surface

stacked prism

base triangle

edge height
is derived from
ground fog map

Figure10.5:Stackingprismsontoa triangulatedsurface.

We achievedanaverageframerateof approximately25 Hertz for a window size
of 512� 384.

Inside the fog, we have to take careof prismsthat intersectthe nearclip-
ping plane.In sucha casetheray segmentlengthsarepartially invalid, sincethe
correspondingbackfacesarenot renderedcompletely. To circumvent this prob-
lem, we alsorenderthe intersectionof eachprism with the nearclipping plane
with a = (dnear � dmin)=Dd afterthesecondpass.Thesamestrategy is necessary
for thethird pass.

The groundfog in the valley asshown at the top right of Figure10.6 is dis-
playedwith maximumintensityprojection. The correspondingheight �eld has
beenpaintedby handwith a standardimagemanipulationapplication.Sincethe
MIP methodrequiresonly onepassin comparisonto thethreepassesof thePCP
algorithmtherasterizationbottleneckis reducedsigni�cantly. This leadsto more
thantwice theframerate(> 50 Hz) asin thepreviousexample.

Despitethe seeminglyunsuitableoptical modelwe have found a reasonable
setupfor theMIP method:The fog's optical densityis setto zeroat the bottom
of theprisms.At thetop of theprismsthedensitycorrelatesto theheightof the
fog layer. Despitethefact that this settingdoesnot reproducethefog physically
correctit is well suitedfor therealtimedisplayof foggyareasin computergames
wherefog canbeusedasagameplay relevantelement.

Anotherapplicationareaof the describedgroundfog rendereris the display
of the AureaBorealis(polar light). We simply setup a height �eld that corre-
spondsto the penetrationdepthof the particlesinto the earth's ionosphere(see
Figure10.6).
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Figure 10.6: Groundfog generatedwith 2D Perlin noise. Top left: Emissive
opticalmodel. Top right : MaximumIntensityProjection(MIP). Centre: Aurea
Borealis(polar light). Bottom: Groundfog in combinationwith a cloud layer,
which is de�ned by two height�elds.
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Cloud Rendering

The PCPalgorithmemploys an emissive opticalmodelor MIP, which resultsin
unprecedentedperformancebut is not realistic in a physicalsense. Due to its
�e xibility , it is alsosuitedfor thedisplayof volumetriceffectsin interactive en-
tertainment.We have demonstratedthis by rendering�re andgroundfog in real
time. In this chapterwe apply the pre-integrationmethodsdevelopedin Chap-
ters8 and9 to achieve a higherquality. In particular, we demonstratereal time
cloud rendering. In order to achieve real time performancewe also develop a
view-dependentmeshsimpli�cation schemewhich reducesthe numberof ren-
deredtetrahedrafor largeclouddatasets.This is theanalogueprocedureasusing
theC-LOD algorithmfor thedisplayof groundfog.

11.1 View-DependentRendering

In general,thestrategy to simplify a meshin a view-dependentfashionis suited
well for the real time displayof large scenes[126]. This hasbeenexempli�ed
by theC-LOD algorithmsin theareaof terrainrenderingasshown in Chapter3.
The C-LOD techniqueachieveshigh frameratesby generatingan approximate
view-dependenttriangulationof theterrain. In orderto minimizethetotal screen
spaceerrorof theapproximation,smalldistantdetailsarerepresentedwith fewer
trianglesthanthosewhicharenearby.

Despitethe widespreaduseandthe maturity of the C-LOD techniqueit has
not yet beenappliedto the more generalcaseof volume rendering: A multi-
resolutionanalysisfor the display of polygonal mesheshas been introduced
by Rossignacet al. [91], and hasbeenthe subjectof intensestudieslater on
(seeXia et al. [126] as a startingpoint). Generalmulti-resolutionanalysisof
volumetric mesheshas beengiven by Eck et al. [24] and more recently by
Cignoni et al. [11]. Variantsfor the hierarchicalvisualizationof regular vol-
umedatahave beendiscussedby Laur et al. [56], Zhouet al. [129], andSchuss-
manet al. [96]. And �nally a view-dependentsimpli�cation methodfor irregular
gridshasbeenproposedby Meredithetal. [73]. But theef�cient view-dependent
simpli�cation of regularvolumedatais still anactive research�eld.
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11.2 C-LOD Rendering

In thefollowing we presenta generalpurposevolumerenderingalgorithmwhich
is basedon thecontinuouslevel of detail idea.It maintainsanoctreeto construct
aview-dependentrepresentationof regularvolumedata.After decomposingeach
leavenodeof theoctreeinto tetrahedrathesecanberenderedef�ciently usingthe
projectedtetrahedraalgorithmof Shirley andTuchman[101].

A commonpropertyof view-dependentalgorithmsis the occurrenceof the
so-calledpoppingartifacts:Smalldistantdetailswill suddenlypopup whenap-
proachingnearby. In thecaseof a C-LOD terrainrendererthetotal screenspace
errorof theapproximationcanbepushedeasilybelow theonepixel boundary, so
that the poppingeffect becomesinvisible. In the volumetriccase,however, this
approachis infeasible.As a solutionto this problem,themeshhierarchyhasto
be interpolatedsmoothly. In considerationof this fact, we presenta fastmesh
interpolationmethod,which we refer to asvolumetricmorphingthroughoutthis
chapter.

11.3 GeneratingContinuousLevelsof Detail

In this sectionwe describehow to adapttheC-LOD techniquepreviously known
from terrainrendering[59, 19,89] to thevolumetriccase.

11.3.1 Hierar chical VolumeRepresentation

Givena three-dimensionalscalar�eld, which is de�ned by an arraywith 2n + 1
(n > 0) grid points in eachdimension,a hierarchicalvolumetric meshis con-
structedby building an octreein a bottom-upfashion. Grids with a sizeother
than2n + 1 have to be paddedor resampled.Eachleave nodeof the octreeis
decomposedinto � ve tetrahedra.Sincethereexist two topologicallydifferentde-
compositions,adjacentnodesof thesamelevel of detailhaveto bedecomposedin
analternatingfashionto ensureaconformingmesh.In Figure11.1theorientation
of the tetrahedrais depictedfor a coarseexamplehierarchywith a total of three
differentlevelsof detail.

11.3.2 View-DependentMeshSimpli�cation

The key ideaof a volumetricC-LOD algorithmcanbe describedasfollows: In
orderto performaview-dependentsimpli�cation theoctreehasto beupdatedfor
eachframe.During a top-down traversalof theoctreeour approachcalculatesan
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Figure11.1: Hierarchicalvolumerepresentationusingan octree: The example
hierarchyconsistsof theroot nodewith 8 children(bright/orange),oneof which
hasbeenre�ned into another8 children(dark/blue).Eachleavenodeof theoctree
is decomposedinto � ve tetrahedrain analternatingfashion.

upperlimit on thelocalscreenspaceerrorof eachnode.If thelocalerrorexceeds
aprede�nedthresholdthecorrespondingnodeis split into eightchildren.

The error metric usedto estimatethe local screenspaceerror is designedto
meetthe following criteria: A nodeshouldbe re�ned if the local simpli�cation
error is large. Also, small distantnodesshouldbe re�ned lesslikely thanthose
whicharenearby. Let sbetheedgelengthof eachnode,let d denotetheeuclidean
distanceof theeye to thecenterof thenode,andlet D bethe local simpli�cation
errorof thenodein objectspace.With thepreviousde�nitions, we introducethe
absoluteerrorE, thebaseerrorb, andthenormalizederrore= E=b asfollows:

e=
sCmax(cD;1)

d
(11.1)

If the normalizederror e is greaterthan one (meaningthat the actualerror is
greaterthanthe baseerror b), the nodeis re�ned, elsethe re�nementof the oc-
tree is stopped.The baseerror is set indirectly by choosingappropriatevalues
for the two constantsc andC. Typically, C is chosento be constant,so that by
tuningc in therangefrom [1;¥ [ theresolutionof themeshcanbeadaptedconve-
niently. Highervaluesof c resultin a �ner mesh,whereastheconstantC de�nes
theminimumpossibleresolution.
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In a preprocessingstepthe local error D is computed.It is de�ned to be the
averageof thescalardeviationsDi at thecenterof thenodeandthemidpointsof
the edgesandfaces. The scalardeviationsDi areequalto the differenceof the
scalarvalueof eachvertex andtheinterpolatedscalarvaluederivedfrom thenext
coarserlevel of detail. For instance,the deviation of the midpoint of an edgeis
equalto the absolutescalardifferenceof that vertex andthe averageof the two
adjacentcornervertices(alsocompareFigure11.2whereDmidlef t = j 1

2(Stoplef t +
Sbottomlef t) � Smidlef t j).

11.3.3 Building a Conforming Mesh

For adjacentnodes,which do not belongto the samelevel of detail (depicted
by theorangeandbluecolorsin Figure11.1),the interpolatedscalarvaluesat a
T-vertex of the boundaryfacedo not match. Onesolutionto ensurea conform-
ing meshis to insertirregular tetrahedrainto thecoarsernode.This techniqueis
known asthered-greenor regular-irregularre�nementmethod[2, 34]. But if we
want to morphbetweentwo of the large numberof irregular con�gurations,the
situationis getting inscrutablecomplex. Furthermore,adjacentnodesmustnot
differ by more thanone level for this methodto work. In order to circumvent
theseproblems,we employ a differentapproach:Ratherthaninsertingirregular
tetrahedrainto the coarsernode,we manipulatethe scalarvaluesof the re�ned
node. To build a conformingmeshthe scalarvalueat a T-vertex is simply sub-
stitutedby theinterpolatedvaluefrom thecoarsermeshof theadjacentneighbor
node.A detailedexampleis givenin Section11.4.

11.3.4 Hierar chical Err or Propagation

Sincewe usea top-down simpli�cation approach,at eachnodeonly the local
simpli�cation error is known. However, in order to minimize the total screen
spaceerrorof thegeneratedmesh,we alsoneedto know the local simpli�cation
error of all children in advance. This canbe accomplishedby propagatingthe
localerrorfrom thechildrenup to theparentsof theoctree.In principle,theerror
propagationhasto ensurethatanodeis re�ned, if at leastonechild alreadyful�lls
there�nementcondition.In mathematicaltermsthiscanbewritten as:

echild > 1 ! e> 1 or e> echild (11.2)

SubstitutingEquation11.1into Equation11.2yields

D> KDchild with K =
d

2dchild
: (11.3)
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Now we determinean upperboundfor K. Sincewe introduceda minimum
accuracy C which alwaysguaranteesre�nementfor d < sC we just have to con-
siderthe cased � sC. On the onehand,the minimum possiblevalueof K is 1

2
for an in�nite distantviewer. On the otherhand,the maximumpossiblevalue
of K occursfor theminimumdistanced = sC. Thentheminimumdistanceto the
centerof oneof its childrenis dchild = sC� 1

4

p
3s. Resubstitutingthesedistances

into Equation11.3yieldsthefollowing upperboundfor K:

Kmax=
C

2C� 1
2

p
3

(C >
p

3) (11.4)

As a consequence,Formula11.5canbe usedto propagatethe local error D
from all eightchildrenup to theparentnodes.Startingwith the leave nodes,all
nodeswhich belongto thesamelevel of detail areprocessedin a row. For each
nodethe �nal propagatedD-valuesarestoredat the centervertex of eachnode
usinga linearmappingwith 16 bitsof accuracy.

D:= max(D;Kmax� Dchild) (11.5)

In summary, theupdateof theview-dependenthierarchyis performedby re-
�ning the octree,if andonly if the normalizederror de�ned in Equation11.1 is
greaterthanone. The simplicity of this approachis the basisfor the real time
performanceof our algorithm. Another importantadvantageis that volumetric
morphingcanbeimplementedveryef�ciently asshown in Section11.4.

11.4 Volumetric Mor phing

Arthur C. Clarke:Anysmoothlyfunctioningtechnology
will havetheappearanceof magic.

In this sectionwe describea new fastmethodto morphtheview-dependenthier-
archy. Volumetricmorphingis mandatory, becauseotherwisethetransitionfrom
onelevel of detail to anothercouldbeobservedeasily.

For eachframe, �rst the hierarchyis updatedusingthe view-dependentap-
proachdescribedin Section11.3.During theupdatetheerrormetrice is mapped
to the range[0;1] accordingto Equation11.6andstoredat the centervertex of
eachnodewith 8 bitsof accuracy.

e0= min(max(e� 1;0);1) (11.6)

In a secondoctreetraversal,the normalizederror metric e0 is interpretedin the
following way: A valueof zero(e � 1) meansthat the correspondingnodehas
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not yet beenre�ned, thusit canbedecomposedinto 5 tetrahedraandrenderedas
describedin Section11.5.A valuegreaterthanzeroandlessthanone(e2 (1;2))
meansthatthenodehasbeenre�ned but still noneof its children.A valueof one
(e � 2) meansthatthenodeandat leastoneof its childrenhave beenre�ned. As
a consequence,thetimebetweenthetwo subsequentre�nementeventsfor e0= 0
ande0= 1 canbe usedto blendthe scalarvaluesof the correspondingnodeas
smoothaspossible.Thus,theparametere0justservesasaninterpolationfactorto
morphrecursively betweentheactualnodeandits children.

In contrastto a �x ed blendingtime interval [42], the speedof the interpola-
tion is coupledto theerrormetric. This is a muchbetterstrategy for volumetric
morphing,sincedistantdetailscan be morphedmuchslower than thosewhich
arenearby. In practice,we have found that themaximuminsteadof theaverage
of the deviationsDi suppressesthe poppingeffect morereliably. This is dueto
thefact thatthesubjectiveobservability of theinterpolationis determinedby the
maximumandnot by theaveragechangeof all vertices.

In the context of the describedinterpolationschemea conformingmeshcan
be guaranteedsimply by usingthe minimum interpolationfactorof all adjacent
nodeswhich sharethe interpolatedvertex. If oneof the adjacentnodeshasnot
beenre�ned, thecorrespondinginterpolationfactoris assumedto bezero.

In thefollowing we illustratethedescribedinterpolationschemeusinga two-
dimensionalexample,which is depictedin Figure11.2.In general,only thescalar
valuesof thenon-cornerverticesof a nodehave to beinterpolatedusingthenor-
malizederror metric e0 asthe interpolationfactor. In the two-dimensionalcase,
thenon-cornerverticesof a nodearethemidpointsof thefour edges(blackdots)
andthe centervertex (white dot). For eachof thoseverticesthe interpolationis
performedbetweenthe averagescalarvalueof the two adjacentcornervertices
(smallblackcrosses)andtheactualscalarvalueof thevertex. For themidpointof
theleft edgeof thegrey nodein Figure11.2,for example,theinterpolatedscalar
valueS0

midlef t is calculatedasfollows:

w = min(e0;e0
n) (11.7)

S0
midlef t = w

1
2

(Stoplef t + Sbottomlef t ) + (1� w)Smidlef t (11.8)

In thethree-dimensionalcase,thenon-cornerverticesof a nodearethecentroid,
the midpointsof the six faces,andthe midpointsof the eight edges.The scalar
valuesof theseverticesareinterpolatedin analogyto thetwo-dimensionalexam-
ple. Themidpointsof theedgesaresharedamongtheactualnodeandamaximum
of threeadjacentnodesof the samelevel of detail. Thus,theminimuminterpo-
lation factorof theseverticeshasto be calculatedfrom the interpolationfactors
of theactualandthethreeadjacentnodes.Themidpointsof thefacesareshared
amongtwo nodes.Here,additionalcaremustbe given to the calculationof the
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Figure11.2:Two-dimensionalmorphingexample.

averagescalarvalueof thecornervertices,sinceadjacentnodesaredecomposed
in analternatingfashion.Theaveragescalarvalueis thereforecomputedfrom the
appropriatetwo cornerverticesof the tetrahedraldecompositionof the adjacent
neighbornode.Thecentroidof a nodeis locatedinsidethecentertetrahedronof
thedecomposition.In thiscasetheaveragescalarvalueis computedfrom thefour
verticesof thecentertetrahedron.Again,specialcaremustbegivento thecalcu-
lation of the averagescalarvalue,sincethe orientationof thecentertetrahedron
alters.

11.5 Cell Projection

Now that we have performeda view-dependentsimpli�cation of a regular vol-
ume, the generatedtetrahedrahave to be composedin a back to front fashion.
We apply the cell-projectiontechnique,that is the PT algorithmof Shirley and
Tuchman[101, 106,116,120]. The original PT algorithmonly supportslinear
transferfunctionswhich arenot appropriatefor the displayof gaseousphenom-
enaasdemonstratedin Section11.6.Thereforewe alsoapplythepre-integration
methodintroducedin Chapter8 (comparealso[90, 69,26]) which allows theuse
of arbitrary transferfunctionsby storingthe ray integral in a three-dimensional
pre-integrationtable. Visibility sorting[118, 13] is performedby reorderingthe
traversalof theoctreein a backto front fashion.For this purposethechildrenof
eachnodearetraversedbackto front. This ensuresthatat eachlevel of detail the
nodesaredepthsorted,which is equivalentto a total orderingof theoctree.

In order to speedup the PT algorithmwe discardtransparenttetrahedraby
applying the so-calledZero Opacity Test (ZOT). While this test is obvious for
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lineartransferfunctions,it is not asobviousfor arbitrarytransferfunctions.For-
tunately, thethree-dimensionalpre-integrationtablecontainsall necessaryinfor-
mation to apply this test. First, the minimum andmaximumscalarvalues(de-
notedby Smin and Smax) of the testedtetrahedraare computed. If the entry at
position (b(n � 1)Sminc;d(n � 1)Smaxe;m� 1) of the pre-integration table (with
sizen� n� m) is zero,thenwecandiscardthetestedtetrahedra.By applyingthe
ZOT to eachvisitednodeof theoctree,we candiscardall transparenttetrahedra
with virtually no computationaloverhead.

Anothercommonway to speedup renderingis view frustumculling. During
therenderingtraversalof theoctreeeachnodeis testedagainstintersectionwith
theview frustum.If a nodedoesnot overlapwith theview frustum,it is invisible
andcanbediscarded.

Sincewe want to allow the viewer to navigatefreely insidethe volume,we
facethefollowing problem:If a tetrahedronintersectsthenearclippingplane,the
clippedtwo-dimensionalprojectionis not identicalwith theclippedvolumeof the
tetrahedron.In orderto displaythe tetrahedroncorrectly, it hasto bebeclipped
in a truly volumetricfashion.Wedistinguishtwo differentcases:Eitherthetetra-
hedronis cut into one tetrahedronand one prism or it is cut into two prisms.
Therefore,the visible part of the clippedtetrahedronis eithera tetrahedronor a
prism.In thelattercasethetotalnumberof renderedtetrahedrais increased,since
theprismhasto bedecomposedinto threetetrahedra.However, in comparisonto
thetotal numberof renderedtetrahedra,thenumberof clippedtetrahedrais fairly
low. Thereforethenumberof additionallygeneratedtetrahedrais uncritical.

11.6 Non-PhotorealisticCloud Rendering

In the previous sectionswe have describeda generalpurposevolumerendering
algorithmwhich is basedon a view-dependentsimpli�cation. In this sectionwe
demonstratetheabilitiesof thisapproachby renderingvolumetricclouds.

In general,wecanthink of acloudasa three-dimensionalscalarfunction f =
f (x;y;z). Thescalarvaluescorrespondto theopticaldensityof themedium.Due
to the complex anisotropiclight scattering[3, 31, 23, 67, 105, 78, 43] insidea
cloudthephotorealisticdisplayis a time consumingtask. Impostors[95, 97] are
currentlythedominatingtechniquehere[16, 25,37] (seealsoChapters5 and6).

However, if we restrictourselvesto isotropiclight scatteringthecloud inten-
sitiescanbe precomputedandwe canapply the describedview-dependentsim-
pli�cation algorithm. As a result, the cloudsaremodeledby two scalar�elds,
the scalardensity f (x;y;z) andthe scalarisotropic light intensityg(x;y;z). The
meshsimpli�cation is driven by the maximumdeviation of both scalar�elds.
Thisapproachhasthefollowing advantages:Sinceweusea truly volumetricrep-
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resentationthereareno restrictionswith respectto cloudshapeandappearance.
As opposedto the impostormethod,the cloudsaredisplayedwithout temporal
aliasingor perspective artifacts,even for view points insidethe clouds. This is
guaranteedby theapplicationof volumetricmorphingandclipping.

11.6.1 Modi�ed PT Algorithm

Thevolumedensityopticalmodel[119] usedfor pre-integratedvolumerendering
presumesthe transferfunctionsk (thechromaticityvector)andr (thescalarop-
tical density)to dependboth on the scalardensityfunction f (x;y;z). But, since
we want the optical densityto dependon the densityfunction f (x;y;z) andthe
chromaticityvector to dependon the precomputedlight intensitiesg(x;y;z), we
circumvent this restrictionof theopticalmodelby slightly modifying thePT al-
gorithm. For this purpose,we assumethat r ( f ) = f . Thenwe apply the pre-
integration to the chromaticityvector k = k(g(x;y;z)) and the maximumopti-
cal densityr max = fmax. To introducethedependency on f (x;y;z) we modulate
the effective length l of eachtetrahedralray segmentby the scalaroptical den-
sity r = f (x;y;z) accordingto thefollowing equation:

l0= l
f (x;y;z)

fmax
(11.9)

11.6.2 Non-PhotorealisticLighting

The previous approachrequiresan isotropic light scatteringsimulation[67, 78,
43] to calculatethe light intensity function g(x;y;z). Insteadof determining
physicalsimulationparameterswe proposea non-photorealisticapproachwhich
achievesthe desiredlook andfeel of the cloudsby a direct manipulationof the
transferfunctions.

For this purpose,thechromaticityvectork = k( f (x;y;z)) is de�ned to bean
inversecolorrampandtheopticaldensityr = r ( f (x;y;z)) is de�ned to bealinear
functionexceptfor verysmalldensitieswhereit is settozero.Thisallowstospeed
up rasterizationby discardingnearly transparentareaswith the ZOT. The light
intensitiesgarecalculatedby standardambientanddiffuselighting andareused
to modulatethe effective ray segmentlengthasdescribedbefore. With respect
to the directionof the diffuse light this leadsto high opacitiesat the front and
to low opacitiesat the back of the clouds. As a consequence,the dark inside
of eachcloud shinesthroughthe translucentback,but at the front bright colors
still dominatetheappearanceof theclouds.Thisapproacheffectively mimicsthe
naturallook andfeel of cloudswithout requiringaphysicallighting simulation.
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11.7 PerformanceMeasurements

Using the describednon-photorealisticcloud and ground fog renderingalgo-
rithms,Figures11.3and12.4show thecity centerof Stuttgartwith somecumulus
cloudsandgroundfog in the valleys. The scenewasrenderedin real time with
approximately26 framesper secondon a PC equippedwith a 1.2 GHz AMD
Athlon andanNVIDIA GeForce3graphicsadaptor. About 25%of thetotal ren-
deringtime wasspenton terrainrendering[89], 20% wasspentfor the display
of the groundfog andthe remainderof 55% for the displayof the clouds. The
latter weregeneratedwith 3D Perlin noise[82, 22]. The appliedtransferfunc-
tionsk andr aredepictedon the left sideof Figure11.3. Theeaseof changing
theappearanceof thecloudsby choosingdifferenttransferfunctionsis illustrated
in Figure11.4showing theBig Islandof Hawaii duringdaytimeandsunset.

Figure11.3:Thecity centerof Stuttgartwith cloudsandgroundfog in thevalleys.
Theappliedtransferfunctionsk andr aredepictedon theleft.

Thesizeof theheight�eld andthegroundfog mapis 2049� 2049,whereas
the cumuluscloudsare representedby an 8 bit density �eld with a basesize
of 513� 513 and a height of 65 grid points. For the density�eld one byte is
consumedper grid point plus 16 bits for the deviationsD andonebyte for the
interpolationparametere0 summingup to a total of 48 MB in our example.The
sizeof thepre-integrated3D textureis 64� 64� 128whichcorrespondsto 2 MB
of graphicsmemory. Sinceonly the3D texturehasto bekeptin graphicsmemory,
themaximumcloudsizeis limited by mainmemoryonly. For thedisplayof the
cloudsthenumberof renderedtetrahedrawasreducedfrom atotalof 83million to
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Figure11.4: The impactof differenttransferfunctionson theappearanceof the
Big Islandof Hawaii. From top left to bottom right: Perlin noisecloudswith
pre-integrationandlighting, linear transferfunctionwithout lighting, sunset-like
transferfunction,andsimulatedbadweather.

lessthan10 thousandtetrahedraon theaverage.This correspondsto a reduction
of four ordersof magnitude.

An analysisof the experimentalresultsrevealstwo bottlenecks. The main
bottleneckis theprojectionof thetetrahedra.This is dueto thefact that for each
single nodeof the octree5 tetrahedrahave to be decomposedinto an average
numberof 17.5triangles.If theview point is entirelyinsideacloud,thealgorithm
is mostly �ll-rate boundandthe performancedropsto approximately15 frames
persecondfor awindow sizeof 512� 384pixels.

11.8 Discussion

In comparisonto the impostortechnique,our approachoffers the following ad-
vantages:Most important,a �ight throughthecloudsdoesnot introducetemporal
aliasingor perspective artifacts,sincewe usevolumetricmorphingandclipping.
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Furthermore,our generalpurposevolumerenderingalgorithmis able to render
arbitraryweatherconditionsincludingovercastsky andthunderstormclouds(see
Figure 12.2). Besidesthe shown 3D Perlin noiseexamplemore sophisticated
cloudsimulationalgorithms[77,75,29] arecompatiblewith ourapproach,which
makesthealgorithmwell suitedfor thepurposeof weathervisualization.

In Figure 11.5 we have tried to match the virtual view of the city cen-
ter of Stuttgartwith the actual real view as seenfrom the vista point called
“Birk enkopf”. Of course,one can clearly seethe differencebetweenthe real
andthevirtual image,sinceit is very dif�cult to reproducethevegetationon the
ground. It is even more dif�cult to model the capturedreal weathersituation.
This would requirea deepunderstandingof weathersimulationwhich is not the
aim of this thesis. Nevertheless,in principal, the most importantnaturalvolu-
metricphenomenasuchascloudsandgroundfog canbe displayedat real time.
Using moresophisticatedsimulationmethodsandreal input datawould leadto
greatly improvedrealism. This hasbeenshown by ThomasGerstneret al. [32]
whodisplayedrealweatherradardataby meansof anhierarchicalcell-projection
approach.Unfortunately, weatherradardatacapturesonly theprecipitationdistri-
butionandnot thedetailedshapeof therainclouds.

Figure11.5:Realandvirtual panoramaof Stuttgart.



Chapter 12

Summary

In this thesisouraimwasto developalgorithmsfor therealtimedisplayof natural
gaseousphenomena,that is particularly groundfog and clouds. We analyzed
the existing methodsin this researchareaandcameto the conclusionthat truly
volumetricmethodswerelacking. We developedunstructuredvolumerendering
techniquesthatweremainlyaimedatscienti�c volumerenderingin the�rst place.
But we have demonstratedthatunstructuredvolumerenderingmethodsarealso
suitablefor reachingourgoalof displayingnaturalphenomenaat realtime.

To bemoreprecise,wedevelopedtwo realtimevolumerenderingmethodsin
thisthesis.The�rst oneis thePCPmethod, andthesecondoneis pre-integrated
cell-projection.

Right now, the �rst one, the PCPtechnique,can be usedin interactive en-
tertainmentto modelvolumetriceffectswith greaterrealism.Typical application
areasarethedisplayof �re, searchlightsandthelike(seeFigure10.3).Theuseof
anon-photorealisticrenderingmodelsomewhatlimits theareaof application,but
in many casesthereal time performanceoutweighsthis restriction.In interactive
entertainmentthe layeredfog technique[57, 39] is usedcommonly(i.e. in the
DX8 gameAquaNox[87]), but hasthedisadvantagethat thevertical fog bound-
ariesare�x ed. With thegroundfog renderingalgorithmdescribedin Chapter10
we overcomethis restrictionby explicitly de�ning theheightof thefog layer. In
orderto reducethegeometriccomplexity wenotonly applytheC-LOD approach
to theterrainbut alsoto thegroundfog layer. Theresultingview-dependentrep-
resentationallows to minimize the otherwiseinherentlylarge volumerendering
overhead.This is the �rst time an approachhasbeenpresentedwhich doesnot
restrict the groundfog model in a geometricalsense.An exampleis shown in
Figure12.1.

The secondmethodfor visualizing volumetric effects at real time is pre-
integratedcell-projection. It allows to reconstructthe ray integral with per-
pixel exactness. Previous unstructuredvolume renderingapproacheswere ei-
ther strongly limited in accuracy or in renderingspeed. Pre-integratedcell-
projectionachievesboth high quality andhigh performance.We combinedthis
approachwith a three-dimensionalversionof thewell-known continuouslevel of
detail technique,which approximatesa three-dimensionalscalar�eld in a view-
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Figure12.1: Wire frame view of groundfog which shows the view-dependent
representation:Far detailsarerepresentedwith fewer volumetricprimitivesthan
thosewhicharenearby.

dependentfashion. The necessityto suppressthe poppingeffect hasbeenad-
dressedby a fastalgorithmfor volumetricmorphing.We have demonstratedthe
performanceof ouralgorithmby displayingnon-photorealisticcloudsin realtime
(seeChapter11 andFigure12.4). Becauseof thetruly volumetricrepresentation
of the clouds,the algorithmis suitedfor real time weathervisualizationandthe
displayof high quality volumetriceffectsin computergames.In orderto include
an applicationexamplein the areaof weathervisualization,Figure12.2depicts
thesimulatedrising of a thunderstormcloud(datasetincludedin theVis5D vi-
sualizationpackage,datacourtesyof BobSchlesinger).

Figure 12.2: Volume visualizationof a thunderstorm cloud: Eight differently
coloredsemi-transparentisosurfacesareusedto visualizetheshapeof thestorm.
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12.1 DecisionChart

In order to put the existing andthe new real time volumerenderingalgorithms
in context we have includeda decisionchartin Figure12.3. Thecharthasto be
readin thefollowing way: Fromtop to bottomandfrom left to right we diversify
thealgorithmsby meansof thetwo criteria“quality vs. performance”and“scene
complexity”, thusthe appropriatealgorithmfor a speci�c renderingtaskcanbe
determinedquickly by consideringthesetwo criteria.

Volumetric FX

Volumetric Objects Environmental FX

Billboards

Layered Fog

Pre-Integrated
       Clouds

PCP for Ground Fog

Impostors

PCP for Objects

Pre-Integrated
Cell-Projection

Traditional Volume
Rendering (Slicing)

OpenGL Fog

Bounded Layered Fog

    Scene
Complexity

Quality
    vs.
 Speed

     Hierarchical
Volume Rendering

Metaball
Methods

Figure12.3:Decisionchartfor volumetricrealtimemethods.

As a �rst decisionstepwe take a look at thescenecomplexity of volumetricreal
time effects. We distinguishbetweenvolumetricobjectslike puffs of smoke and
global environmentaleffects like fog. Naturally the scenecomplexity of envi-
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ronmentaleffects is larger sincethe entiresceneis affected. As a secondstep
we considerthequality requirements.If a simpleopticalmodelcanbeusedone
canchoosethePCPmethodfor example. If this is not suf�cient onewould vote
for pre-integration. The traditionalvolumerenderingmethodsandthe metaball
methodfall somewherein betweenthetwo maincategories.Becauseof thelarge
rasterizationoverheadit is dif�cult to apply them to the entire scene. In that
sensehierarchicalvolumerenderingmethodsperformmuchbetter, but problems
like temporalaliasingandlimited texture memorymake smoothrenderingvery
dif�cult. The highestquality is achieved by pre-integrationandimpostorbased
methods.If scatteringeffectsarerequiredimpostormethodsarethebestchoice,
but if arbitrarycloudmodelshave to bevisualizedthis canonly beachievedwith
a truly volumetricmethodlikepre-integratedcloudrendering.

In conclusion,the newly introducedunstructuredvolumerenderingmethods
widen the spectrumof applicationareason both the sideof quality andperfor-
mance. The bestexamplefor this are the new groundfog andcloud rendering
methods. My hopeis that someof the presentedalgorithmsprovide cluesfor
implementingadvancedvolumetricFX in scienti�c visualizationandinteractive
entertainment,aswell. In the future this goal might be reachedby establishing
thetetrahedronasa basicvolumerenderingprimitive in theAPI of coregraphics
libraries.

12.2 Availability and Licensing

The terrain and ground fog renderer referencedin Chapter 10 is avail-
able freely on the home page of the author (www9.informatik.uni-
erlangen.de/Persons/Roettger/).It is licensedunder the terms of the LGPL
andis alsopartof thevtp terrainrenderingpackage(www.vterrain.org).
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Figure12.4: Scenesfrom a �ight above Stuttgartshowing volumetriccloudsand
groundfog in realtime.
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Chapter 13

Zusammenfassung

DasZiel dieserDissertationist die Entwicklungvon volumetrischenMethoden
zur Darstellungvon naẗurlichenPḧanomenenwie zumBeispielWolkenundBo-
dennebel.Dies ist besondersin Computerspielenwichtig, in denendie stetige
Weiterentwicklungderin PersonalcomputerneingesetztenGraphikkartendierea-
listischeundgleichzeitigechtzeitf̈ahigeDarstellungvon dreidimensionalenSze-
nenermöglichthaben.

NacheinerkurzenMotivationundEinführungin dreidimensionaleVisualisie-
rungstechniken folgt in Kapitel 3 ein Überblick überdie Arbeitsweiseder Gra-
phikhardware.In Kapitel 4 werdenMethodenzur Darstellungvon Landschaften
behandelt,welchedie Basisfür jedeOutdoor-Game-Enginedarstellen.Im Ver-
lauf derDissertationwerdenwir mehrereVisualisierungsalgorithmenvorstellen,
dieaufdiesenDarstellungsmethodenaufbauen.InsbesonderediesogenanntenC-
LOD Algorithmenwerdenausf̈uhrlich behandeltundmiteinanderverglichen,da
siezurZeit die amweitestenfortgeschritteneTechnikdarstellen.

Die Notwendigkeit, fortgeschritteneAlgorithmenzur Landschaftsvisualisie-
rungzu verwenden,liegt in derschierenGrößederDatenbegründet.EineLand-
schaft wird im Allgemeinen durch ein so genanntesHöhenfeld beschrieben.
Dies ist eine zwei-dimensionaleMatrix, welche die Höhenwerteentḧalt. Die
durchschnittlicheGrößediesesHöhenfeldesliegt heutzutagebei 2000x2000bis
4000x4000Gitterpunkten.Aktuelle kommerziellgenutzteSatellitenliefern aber
bereitseine Au� ösungvon unter 10 Metern. Milit ärsatellitenerreichenjedoch
schonseit geraumerZeit eine Au� ösungvon deutlich unter einem Meter. So
erḧalt manfür eineAu� ösungvon nureinemKilometerbereitseineDatenmenge
von rund500Millionen Gitterpunktenfür die gesamteErde.Für eineAu� ösung
von 10 Meternerḧoht sichdie Datenmengeentsprechendauf 5 Billionen Gitter-
punkte.DasentsprichteinerunkomprimiertenDatenmengevonrund10Terabyte.
Diesverdeutlicht,welcheDatenmengebei derLandschaftsvisualisierungtheore-
tisch pro Bild verarbeitetwerdenmuss.Selbstbei der erwähntendurchschnittli-
chenGrößevon2000x2000PunktenbestehtdieLandschaftnochaus4 Millionen
Dreiecken.Unter der Annahme,dassaktuelleGraphikkartencirca 30 Millionen
DreieckeproSekundeverarbeitenkönnen,ergibt sicheineBildwiederholratevon
ca.7 BildernproSekunde.Für interaktiveAnwendungenist diesbeiweitemnicht
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schnellgenug.Man verwendetdaherAlgorithmendie nicht die gesamteMenge
an Dreiecken zeichnen,sondernnur diejenigen,die für denkorrektenvisuellen
Eindrucknotwendigsind. So kannmansich zum Beispielvorstellen,dasseine
kleineErhebungaufansonstenglatterOber�ächein weiterEntfernungkleinerals
einPixel dargestelltwerdenwürde.DiesesDetail kannproblemlosvernachl̈assigt
werden,ohneden Gesamteindruckzu verfälschen.Genaudies ist dasPrinzip,
welchesdenC-LOD Algorithmenzugrundeliegt.

In dendarauffolgendenKapiteln5 und6 erfolgteineBestandsaufnahme,wel-
chevolumetrischenTechnikenaktuellin Computerspieleneingesetztwerden.Da-
zuwird dieRendering-EnginedesaktuellenComputerspielsAquaNoxvonMassi-
veDevelopmentunterdieLupegenommen,dasiedemaktuellenStandderTech-
nik entspricht.Durch die Zusammenarbeitmit Massive Developmenthattenwir
außerdemdieGelegenheitdieInternaderGame-Enginesehrgutkennenzulernen.

Der Teil derGame-Engine,dersichmit derDarstellungvon virtuellenLand-
schaftenbescḧaftigt, kannanhanddersogenannten“TerrainRenderingPipeline”
beschriebenwerden.D.h.,währendderDarstellungdersynthetischenLandschaft
durchl̈auftdiesemehrerePhasen,in denensieschrittweiseihr endg̈ultigesAusse-
henerḧalt. DiesePhasensind insbesondere:Generierungder Geometrie,Textu-
rierung,Beleuchtung,Platzierungvon organischenObjektenundschließlichdie
AnwendungvolumetrischerEffekte. Letztereszu verbessern,ist dasHauptziel
dieserDissertation.

Um volumetrischeEffektezu erzielen,werdenin der letztenStufeder Pipe-
line haupts̈achlich nur Billboard- und Layered-Fog-Techniken eingesetzt.Aber
auchandereComputerspielegehenkaumüberdiesenQuasi-Standardhinaus.Der
Grunddafür liegt haupts̈achlichdarin,dassalle visuellenEffekte in der kurzle-
bigenSpielebrancheinnerhalbkürzesterZeit realisiertwerdenmüssen.Obwohl
die erwähntenTechnikennicht unbedingtrealiẗatsgetreuzu nennensind,sindsie
wegender einfachenImplementierbarkeit sehrbeliebt.Abschließendkannman
sagen,dassdie volumetrischenEffektein derSpielebranchesehrunterentwickelt
sind im direktenVergleich mit dem wissenschaftlichenStatusQuo. UnserZiel
ist esnun,bekannteVolumenvisualisierungsmethodenaufzuzeigenbzw. existie-
rendeMethodensoabzuwandelnundzu verbessern,dasssie für Computerspiele
geeignetsind. Als Nebeneffekt davon tragendie in der Dissertationentwickel-
tenMethodenauchzur qualitativ besserenDarstellungin derwissenschaftlichen
Volumenvisualisierungbei.

In Kapitel6 werdennundieexistierendenvolumetrischenMethodenbeschrie-
ben,die generellfür Computerspielegeeignetsind.Da eineHauptvoraussetzung
die interaktive Geschwindigkeit ist, schr̈ankt dasdie Auswahl an Algorithmen
deutlich ein. DiejenigenMethoden,die dieseVoraussetzungerfüllen, sind ins-
besondereSky Domes,OpenGLFog, LayeredFog, BoundedLayeredFog, Bill-
boards,und Impostors.Die Vor- undNachteilejederunterschiedlichenMethode
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werdenentsprechendbeleuchtet.NachdieserBestandsaufnahmekommtmanun-
weigerlichzu der Schlussfolgerung,dassdie vorgestelltenMethodendie eigent-
liche Aufgabe,nämlich dasStrahlintegral zu berechnen,mit mehroderweniger
GeschickundErfolg versuchenzu umgehen.Dies ist nicht verwunderlich,denn
für jedenSehstrahl,dereinVolumendurchdringt,müsstemandieAbschẅachung
derLichtintensiẗat mit Hilfe diesesStrahlintegralsberechnen.Prinzipbedingtist
diesnur durchAbtastungund numerischeIntegrationeinesjedenSehstrahlszu
bewerkstelligen.Für volumetrischeEffekte in Computerspielenwird nun einer-
seitsentwederdie LösungdesStrahlintegralsdurchunrealistischeAnnahmenso-
weit vereinfacht,dassdie Integrationanalytischberechnetwerdenkann,oderes
wird gar nicht erstversuchtdasStrahlintegral zu lösen.Anstelledessenwerden
volumetrischeEffektehäu�g nur vorgeẗauscht.Insgesamtkannmansagen,dass
die bekanntenAlgorithmenausdengenanntenGründenentwederunrealistische
Bilder erzeugenoderbez̈uglichderdarstellbarenEffektesehreingeschr̈anktsind.

Um diesenMisstandzu beseitigen,versuchenwir bekannteVolumenvisuali-
sierungsmethodensoweit zu verbessern,dasssieauchfür denEinsatzin Compu-
terspielenschnellgenugsind.EineMethode,diehierbesondersviel versprechen-
deErgebnisseerwartenlässt,ist die Visualisierungvon Volumendatenbasierend
auf sogenanntenunstrukturiertenGittern.Diesewerdenhaupts̈achlichin Finite-
Elemente-Simulationeneingesetzt,da dadurchkomplizierteSimulationsgeome-
trien mit vergleichsweisewenigenGitterelementenbeschriebenwerdenkönnen.
Die Haupteinsatzbereichesind hierbei,um nur einige Beispielezu nennen,die
Strömungssimulationin derLuftfahrt-undAutomobilindustrie,oderderWärme-
transportin komplexen technischenBaugruppen.Je wenigerElementedasSi-
mulationsgitteraufweist,destoschnellerist auchdie Simulationundletztendlich
auchdie Visualisierung.Die HerangehensweisemittelsunstrukturierterGitter ist
auchfür Computerspielevorteilhaft,da ein Großteilder volumetrischenEffekte
ef�zient aufunstrukturierteGitterabgebildetwerdenkann.

Ein ersterEinblick in die Volumenvisualisierungvon unstrukturiertenGittern
wird in denKapiteln 7 bis 10 gegeben.Kapitel 7 und 8 behandelngenerelldie
Grundlagender Volumenvisualisierungspeziellim Hinblick auf die Darstellung
vonnaẗurlichenPḧanomenenwie z.B.Wolken.Eswerdenhaupts̈achlichdie phy-
sikalischenMechanismendesStrahlungstransportsin gasf̈ormigenMedienbehan-
delt, wasphysikalischeEffektewie Emission,Abschẅachungund Streuungmit
einschließt.

Kapitel9beschreibt,wiemandasStrahlintegralexaktundef�zient lösenkann,
wenn man die Standardmethodezur VisualisierungunstrukturierterGitter, den
PT-Algorithmus,verwendet.Der PT-Algorithmus,der besserunterdemBegriff
Zellprojektion bekanntist, projiziert einenTetraederin die Bildebene,so dass
der Tetraedermit Graphikprimitiven,wie sie jede aktuelleGraphikkartebietet,
dargestelltwerdenkann.AufgrundderhardwarebeschleunigtenDarstellungswei-
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seist dasVerfahrensehref�zient. Da esein Objektraumverfahrenist, hängtdie
Performanzhaupts̈achlichvon der Anzahl der Tetraederab und nicht wie beim
Ray-TracingoderRay-CastingvonderAnzahlderBildpunkte.

Ein Nachteildesurspr̈unglichenPT-Algorithmuswar, dassbis datonur Pr̈a-
Klassi�kation möglichwar, wassichdarinmanifestierte,dassdieTransferfunkti-
on innerhalbeinesTetraedersnicht korrektwiedergegebenwerdenkonnte.Da im
allgemeinenVolumendatenin Form von Skalarwertengegebensind,mussjedem
SkalarwerteindeutigeineoptischeDichtezugewiesenwerden.Diesgeschiehtmit
einerTransferfunktion.Außerdemlegt die Transferfunktionauchdie Eigenemis-
sion desgasf̈ormigenMediumsfest. Unter Zuhilfenahmeder Fähigkeiten mo-
dernerGraphikhardwarekonntenwir zeigen,dassmittels der so genanntenPr̈a-
Integrationsmethodeeineper-Pixel exakteDarstellungderTetraederfür beliebige
Transferfunktionenerzielt werdenkann.Dies hat einedeutlicheQualiẗatssteige-
rung zur Folge und stellt einenfundamentalenFortschritt im Vergleich mit den
bisherbekanntenMethodendar(vergleicheAbbildung8.16).

Dies wurde durch eine geschickteParametrisierungdes Strahlintegrals er-
reicht. JedesSegmenteinesSichtstrahlsdurcheinenTetraederkanndurchdrei
Parametereindeutigbeschriebenwerden:DenSkalarwertamEintritts- undAus-
trittspunktdesSichtstrahlsund die LängedesStrahlsegments.Dadurchist auch
daszumStrahlsegmentgeḧorigeStrahlintegraleindeutigde�niert. Indemmannun
dasStrahlintegral für jedeKombinationderdreiParameternumerischvorberech-
netundin einerdrei-dimensionalenTabellespeichert,ist dasexakteStrahlintegral
währenddesZeichnenseinesTetraedersschnellverfügbar. Mankannsogarsoweit
gehenunddiePr̈a-Integrationstabelleals3D-Textur aufderGraphikkarteablegen.
DurchdieZuweisungvonTexturkoordinaten,diedenjeweiligendreiIntegrations-
parameternentsprechen,erledigtdie Graphikhardwaredie kompletteDarstellung
einesTetraeders.DasvorgestellteVerfahrenist alsonichtnurper-Pixel exaktson-
dernauchwegenderHardwarebeschleunigungentsprechendef�zient.

Durch die zunehmendeFlexibilit ät der letzten Graphikhardwaregeneration
ist es weiterhin gelungenauchden Texturspeicherverbrauch,der mit der Pr̈a-
Integrations-Methodeverbundenist,zureduzieren.Diehierfür verwendetenTech-
niken werdenin Kapitel 10 beschrieben.Zum einenwird die drei-dimensionale
Pr̈a-Integrationstabelle,die sehrviel Texturspeicherbelegenkann,durchPolyno-
me approximiert.SchonPolynomevierter Ordnungerzieleneinehervorragende
Genauigkeit. Dadurchkanndie Tabellevon drei auf zwei Dimensionenreduziert
werden.Die RekonstruktionderPr̈a-Integrationstabelleerfolgtdannsimultanaus
denPolynomkoef�zienten im Pixel-Shader. Dieshatzus̈atzlichdenVorteil höher-
er internerGenauigkeit. Da die eigentlichePr̈a-Integrationabernachwie vor ei-
nesehrhoheAnzahlnumerischerIntegrations-Schritteerfordert,tretenbei einer
ÄnderungderTransferfunktionhoheWartezeitenauf.Auch diesesProblemlässt
sich lösen,indemmandie Graphikhardwaregeschickteinsetzt.Durch Verlage-
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rungderPr̈a-Integrationauf die GraphikhardwarelassensichGeschwindigkeits-
steigerungenvonbiszu700%erreichen.AusnaheliegendenGründenwird diese
MethodedaheralshardwarebeschleunigtePr̈a-Integrationbezeichnet.

In denKapiteln 11 und 12 werdenschließlichdie beschriebenenVerfahren
angewendet,um naẗurliche volumetrischeEffekte darzustellen.Kapitel 11 wid-
metsichdemsogenanntenBodennebel.Dasist eineForm von Nebeldie durch
die maximaleHöhederNebelschichẗuberderErdober�ächebeschriebenwerden
kann.Obwohl dieskeineuniverselleDarstellungsformvon Nebel ist, eignetsie
sichnichtsdestotrotzhervorragendfür Computerspiele,die Bodennebelalsspiel-
bestimmendesElementeinsetzen.

Bodennebelwird wie folgt visualisiert:Aufbauendauf dem Dreiecksgitter,
dasderTerrainRenderererzeugthat,wird für jedesBasisdreieckein Prismage-
neriert,dasaufdasDreieckaufgesetztwird. Die HöhedesPrismasergibt sichaus
derHöhedesBodennebelsanjenerStelle.Auf dieseWeiseergibt die Mengeder
so generiertenPrismeneineNebelschicht.Jedesder Prismenwird in drei Tetra-
ederzerlegt, diewiederummittelsZellprojektiongerendertwerden.Dahierdurch
schnelleinenichtzuvernachl̈assigendeAnzahlvonTetraedernentsteht,kannman
davon ausgehen,dassderAufwandfür die DarstellungdesBodennebelsumeini-
gesgrößerist alsderfür dieDarstellungdesTerrains.Um diesenNachteilauszu-
gleichen,wählenwir ein einfachesoptischesModell. Für ein rein emissivesMo-
dell kannzurDarstellungderPrismendiePCP-Methodeverwendetwerden.Diese
ist deutlichef�zienter, hataberdenNachteildernicht-photorealistischenDarstel-
lungdesNebels.Für Computerspieleist dieserNachteilabersicherlichvonzweit-
rangigerBedeutung,dadie Performanzhier Vorranghat.Für die Zell-Projektion
einesjedenTetraederssind eineReihevon geometrischenOperationennotwen-
dig, die in Ihrer Summedie Geschwindigkeit limitieren. Der PCP-Algorithmus
hingegen berechnetdie Projektionnicht direkt, sondernnutzt dasvereinfachte
optischeModell aus,umdieLängeeinesjedenStrahlsegmentsmit Hilfe derGra-
phikhardwarezu berechnen.Diesgeschiehtin einemMulti-Pass-Verfahren,wel-
cheszuerstdenAbstandder rückwärtigenBegrenzungs�̈acheneinesTetraeders
zumAugpunktbestimmtundim Bildschirmspeicherablegt. Wiederholtmannun
dieseProzedurfür dieVorderseitendesTetraedersundsubtrahiertdiebeidenAb-
standswertevoneinander, so erḧalt man die LängeeinesjedenStrahlsegments.
Die Strahlsegmentl̈angewird nunmit demDurchschnittswertderEigenemission
multipliziert, wodurcheffektiv dasStrahlintegral für dasvereinfachtereinemissi-
veoptischeModell berechnetwird. DadurchläuftderPCP-Algorithmuskomplett
aufderGraphikhardware.

In Kaptitel 12 schließlichwird die ef�ziente volumetrischeDarstellungvon
Wolkenbehandelt.Im Prinzipbeinhaltetdiesauchdie Darstellungvon Bodenne-
bel. Im Fall von BodennebelergebensichaberaufgrundderEinfachheitderPro-
blemstellungdiebeschriebenenOptimierungsans̈atze,weshalbBodennebelexpli-
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zit behandeltwurde.Grunds̈atzlich könnenWolken durch ihre optischeDichte,
d.h. durchein drei-dimensionalesreguläresSkalarfeldde�niert werden.Würde
mannunjedenVoxel desregulärenGittersin Tetraederzerlegenunddiesemittels
Zellprojektionzeichnen,so erhielteman schnelleineMengean Tetraederndie
sich in keinsterWeisemehr interaktiv verarbeitenlässt.Man ist alsobei einem
Zellprojektionsansatzdaraufangewiesen,denDatensatzentsprechendzu verein-
fachen.Aufgrund der großenAusdehnungder verwendetenWolkendatenist ein
augpunktabḧangigesVerfahreneineguteWahl:

Analogdazu,wie derC-LOD Ansatzbenutztwird, um die AnzahlderDrei-
eckeeinesTerrainszuverringern,kanndieserAnsatzebensodieAnzahlderTetra-
edereinesVolumensreduzieren.In Kapitel12werdendaherdienotwendigenVor-
aussetzungenund Algorithmendiskutiert,um denC-LOD Ansatzan die Visua-
lisierungvon drei-dimensionalenSkalarfeldernanzupassen.Obwohl derC-LOD
Ansatzschonseit Jahrenfür die Landschaftsvisualisierungeingesetztwird und
dementsprechendweit verbreitetist, wurdebisherinteressanterweiseeineanalo-
geFormulierungfür 3D Skalarfeldernichtvorgeschlagen.Nichtsdestotrotzzeigen
unsereErgebnisse,dasssichdieserAnsatzletztlich auchfür die ef�ziente Visua-
lisierungvon Wolkeneignet(sieheAbbildung12.4).

Das Vorgehenist hier wie folgt: Der reguläre Volumendatensatzwird als
Octreerepr̈asentiert.Für jeden Knoten des Octreesentscheideteine Verfeine-
rungskriteriumob derDatensatzschonmit hinreichenderGenauigkeit abgebildet
wird. Ist derFehlerim Bildraumgrößeralseinevorde�nierteSchranke,wird der
betrachteteKnoten in acht kleinereKnoten zerlegt, die den Datensatzentspre-
chendgenauerapproximieren.DieseProzedurwird solangerekursiv wiederholt
biskeineVerfeinerungdesOctreesmehrnotwendigist. Aufgrunddesblickpunk-
tabḧangigenVerfeinerungskriteriumswerdenkleineundentfernteDetailsmit ge-
ringererPrioritätbehandeltalssolchedieentsprechendnahsind.Dadurchist eine
optimaleDarstellungsqualiẗat bezogenauf die jeweilige Fehlerschranke gewähr-
leistet.

JederKnotendeserzeugtenOctreeswird nun in 5 Tetraederzerlegt, die mit-
tels Zellprojektiongezeichnetwerden.Eine Beschleunigungmit Hilfe der PCP-
Methodeist hier nicht möglich, da ein emissivesModell die Lichtverḧaltnisse
innerhalbderWolkenzustarkvereinfachenwürde.Bei augpunktabḧangigenVer-
fahrenhatmanprinzipbedingtmit demsogenannten“PoppingEffect” zu kämp-
fen.Diesbedeutet,dasseinentferntesObjekt,daszun̈achstzuklein ist, umdarge-
stelltzuwerden,abeinerbestimmtenDistanzplötzlichauftaucht.Dadasmensch-
liche Augeauf tempor̈areÄnderungenbesondersemp�ndlich reagiert,mussdie-
serEffekt auf jedenFall unterdr̈ucktwerden.KönntemandenFehlerim Bildraum
auf untereinenPixel drücken, so wäreder Effekt nicht wahrnehmbar. Die Ge-
schwindigkeit aktuellerGraphikhardware ist jedochfür diesesAnwendungsge-
bietnochnichtschnellgenug.ManerreichtdaherbestenfallseineFehlerschranke
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von etwa 10 Bildpunkten.Ein Ansatzzur LösungdesProblemsist, die einzel-
nenDetailstufenlangsamineinander̈ubergehenzu lassen,d.h. diesezu interpo-
lieren.DadurcherscheinteinkleinesDetailnichtmehrplötzlichsondernvielmehr
langsamund �ießend. Da für die Interpolationder DetailstufeneineVielzahlan
zus̈atzlichenFliesskommaoperationennotwendigsind, ist der in derDissertation
vorgestellteAlgorithmusspezielldaraufhinoptimiert.

Abschließendwerdendie in der DissertationentwickeltenVerfahrendenbe-
reitsbekanntenAlgorithmengegen̈ubergestellt.EswerdenEntscheidungskriteri-
envorgestellt,welchedie Auswahl der jeweils passendenMethodefür ein spezi-
ellesAnwendungsgebieterleichtern.Insgesamtbetrachtetwurdenin der Disser-
tationzwei fundamentalneueVolumenvisualisierungstechnikenvorgestellt:Zum
einendie PCP-Methodeund zum anderendie pr ä-integrierte Zellprojektion.
DieseMethodenerweiterndasEinsatzspektrumvon unstrukturiertenVolumenvi-
sualisierungsmethodensowohl in Hinsicht auf Bildqualität als auchin Hinsicht
auf Darstellungsgeschwindigkeit. DasbesteBeispieldafür sind die neuenAlgo-
rithmenzurDarstellungvonBodennebelundvolumetrischenWolken.


