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Abstract

BlaisePascal:Thelastthing oneknows
in constructinga work
is whatto put r st.

Comparedo the ninetieswherefast3D graphicswasthe domainof expensve
workstations,in the last few yearsthe developmentof ever faster3D graphics
hardware was mainly driven by the gamingindustry The upcomingof pro-
grammablePC graphicshardware hasopenedthe eld for new graphicsalgo-
rithmswhichallow unprecedentegkalismin realtime applications Nevertheless,
oneareaof applicationis persistentlyresistingmostefforts to achiese sufcient
renderingperformanceThisis theareaof volumerendering.Becausef thehuge
amountsf datathathave to be processedtb obtainathree-dimensionalisualiza-
tion, it is very challengingto achiese realtime performancdor large volumetric
datasets.

In this thesiswe try to tackle this problemin one speci ¢ application eld.
We devise algorithmsthataresuitablefor therealtime displayof naturalgaseous
phenomena.ln particularour goalis to rendercloudsandfog in realtime. In
principle, the problemreducego solving the so calledray integral. A common
techniquefor solvingthis ray integral is ray castingwhich collectstheincoming
light on eachviewing ray by samplingthe volume. On the onehandray casting
achiezesvery goodrenderingquality, but on the otherhandit becomewery slow
athigh screerresolutionsMany improvementhave beenpresentedio accelerate
theoriginalapproachbut despiteall effortsray castings still only beginningto be
anoptionfor high-qualityreal-timerendering.Very recentadvancesn graphics
hardwarehave leadto theimplementatiorof hardware-acceleratecy castersbut
this approactstill suffersfrom avariety of limitationsof the graphicshardware.

Themaintechniquadevelopedn thisthesisis thesocalledpre-integratedcell-
projectionmethodwhich of oads asmuchcomputatiorof theray integral aspos-
sibleinto apreprocessingtep.Thisis the rst steptowardreal-timerenderingof
naturalgaseougphenomenaln a secondstepwe develop a hierarchicalapprox-
imation schemewhich decimateghe hugeamountof datain a view-dependent
way. Forthispurposeve borrav ideasfrom theareaof terrainrenderingandapply
theso-calledcontinuoudevel of detailmethodto thethree-dimensionalase that
is fog andcloud volumes.In combinationwith the pre-integratedcell-projection
methodthis permitsreal-time ights throughnaturallooking cloudsandground
fog. In comparisorto previous methodsmagequality is alsoimproved signi -
cantly



Chapter 1
Moti vation and Outline

Three-dimensionatomputergraphicsplays an importantrole in computational
scienceandengineeringTheinteractvevisualizationof simulationdataandmea-
surementallows to explore experimentakesultsin anvery intuitive way. While

interactve 3D graphicshasbeenthe domainof expensve graphicsworkstations
in the past,the in uence of the computergamingindustryis growing with the

demandor muchmorerealisticandever faster3D graphicsin interactve enter

tainment. As a result,the graphicshardware developedfor 3D computergames
hasbecomencreasinglypowerful andcheapandthushasbeenmadeavailablefor

abroadclassof consumers.

Thegoodprice performanceatio of consumegraphicscardsalsoopensnew
elds of applicationbothfor scienti ¢ visualizationandcomputergames.In this
thesiswe exploit thefeaturesetof modernPCgraphicscardsin thespeci ¢ areaof
volumerendering. We developalgorithmsthatareableto displaynaturalgaseous
phenomenayhich are inherently volumetric, with the focus on real-timeren-
dering. Our decisionto focuson real-timealgorithmswasin uenced by a close
cooperationwith the 3D gamingindustry where speedis the one and only im-
peratve. During a cooperatiorwith Massve Developmen{65] we includedour
previously developedterrainrendere89] into their Krassgameengine.

In the procesf this cooperatiorwe noticedthattruly volumetriceffectsac-
tually areusedvery rarelyin computergamesWhatis more,mostof theapplied
volumetric effectslik e explosionsand smole arejust fake in a scienti ¢ sense.
Naturalgaseouphenomendk e truecloudsor fog aremissingalmostcompletely
dueto theinherentcompleity of thesevolumetriceffects. In the casethatthese
effectsshov upin computergamegshey aremostlyimplementedusingvery much
simpli ed physicalmodelswhich do not matchthe comple situationin thereal
world. Anotherapproachencounteredrequentlyin computergamess to usea
cloud photo paintedon the sky hemisphere.But in this casethe possibleview
pointsarerestrictedto a small centricarea. The consequences that onecannot
y throughthe clouds,for example.

In this thesiswe provide solutionsfor the mentionedproblems. We devise
algorithmsthat are suitablefor the real-timedisplay of arbitrary naturallook-
ing cloudsandfog. For this purposewe apply, modify, and extend techniques
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known from scienti ¢ terrainandvolumevisualization. In particularwe extend
the C-LOD algorithmknown from terrainrenderingto work with scalarvolumes
anddeveloptheso-calledore-integrationtechniquevhich allows superiorvolume
renderingguality.

The C-LOD algorithm(acrorym for continuoudevel of detail) takesadvan-
tageof thefactthata terrainhasa large extent. Thus,for a typical point of view,
very far andvery neardetailsareviewed at the sametime. Sincethe geometric
representationf the terrainconsistsof triangles,the perspectie projectionwill
rendersomeof thesetrianglesvery smallandsomevery large. Ratherthandis-
playingall trianglesin every frame,the C-LOD algorithmrepeatedlydisposeshe
smallesttrianglesuntil the reducednumberof trianglescan be handledat real-
time. The higherthe target frame rate the smalleris the generatechumberof
trianglesandthelargerthe sizeof thetriangles.Sincethe decimationschemede-
pendsontheview point,roamingovertheterrainresultsin a constantlychanging
triangulation. This leadsto the so-calledpoppingeffect, thatis a detail suddenly
popsup whenapproachingt. However, if the C-LOD algorithmkeepsthe trian-
glespoppingup below a projectedsize of onepixel thenthe poppingeffect does
notbecomeobsenable.

The C-LOD approximatiorschemas notonly valid for terraindata,but it can
alsobe appliedto otherdatatypes.We show thatsincecloudy skieshave a large
extent,we canalsoapplythe C-LOD decimationrschemeo avolumerepresenting
the clouds. In this thesiswe describethe necessarnadjustmentdo adaptthe C-
LOD algorithmto thevolumetriccaseandgive exampledor renderingcloudsand
groundfog.

In contrasto terraindatawhich consistsof triangles,the volumeneedso be
decomposedhto tetrahedra.This hasa majorimplication: Otherthanfor trian-
gles,thereis no built-in renderingsupportfor tetrahedraasa drawing primitive.
In orderto renderatetrahedrorheso-calledorojectedetrahedralgorithmhasto
be applied. It projectsthe tetrahedranto the viewing planeandtransformseach
tetrahedrorninto a setof triangleswith associate@dolor andopacity

In principle,therayintegralhasto besolvedfor everyviewing ray intersecting
atetrahedronThe colorsandopacitiesassociateavith eachtriangleof thetetra-
hedraldecompositiorareonly averyroughapproximatiorof thisrayintegral. For
this reasornwe develop a muchmoreaccuratemethodcalledpre-integratedcell-
projectionwhich exploits the featuresetof modernPC graphicshardware. With
this solutiontheappearancef cloudscanbe modeledmuchmorerealistically

The outline of this thesisis describedasfollows: As anintroductioninto in-
teractve computergraphics,we rst give anoverview of the OpenGLrendering
pipeline (Chapter2). We continuewith a chronologicalsurwey of the existing
terrainrenderingalgorithmswhich arethe key componenbf all outdoorengines.
Thenwe proceedwith a brief summaryof the currentstateof the artin outdoor
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gameenginedesign. This is supposedo illustrate the specialdemanddhatare
posedon outdoorgameengines. To give an actualexampleof a moderngame
engine,we describethe graphicsengineof the computergameAquaNox [87]
(Chapter4). The terrainrendererof this enginewas developedin cooperation
with Massve Developmentat the University of Erlangenin 1998. In the follow-
ing chapterghis terrainrenderingenginesenesasthe framewvork for rendering
realistic cloudsand groundfog. The enginealsodemonstrateshe use of sim-
ple volumetric effectsthat are alreadywidespreadn computergames(seeFig-
ure 4.1). The previous work on visualizationof naturalgaseougphenomenas
presentedh Chaptels. In summarythis chapterrevealsthatef cient volumeren-
deringmethodshave notyet beenappliedto displayvolumetriccloudsandfogin
real-time.In Chapterss and8 the physicalfoundationfor the desiredvolumetric
effectsis developedandbasicvolumerenderingalgorithmsare introduced(see
also[90, 35, 84]). Finally, thefundamentahlgorithmsareputin contet, thatis
they areappliedto renderingrealfog andcloudsin ChapterslO and11 usingthe
describedC-LOD andpre-intgrationtechniquegseealso[86, 85].



Chapter 2
The OpenGL Rendering Pipeline

In recentyears,graphicshardware hasbecomea standardequipmentof every
consumePC.This developmentvasmainly drivenby thegamingindustrywhich
hasgrown to a multi-billion dollar marketin only a few years.Dueto the tough
competitionfor everfastergraphicshardwarethe graphicsacceleratorsowadays
include featuresthat not long ago were available only on extremely expensve
graphicsworkstations.Consumemgraphicshardware hasundegonea hugeper
formanceleapbut the fundamentabperatingprinciple hasnot changedsincethe
early dayswhen Silicon Graphicsdominatedthe market. This chapterdescribes
the layout of graphicshardware which is designedo acceleratehe perspectie
display of three-dimensionabbjectsand scenes.In comparisorto softwareap-
proacheghey achieve speed-upsf severalmagnitudesandthusarethe basicre-
qguirementfor all typesof interactve computergraphics.As afundamentaprop-
erty the graphicsacceleratorgxploit the enormouspotentialfor parallelization
andpipelining of 3D graphics.As aresult,the basicprocessingstructureis the
so-calledrenderingpipeline. In the following we describethe main stageof this
pipelineandtheir purpose.

2.1 BasicLayout of the Rendering Pipeline

In general,a three-dimensionascenedescriptionhasto be corvertedinto a set
of graphicsprimitivesbeforeit canbe displayed. This processs calledtessela-
tion. Typically, graphicsacceleratorsupporttrianglesor corvex planarpolygons
suchasquadrilateralgsrenderingprimitive. Eachprimitiveis de ned by a x ed
numberof 3D verticesandconnecwity informationtogethemwith appearancat-
tributessuchas color andtexture coordinates. Theseverticesare passediowvn
the pipelineand processedn the following stagesof the pipelineuntil nally a
two-dimensionatasterimageis computed:

1. Geometry Processingtransformsthe incoming verticesin the 3D spatial
domain. Operationdik e scaling,translation,rotation are performed. Lo-
calshadingnformationis computedvhichis dervedfrom surfacenormals
anda x ednumberof light sources After thatthe verticesfrom the stream

11



12 CHAPTERZ2. THE OPENGLRENDERINGPIPELINE

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

2. Rasterization corvertsthegeometrigorimitivesinto fragments Eachfrag-
mentcorrespond$o a pixel onthescreenlt holdsinformationaboutdepth,
color, transpareng andtexturesof the correspondingpixel.

3. Fragment Operations subsequentlynodify the fragmentsattributes(e.g.
blending).Severaltestsdecidewhetherafragments discardedr displayed
onthescreenTheZ-test,for example discardiddenfragments.The nal
coloris written into the framebuffer.

Vertices

e
Vertex Arrays

[Texture Coordinate -
| Geperaton -,

Perspective,
ad

1 Textuting; |-«Per-Fr
T Fog, i

i and ;

' Antialiasing [ [ "7 !

Pltth” p— Frame Buffer Control

{TFeadbz
iy
Sélection

Primitives Fragments ——

Figure2.1: TheOpenGL1.1renderingpipeline.

OpenGL[80, 123] is anopenstandardvhich implementsall featuresof the ren-
deringpipeline.It is asoftwareinterfacewith about200distinctcommandsvhich
sene asanabstractiorayer betweenapplicationsandthe hardwarespeci ¢ im-
plementatiorof the pipeline. Sinceits introductionin 1992,0penGLhasbecome
theindustry'smostwidely usedandsupporte®D graphicsAPI. Thespeci cation
of the OpenGLstandards guidedby anindependentonsortium,the OpenGL
Architecture Review Board. Thereview boardensuresheconformityof the spec-
i cation for all licensedimplementationsand languagebindings. Justlike any
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softwarethe currentversionl.5hasundegonealot of improvementssinceits ini-
tial versionl.0. Thedevelopmenis pushedy the OpenGLextensionmechanism
which allows every hardware developerto introducenew technologicalinnova-
tions. Many of theseextensionshave becomea standardn the subsequentlease
of OpenGL.In contrastto the openstructureof OpenGL,Direct3D is a propri-
etary3D graphicsstandardvhichis only supportedon the Windows platform. It
is mostly usedin the gamingcommunityandfor developingmultimediaapplica-
tions. In Figure 2.1 the logical layout of the OpenGL1.1 renderingpipelineis
shavn. The blocksdealingwith vertices,primitives,andfragmentsaregrouped
together

2.2 Rendering Example

OpenGLis organizedasa stateengine. EachOpenGLcommandbegins with a
"gl” pre x andchangeshe contentof a statevariableor sendsvertex datato the
graphicsprocessar A stateattribute suchascolor or texture remainsthe same
until acommands issuedthatchangest again.Sothetypical procedureo send
trianglesdown the pipelineis asfollows:

Setglobal state

glMatrixMode(G L PROJECTION); // modify projectionmatrix
gluPerspective (30, 1, 1,1 0) ; // initialize perspectie projection
glEnable(GL _DEPTHTEST); // enableZ-test

Setattrib utes
glColor3f(1.0f ,1.0f, 1.0 f) ; // changevertex colorto white

Issueverticesorganizedastriangles

glBegin(GL _TRIANGLES); // startprimitives
glVertex3f(0.0 f, 1.0f -5 .0f) ; //vertexvO
glVertex3f(-1. of ,0.0f- 5.0f); //vertexvl
glVertex3f(1.0 f, -1.0f- 10.0f) ; // vertexv2
glColor3f(1.0f ,0.0f, 0.0 f) ; //changecolortored
glVertex3f(1.0 f, 1.0f -7 .0f) ; //vertexvO
glColor3f(0.0f ,1.0f, 0.0f) ; //changecolortogreen
glVertex3f(-1. of ,- 1.0f, -7.0f) ; //vertexvl
glColor3f(0.0f ,0.0f, 1.0 f) ; //changecolorto blue
glVertex3f(1.0 f, -1.0f- 7.0f); /lvertexv2
glEnd();  // endprimitives
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This small examplerendersa small white trianglein front of the viewer, which
perdefaultsettingis locatedin theorigin andlooksdownwardthe negative z-axis.
It alsorendersa smoothlycoloredtrianglewhichintersectghewhite triangle(see
Figure2.2). To reconstructhe correcthiddenrelationshipof thetwo trianglesthe
Z-testmustbe turnedon. Note thatthe color is speci ed beforethe verticesare
issuedsothatthe rst threesubsequenterticeshave thesamecolor, for example.

y

Figure2.2: An OpenGLrenderingexamplewith two trianglesthatintersectand
occludeeachother

The geometricprimitivessupportedoy OpenGLaredepictedin Figure 2.3, that
is mainly points,lines,triangles,quadstrianglesstrips,quadstrips,trianglefans,
andplanarpolygons. Theoretically currentconsumegraphicscardsare ableto
processeveralmillion to tenthof millions of trianglespersecond Sincetheprim-
itivesmustbe passedo the graphicshardwareover a dedicatedus, the practical
performancehowever, is muchless. For this reasononetries to minimize the
numberof necessargraphicsprimitivesby a techniquecalledtriangle or quad
stripping. Typically trianglesarepartof a mesh.For a regular meshthe vertices
of eachquadrilateramustbe passedour timesdown the pipeline. By organizing
the quadrilateralsn stripeseachtwo new verticesin the vertex streamde ne a
new quadrilateralcomparecentercaseat bottomof Figure2.3). As aresulteach
vertex mustbe passealowvn the pipelineonly twice to renderthe completemesh.
Vertex arraysare anothermeansof approachinghe theoreticalperformance
of graphicsaccelerators.Vertex arraysare indexed lists of graphicsprimitives
thatarestoredin dedicatedgraphicsmemory so thatthe primitivesdo not need
to be transferredthroughthe bottleneckof the bus. If a 3D objectentirely ts
into graphicsmemory vertex arraysarethefastestenderingnodeavailable. The
limited amountof dedicatednemoryusuallyslows down renderingperformance,
sincedatachunkshave to bereloadednto graphicsmemorywhenneeded.
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Figure2.3: The OpenGLrenderingprimitives(from [123]).

2.3 Lighting and Texturing

Besidedherenderingperformanceherealisticappearancef athree-dimensional
objectis anothermprime goal. In the renderingexamplewe have only considered
the primary color of an object,but in reality the objectstexture andillumination
alsoplaysanimportantrole. To demonstratehis Figure 2.4 contrastghe three
main contributionsto animage: geometry illumination andtexture. The gure
shavsafamousMarsmountainwhichis commonlyknown asthe“Faceof Mars”.
Theleftmostimagesimply depictsthegeometryof themountainby displayingthe
wire frame of the triangle mesh. At this point the methodby which the triangle
meshis createds notrelevant. Thisis explainedin full detailin Chapter3. The
next imagein the middle shows the mountainasif it werelit by the sunfrom a
nearzenithposition.With illuminationthebasicshapeof themountains exposed
but smalldetailsarenotyetvisible. Theseareaddedn therightmostimagewhere
aphotograplcapturedoy oneof the MarsViking Orbitersis usedasatexture. By
addingthetexture it becomeslearwhy the mountainhasbecomeamousasthe
“Faceof Mars”. Without thetextureit is justa mountainlike mary others.This
factunderlinegheimportanceof texturingin computergraphics.
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Figure2.4: Lighting andtexturing example.From left to right: Wire frame,lit,
andtexturedview of a famousMars mountainthatis commonlyknown asthe
“Faceof Mars”.

2.3.1 DirectLighting

In therealworld theappearancef ascenas theresultof aninconcevableamount
of photonsbeingre ected from surfacesagainandagainuntil they nally reach
the obsenrer's eyes. The exactreal-timesimulationof this processs of course
infeasible.While the shearamountof encountereghhotonspreventsthe exactre-
productionof theillumination, thelight re ection propertiesof surfacesarewell
known andcomparatiely easyto reconstructTheamountof light thatis re ected
atagivenpointonasurfaceis describedy theso-calledBBRDF, thebidirectional
re ection distributionfunction. The BRDF f, (x; wj; w,) is de ned astheradiance
leaving a pointx in directionw, divided by theirradiancearriving from direction
wi. In otherwordsit is the directional“brightness”of a surfacepatchin relation
to its “illumination”. Althoughthe BRDF is a e xible meansof describinglight
interactingwith surfacesit hasto be notedthatit cannotmodelall physicalef-
fects. Phosporencand uorescencearenot takeninto accountfor example. For
simplicity we alsoneglectthe dependencen thewave lengthandthe orientation
of the surfacepatch(thuswe assumesotropicre ection).

Thenthe BRDF canbe measureceasily in an experimentby examiningthe
radianceandirradiancefor a variety of incomingandoutgoingangles.However,
it is muchmore corvenientto split the BRDF into its diffuseandspecularcom-
ponentsaandexaminethesecomponentseparatelyMost surfacesencounteredh
practicehave diffuse (or Lambertian)re ection propertieswhich meanghatthe
BRDF doesneitherdependntheincomingnorthe outgoingangle.A typical ex-
ampleis a paintedwall. On the otherhandthe specularomponenof the BRDF
is characterizetdy thefactthatmostif notall incidentlight is emittedin thedirec-
tion of there ection vectorr = 2(n 1)n | (seeFigure2.5). A mirror is anideal
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Figure2.5: Light re ection.

speculasurface thatis all light is re ectedin thedirectionof r. Glossymaterials
like plasticdo nothave suchanarticulatedre ection, but rathera distribution that
is smearedroundthere ection angle(seeFigure2.6).

In OpenGLonecannotspecifythe BRDF of a surfacedirectly, but there ec-
tion behaior canbe describedasa combinationof ambient,diffuseandspecular
re ection properties Sothebrightnessinderwhich a surfacepatchappearso the
viewer is the sumof the ambient,diffuse and specularlluminationsof the light
sourcesmultiplied with the respectre ambient,diffuse and specularre ection
terms.

Theambientre ection termis not physicallyvalid by any meanshut it is of-
ten usedasa simple approximationof the indirectillumination of a scene.lt is
assumedhatthedistribution of the obsenedlight is uniform, sothatthe ambient
rte ection termis constantThediffusere ection termcorresponds theamount
of light re ected off a surfacein Lambertianmannermeaninga uniform distri-
bution in all directions. Sincethe brightnessf a diffuse surfacedependson the
viewing anglea, the diffusere ection termdepend®n the cosineof the viewing
angle.Thespeculare ection termaccountdor the specularityof asurface.The
re ecivity is maximalin there ection directionr anddecreasewith increasing
re ection angleg

Let ga, qq andgs be the ambient,diffuseandspeculare ection coefcients
andlet Ly, Lg andLg betherespectieilluminations. ThenOpenGLcalculateghe
brightnesf a surfacepatchby thefollowing formula:

B(I;v) = gala+ dgLacosa + gsLscosy (2.1)



18 CHAPTERZ2. THE OPENGLRENDERINGPIPELINE

The specularre ection exponentb describesheidealnesf the speculare ec-

tion. An ideal mirror hasa specularexponentof ¥ while plastichasa specular
exponentin therangeof 10-100.

106.
BROF

1.6E8

MIRROR 1

1,86~

IlIllIII[IlIIlIIIIB """ e.sl "'1' """ 1.5225 """ 3'
-8 [} 68

Figure 2.6: Examplesof bidirectionalre ection distribution functions(BRDF).
Left: Measuremenof the BRDF of two differentmirrors. Right: BRDF of an

idealmirror andseveral BRDFswith differentspeculaexponent.The greendot-
tedBRDF is typical for plastic.

The above equationcan be computedvery efciently by moderngraphics
hardware,sothehardwareeffectively carriesoutthesimulationof asinglebounce
of a photon. This simpli ed illumination schemeds known asdirectlighting or
local illumination. There ection coefcients mustbe determinedn an experi-
mentto t theidealizedcurveswith there ection measurementslo accountor
anisotropicmaterials(velvet, brushedmnetaletc.) the BRDF alsodependon the
rotationangleof the surfacematerial. Accordingly, the measurementare much
moreexpensve. A variety of competingre ection modelshave beenintroduced
for the descriptionof anisotropicBRDFs, but this topic is beyond the scopeof
this brief introduction. Thereaderis referredto the PhD thesisof WolfgangHei-
drich[122] for anexcellentoverview on high-qualityshading.

Thereal-timecalculationof morethanonebounceis currentlynot supported
by the streamingarchitectureof actualgraphicshardware. In orderto achiee a
morerealisticappearancef illuminatedsceneshe surfacecolorsneedto be pre-
calculated.This taskis known asglobalillumination andcanbe extremelytime
consumingespeciallyif refraction,diffraction or wave lengthdependeneffects

alsoneedto beconsideredSincethefocusof thisthesisis onreal-timerendering
we furtherrestrictoursehesto thelocal lighting.
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2.3.2 Texture Mapping

In orderto achieve a realistic appearancef virtual sceneswe have seenthat
high-qualitylighting playsanimportantrole. Homogeneoumaterialdik e plastic
canbe modeledvery realistically by choosingan appropriateBRDF. But other
commonreal-world materialdik e rock, wood or carpetrequireadditionalefforts
becaus¢hesematerialsalsohave aspeci c texture. Thereproductiorof suchma-
terialsis performedby takingarepresentatie photoof thecorrespondingurface.
Thenthis texture is "painted” onto the surface. In computergraphicsthis pro-
cessis known astexture mapping The basicprocedurds thatthetextureis rst
de ned asarasterimageanduploadednto the dedicatedexture memoryof the
graphicshardware. Whenever a pixel is rasterizedhe hardwarecannow lookup
the color of the pixel in the texture memory For that purposea mappingfrom
world to texture coordinatess speci edwhichuniquelyde nesacorrespondence
betweereachrenderedriangleandthetextureimage.

To bemorespeci ¢, eachtrianglevertex hasa setof texture coordinategs;t)
which de ne the position of the vertex in texture space. Thesetexture coordi-
natescan be speci ed explicitely or implicitly by usingthe vertex position as
texture coordinate Afterwardsthe mappingis appliedby multiplying the texture
coordinateswith a 4 by 4 matrix. Wheneer a triangle is renderedthe texture
coordinate®of eachrasterizedixel areinterpolatedrom the mappedexture co-
ordinatef thethreetrianglevertices(by meanf scanline interpolation).With
theseinterpolatedexture coordinateghe hardwareperformsa lookup at the cor-
respondingpositionin texture spaceandretrievesa color from the rasterimage
(seealsoFigure?2.7). Theresultof this lookup determineghe nal color of the
pixel. Optionally, the texture color can be multiplied with the shadedprimary
color (Equation2.1).

Texture space
0,1 1,1 __
. ( > (D 1~ -
: —=JUITTHA |
Object space -l ‘-‘=.~;J \ .'
Texture coordlnates\(o’o) 10 Raster image

Figure2.7: 2D texture mapping.Texture coordinategredenotedoy (s;t).
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The mappingfrom world coordinatego texture spacds notanisometricpro-
jection. This meanghatmorethanonetexel (thatis a pixel in the textureimage)
canmapto asinglepixel onthe screen.Thisis commonlythe casewhentheren-
deredtrianglesarefar away from theview point. In sucha casethetexturelookup
will resultin a quasirandomselectionof oneof thetexelsin the footprint of the
pixel. Thisis like shootinga bagof rice. Therandomcolorsleadsto severeMoiré
artifactsif theview pointis movedslightly.

The Moiré artifactscanbe avoidedwith the MIP-mappingtechniqueg(MIP is
shortfor theLatin “Multum in pano” whichmeangnary thingsin asmallplace).
This techniquepre- Iters the texture and producesa seriesof shrinked images.
Eachshrinkedimagehashalf thesizeof theoriginal one. Thetexturelookupnow
is performedin the pre- ltered imagewhich best ts theresolutionof the screen
(seeFigure2.8). Thisis the solutionfor texture mini cation. For magni cation,
which meangthat onetexel mapsto several pixels on the screenthe solutionis
simply to bilinearly interpolatethe fragmentcolor from the four adjacentexels.

Figure 2.8: MIP-mapping. Top left: Without mip-mappingthe Moiré patternis
clearly visible at the top of theimage. Top right: With mip-mappingthe Moiré
patternhasdisappearedBottom: Seriesof shrinked mip-mapimages.

Aside from pre- Itered rasterimageswhich are often also referredto as 2D
mipmapsor 2D textures,the sametexture mappingprocedurecanbe alsoapplied
to three-dimensionakxture dataor 3D textures.In thelatter casethe dataeffec-
tively represents volume. This volumeis addressedavith a texture coordinate
triple (s;t;r).
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3D texture mappingis avery powerful techniquehathasvariousobviousand
not so obvious applicationareas. One of the mostobvious is the de nition of
atexture volumethatrepresentshe three-dimensionastructureof a material. In
Figure2.9a3D marbletextureis depicted.This marbletexturehasbeenappliedto
thefamousUtah Teapotby alsousingthe positionsof eachvertex asa 3D texture
coordinate Ratherlik e paintinganimageon the surfaceaswith 2D texturing, 3D
texturing is morelike sculptingan objectout of a solid block of material. One
of the not so obvious applicationsof 3D texturing, for example,is pre-integyrated
cell-projectionasexplainedin Chapter8.

Figure2.9: 3D-Texturing. Left: TherealUtah Teapotof Melitta on exhibition in
the ComputerHistory Museumin MountainView, CA. Top Right: Solid marble
texture. Bottom Right: Marbletexture appliedto teapot.

2.4 Programmable Graphics Hardware

In this sectionwe addresshe ongoingevolution of the graphicshardware. Basi-

cally, hardwareacceleratedenderingstartedwith the SGI graphicsworkstations
andEvansandSutherlandight simulators.Thesegraphicsvorkstationsaandsim-

ulatorswerevery expensve gadgetdhatweretayloredto very speci ¢ visualiza-
tion tasks.It wasunthinkableto have oneof thoseathome.
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But in thelate 90's the computergamingindustrydiscoveredthethird dimen-
sionasthekey elemenfor realisticcomputeigames.Thiswasatremendougpush
for graphicshardwaremanufcturers.With the Sory Playstationlaunchin 1994
three-dimensionajraphicsfor the rst time wasbecomingcheapenoughto be
affordablefor thebroadmass.

In the subsequenyearscheappowerful graphicsacceleratorsvere also be-
coming available for the PC platform. Here, to mentiononly a few, the 3dfx
Voodooandthe NVIDIA TNT and GeForce productswere the dominatingac-
celerators. Only recently ATl with its Radeonproductshas beenincreasingly
successfuin thatmarket andcurrentlyoffersthe bestprice performanceatio.

Before the upcomingof three-dimensionatomputergames,graphicshard-
warewasorganizednherentlystatic. The graphicspipelinewasa x edfunction
pipelineful lling aspeci c operationat eachstage.For example,the perspectie
transformationwas hardwiredas the multiplication of a 4 by 4 matrix with the
incoming position vector of the verticesfollowed by the homogeneousormal-
izationof thevector Lighting is performedsimilarly by transformingthe normal
vectorwith anothematrix.

Backin the early daysof computergraphicsthis transformatiorschemewas
sufcient to shadethe polygonalmodels.But currentsophisticatedighting tech-
niguesdonot t aseasyinto thesimplehardwiredschemeof theoriginalgraphics
pipeline. For the efcient implementationof advancedlighting and rendering
techniqguegshe pipelinehadto be redesignedo be muchmore e xible. Thiswas
achiezed by makingthe main stagesof the pipeline customizable.In particular
the vertex projectionandthe fragmenttexturing stageof the pipelinehave been
replacedby specialpurposeprocessingunits that are customizablevia low-level
assemblyanguage.

2.4.1 Vertex Shaders

The vertex shadelis the customizableounterparof the perspectie transforma-
tion andthe lighting operation. It usesa SIMD processingnodelwith ef cient
instructiondor vectormultiplication,summationdot product,andnormalization.
It alsofeaturescontrolstructuresvhichdirectthe o w of thevectorcomputations.
In the languageof the vertex shadeithe perspectie transformationfor example,
canbe reformulatedasfour subsequendot productsand onedivision summing
upto atotalof vevertex programinstructions.

The vertex programcodeis compiledat runtime and uploadecto the graph-
ics hardware, which after that executesthe codefor eachincomingvertex. The
maximumprogramlengthis between128 and 256 operationsdependingon the
actualgraphicshardware. With this restrictionalreadyquite complicatedvertex
programscan be written. It is expectedthatthe maximumprogramlengthwill
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increaseeven furtherin the future giving way for stunningnew graphicseffects
computedatreal-time.

2.4.2 Pixel Shadersand Fragment Programs

Pixel shadersarefor fragmentprocessingvhatvertex shadersarefor vertex pro-
cessing.In comparisorto a vertex programthe pixel shadelinstructionsareless
powerful andprogramlengthis muchmorelimited. Conditionaljumpsareonly
implementedin the latestgraphicshardware generation,and lead to a signi -
cantslowdown of fragmentprocessingf usedtoo frequently But the principle
is the sameaswith vertex programs. This meansthat for eachincoming frag-
menta pixel shademicro-programs executedwhich determineghe nal color
of thefragment.Thepixel shadeicanreadvariousinputregisters suchasprimary
color, sampledextures,Z-valuesandsoon to accomplishcomplec texturing and
shadingoperations.

input registers output registers

RGB A ] ‘ RGB A
input input input 3
map

secandary color l
A B C D

input

primary color map map map primary color

secondary color

texture 0 texture 0

AB+CD

texture 1 —or- =

ABmuxCD

spare 0

spare 0

spare 1 spare 1

AB
foa L or L | and
— AeB Al

fog

constant color 0 constant color 0

constant color 1 constant color 1

CD

Zero Zero

CeD

Figure2.10: Registercombinerson NVIDIA GeForce2.

The rst steptowardsthe complex pixel shadersverethe so calledregister
combiners.They becamenecessarysincemoderngraphicsacceleratorsillowed
to de ne not only a singletexture per fragmentbut up to eighttexturesor even
more. The resultof the lookup for eachof the multiple textureshadto be com-
binedinto onesinglecolor valuewhich becomeghe nal color of the fragment.
For that purposea register combinerallows to map an input register setto an
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outputregistersetvia a x ed setof simple prede nedoperations.By adjoining
severalcombinerstagegherangeof computabldunctionsis enlaged. Theinitial
implementatiorof the registercombinersan the NVIDIA GeForceofferedonly 2
suchstagesbut the GeForce3alreadyoffered4 stagegseeFigure2.10)andmore
powerful operationsThelogical consequencim thedevelopmenbf thefragment
processingunit was not just to add more and more register combinerstagesout
to introducea fully programmableunit, which is now known asthe fragment
program in OpenGLnotationor the pixel shaderin DirectX notation.

To give anexampleof a fragmentprogramthe following codesamplesa tex-
turein thesamefashionastheoriginaluncustomizablgipeline,thatis thefollow-
ing programshaws how to performasimplemodulationbetweertheinterpolated
primary color anda singletexture lookup asdoneby the default texture erviron-
mentof OpenGL:

IIARBfp1.0

ATTRIB tex = fragment.texco  ord,; # texture  coordinates
ATTRIB col = fragment.color .p rim ary; # interpolated color
OUTPUToutColor = result.color;

TEMP tmp;

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

For completenesthe DirectX version(without modulation)is givenbelon which
differs mainly in the declarationsyntaxbut otherwisethe pixel shaderoffers al-
mostthe sameinstructionsetandfunctionalityasa fragmentprogram:

ps 2 0

; Declare the sO register to be the sampler for stage O.
dcl_2d sO
: Declare t0O to have 2D texture coordinates from stage O.
dcl t0.xy

; Sample the texture at stage O into register rl.
texld rl1, tO, sO

; Move rl to the output register.

mov oCO, rl

After the nal color of a fragmenthasbeencomputedthe last stepis to blend
the color of the fragmentwith the color in the frame buffer. This is necessary
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to implementtransparenc As opposedo vertex and fragmentprocessingthe
blendingstageof the pipeline hasremainedcomparatrely unchangedincethe
early daysof computergraphics.The blendingstageoffersa x ed setof opera-
tionsto mix theincomingcolor with thecolorin the framebuffer. In our opinion
it is only amatterof time whenthis stagealsobecomedreely programmablée.g.
by meansf ablendingcombiner).



Chapter 3

A Brief History of Terrain
Rendering

The rst prerequisitan enrichingoutdoorscenesvith naturalvolumetriceffects
is to have basicknowledgeaboutthefundamentaprinciplesof outdoorrendering
andin particularthekey componenttheterrainrendererin this chaptemwe there-
fore give a brief chronologicakurwey of existing terrainrenderingalgorithmsand
try to predictthein uence of futuregraphicshardwaredevelopment.

3.1 DataRepresentation

Traditionally, terrain datais available mostly as contourmap. During the last
centurygeographerdiave beencollecting contourmapsfor nearly every point
on earth. Nowadaysdataacquisitionvia remotesensing thatis via airborneor

satellitebasedscannersplaysa moreand moreimportantrole. In this context,

topographidnformationis representethy a so-calledheight eld, thatis aregu-
lar heightmatrix. The matrix is oftengivenasa grey-scaleor color-codedimage
wherethe brightnessor color of eachpixel correlatedo its elevation (for an ex-

ampleseemiddleimagein Figure3.1). Theactualsizeof aheight eld canrange
from 1000by 1000grid pointsto ary arbitrarily large number The whole earth
ataresolutionof 1km, for example,corresponds$o roughly% billion datapoints.
Due to the hugeamountof dataandthe large size of the correspondingriangle
mesh height elds usuallycannotberenderedexactly. Insteadasimpli ed mesh
is producedanddisplayed As wewill seein ChapterslOand11,thesamesimpli-

cation stratay is suitablefor volumerenderingof naturalgaseouphenomena.

3.2 TINs

The so-calledtriangularirregular networks (commonlyabbreviated by the term
TIN [30]) werethe rst algorithmicattemptgo implementaterrainsimpli cation
stratgy (Military ight simulatorshave beenusingsimpli cation schemesince
the seventiesbut little is known abouttheir algorithmic strategy). The regular

26
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height eld is corvertedinto airregulartrianglemeshwhich containdesstriangles
in regionsthatare smoothandmoretrianglesin regionswhich have high surface
cunature.Dueto theirregularstructuretheachievedcompressiomatiosarehigh.

A completemountainridgeor a at riverbedfor instancecanberepresentedith

justafew appropriatelyshapedriangles(compareFigure3.1).

Figure3.1: Exampleview of aTriangularlrregularNetwork (TIN). Firstacontour
map (left) is corvertedinto a height eld (middle). The brightnessf eachgrid
point correspondgo its elevation. Thenthe height eld is tessellatedn sucha
way thatlow surfacecurvatureleadsto larger triangles(right) ascanbe seenat
theriverbeds.

Thereexist a variety of differentalgorithmswhich try to squeezehe size of
the irregular meshwhile preservingthe structureof the original data(including
waveletbasedencodingd33]). However, the basicprinciple is the samefor all
thesealgorithms,sowe do not give a detailedanalysishere. It is moreimportant
to pointoutthattheseapproachebave onefundamentatlisadwantage Depending
on the compressiomatio small detailsof the landscapere smoothecbut during
simpli cation. If theviewer is far away from thesedetails,onemight not notice
their absencebut in the nearvicinity the absencdecomesbsenable. For this
reason,TINs arenot suitablefor a variety of applicationareassuchaslow level

ight simulationsor proximity warningfor civil aviation. In the next sectionsve
outline view-dependenterrainrenderingalgorithmswhich circumwentthe men-
tioneddisadantage.
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3.3 S-LOD

As mentionedn theprevioussection thehugeamountof datapreventstheterrain
modelfrom beingdisplayedin full detail. Putin anothemway, thelarge extentof
aterrainleadsto a projectve sizeof muchlessthanonepixel for distantdetails
(compareFigure 3.2). While it would be overkill to draw all suchdetail, it still
mustshow up if the viewer is closeenough.This kind of view-dependencwas
themainproblemwhich hadto bedealtwith in theearlydaysof terrainrendering.

Oneof the rst solutionsto this problemwastheso-calledstaticlevel of detalil
(S-LOD[50, 107)) technique Heretheterrainis dividedinto tiles eachof whichis
representetdy a setof TINs with varyingresolutions Dependingon thedistance
to theviewerfor eachtile aTIN with appropriatgrojectivetrianglesizeis chosen
fromtheset.If regularly coarsenedheshesreusednsteaddf TINs themethodis
calledgeo-mipmappingl5]. Theappropriateaesolutionof eachtile is chosenn
suchawaythattheprojectedscreerspaceerrorof eachindividualtile is justbelov
aprede nederrorthresholdof oneor severalpixels. If theerroris belov onepixel
thesimpli ed terrainis indistinguishabldérom the original mesh.Specialcarehas
to betakento closethe gapsthatmayarisein betweerthetiles.

In practice,muchhighererrorsthanonepixel have to be admittedto achiee
sufcient framerates. Sincethe estimationof n of the screenspaceerror of an
entireblockis very conserative alot of smallredundantrianglesaregeneratedf
theblock containsonly justafew smalldetails.Soa block-basedriangulationis
only avery roughapproximatiorto the optimaltriangulation.As a consequence,
far moretrianglesarerenderedhannecessargndtheframeratesachiezedfor an
errorthresholdof onepixel arejustnotsufcient. Thereforehigherthresholdsare
usuallyallowed, but thenthe transitionof onelevel of detailto anothetbecomes
visible. This temporalartifactis known asthe poppingeffect. As the human
eye is very sensitve to suddentemporalchangegheseartifactsleadto serious
distractionof the obserer and shouldbe avoided whenerer possible. Another
problemthat arisesfrom tiles with differentresolutionsis the issueof building
a conformingmesh. In orderto avoid gapsbetweenadjacenttiles of different
resolution,additionaltrianglesareneededo connecthetiles properly

3.4 Progressve Meshes

A specialcaseof the S-LOD techniqueare progressie meshesas proposedoy
Hoppe[42]. While the progressie meshetechniquewvasoriginally designedor
theincrementakimpli cation andtransmissiorof three-dimensionabbjectsthe
techniquecanalsobe appliedto terrainrendering.Eachtile of theterrainis rep-
resentedy a setof meshesvhich arederivedfrom the original meshby the well
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Figure 3.2: StaticLOD asproposedoy Koller et al. (Imagestaken from [50]):
On the left side the original meshis shovn, whereason the right sidethe tiled
representatiors depicted For eachtile asetof meshesvith increasingcoarseness
is built. Dependingnthedistanceo theviewer, themeshis selectedvhich hasa
projective screerspaceerrorthatdoesnot exceeda certainprede nedlimit. This
limit is usually setto one or several pixels. If the limit is belonv one pixel the
simpli ed meshis indistinguishablérom the original mesh.

known split andmerge operation®of progressie meshegsee[40, 41] for detailed
information). The connecwity of thetilesis ensuredy afull grid attheborders.
Figure 3.3 shavs an examplein which differenttiles are depictedby alternating
colors. Theadwantageof this approachs the goodapproximationguality but on

thedownsidethememoryrequirementarehugeandcomplex datastructurehave

to bemaintainedIn summaryprogressie meshesarea goodchoicefor the sim-

pli cation of arbitrary3D geometrybut for the specialcaseof height elds there
exist specializedalgorithmswhich are muchmore straightforvard and easierto

implementaswe will 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
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Figure3.3: Progressie meshesasproposedy Hoppe(lImagestakenfrom [42]).
Differenttiles aredepictedby alternatingcolors.

quality of the S-LOD algorithmsin a sensethatthe triangulationis alteredon a
pertriangleandnot on a pertile basis. This allows muchbetterapproximations
which adaptoptimally bothto the viewing distanceandto surfaceroughnessilf,
for example,atile hasa singlesmallpeak,the S-LOD algorithmneedso choose
a high resolutionmeshfor the entiretile (comparedarktile at the bottomleft of
Figure3.2). TheC-LOD methoddoesnotexhibit thisrestriction,sincethetriangle
countcanbeincreasedor thesmallpeakonly. In thefollowing sectionghethree
main C-LOD algorithmsby Lindstrom[59], Duchaineay19], andRoettger{89]
arediscussedh chronologicabrder

3.5.1 Lindstr om'sAlgorithm

The rst published C-LOD algorithm which achieved consistentinteractve
framesratesandhigh imagequality is the approachof Lindstromet al. [59]. It
appliesatwo-stepsimpli cation schemethatis a block- anda vertex-basedsim-
pli cation step.Both stepsaredrivenby the screerspaceapproximatiorerror of
themesh.A coarsdevel of simpli cation is performedo selectdiscretelevelsof
detail for blocksof the surfacemesh,followed by further simpli cation through
repolygonalizationn which individual meshverticesareconsideredor removal.
Thesestepscomputethe appropriatdevel of detaildynamicallyin realtime, min-
imizing the numberof renderedpolygonsand allowing for smoothchangesof
resolutionacrossareasf thesurface(seeFigure3.4).

The conditionsunderwhich a trianglepair canbe combinedinto a singletri-
angleareprimarily describedoy the amountof changen slopebetweerthe two
triangles.Themaximumverticaldistancebetweerthetwo con gurationsinduced
by theomissionof onevertex is referredto asthedeltavalued of eachvertex. As
the delta value increasesthe chanceof triangle fusion decreasesBy project-
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Figure3.4: C-LOD algorithmasproposedoy Lindstromet al. The wire frame
view shaws a triangulationwith approximately40,000polygons(Imagestaken
from [59]).

ing the deltasegmentontothe projectionplane,onecandeterminghe maximum
percevedgeometricerrorbetweerthemeigedtriangleandits correspondingub-
triangles. If this erroris smallerthana giventhresholdt, the trianglesmay be
fusedto reducethe compleity of the surfacemesh. If theresultingtrianglehas
aco-trianglewith errorsmallerthanthethresholdthis pairis alsoconsideredor

simpli cation. This processs appliedrecursvely until no further simpli cation

of themeshcanbemade.

Lete betheview pointandlet bethe positionof eachvertex. Furthermore,
let d bethedistancrom-eto the projectionplaneandde ne | to bethe number
of pixels perworld coordinateunit in the screencoordinatesystem. With these
de nitions, the length of the projecteddelta segmentasshowvn in Figure3.5is
approximatedy thefollowing equation:

r—
2
dd 1 22X

iie vi

(3.1)

dscreen ”e 'V”
The squareroot term equalsthe sine of the viewing angleandaccountdor the
vanishingerroratnadirviewing anglegthatis looking down from straightabove).
Thedenominatoaccountdor decreasingrrorrelatedto increasinglistance.

In principle, the lengthof the projecteddeltasegmentneedso be computed
for every triangle pair in orderto checkwhetherit is fusedor not. But comple
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Figure 3.5: The projectionof a deltasegmentonto the viewing plane. The delta
segmentandits respectie projectionaredepictedby bold lines. For nadir view
positionsthe projectedengthvanishesFor largerdistance®f the segmentto the
view positionthe projectedengthalsobecomesmallerandsmaller

datasetsnay consistof millions of polygons.andit is clearlytoo computationally
expensve to run the describedsimpli cation processon all polygonverticesfor
eachindividual frame. By obtaininga conserative estimateof whethercertain
groupsof verticescanbe eliminatedin a block, the meshcanbe decimatedvith
little computationatost. If it is known thatthe maximumdeltaprojectionof all
lowestlevel verticesin a block falls within t, thoseverticescanimmediatelybe
discardedandthe block canbe replacedwith a lower resolutionblock, whichin
turnis consideredor further simpli cation. Accordingly, a large fraction of the
costlydeltaprojectionscanbe avoided.

To ef ciently renderthe mesh,a graphicsprimitive suchasthe tri-stripping
primitive supportedby OpenGLmay be used. For eachspeci ed vertex v, the
previoustwo verticesandv form the next trianglein the mesh.At certainpoints,
the previoustwo verticesmustbe swappedvia an additionalglVertex() call,
but basicallya completeblock canberenderedvith a singlegraphicsprimitive.

The mostprominentadwantageof the describedC-LOD algorithmis the pos-
sibility to maintaina desiredquality of thetriangulationvia thescreerspaceerror
thresholdt. Due to the view-dependentriangulationsmall distantdetailsneed
notberepresentedith the samenumberof trianglesthanthosewhich arenearby
This leadsto a tremendouseductionof the numberof renderedpolygons. On
the down sidethe triangulationhasto be updatedor eachframe,which leadsto
heary CPU utilization. Especiallythe block switchesare very costly and may
causeframe dropson slower platforms. Sincethe triangulationis differentfor
almosteveryframe,vertex arraysandotherrelatedperformanceptimizationsare
dif cult to apply In mary applicationscenariost is desiredto guarante@ maxi-
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mumtrianglecount.Althoughthenumberof generatedrianglescorrelategightly
with the errorthresholdit is not possibleto guarante@ maximumtrianglecount
directly. Negative feedbackmustbe usedto steerthe triangle countby smoothly
adaptingtheerrorthreshold.

3.5.2 Duchaineau's Algorithm

Following the Lindstrom paper a major improvementof the C-LOD technique
wasachieved by Duchaineatet al. [19] (seealsoFigure3.6). They presentedn
algorithmwith optimizederrormetricesandguaranteeerrorboundghatachie/es
speci ed triangle countsdirectly and usesframe-to-framecoherencedo operate
at high frame rates. The methodwas dubbedReal Time Optimally Adapting
MesheqROAM). It usestwo priority queuedo drive split andmeige operations
thatmaintaincontinuoudriangulationsbuilt from preprocessetintreetriangles.
ROAM executiontime is directly proportionalto the numberof trianglechanges
per frame, henceperformancas almostinsensitve to the resolutionandthe ex-
tentof theinputterrain.Justasthesquare-shapeguadtreéhasatriangle-quadtree
counterpartthefamiliar rectangleshapedintree[94] hasa little-known triangle-
shapedtounterpartThechildrenof therootarede ned by splittingtherootalong
anedgeformedfrom its ape vertex to the midpointof its baseedge.Therestof
the bintreeis de ned by recursvely repeatingthis splitting process.A key fact
aboutbintreetriangulationss thatneighborsareeitherfrom thesamebintreelevel
or from thenext ner level for left andright neighborsor from the next coarser
level for baseneighbors.A simplesplit operationandits inversearedepictedin
Figure3.7 for atriangulationcontaininga so-calleddiamond.

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

An importantfact aboutthe split and meige operationds that any triangulation
may be obtainedfrom ary othertriangulationby a sequencef splitsandmeiges.
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Figure3.7: Splitandmeige operationon a diamond(from [19]).

The split and memge operationsprovide a e xible framevork for making ne-
grainedupdatego atriangulation.No speciakefforts areneededo avoid cracksor
T-vertices.Theideaof a greedyalgorithmthatdrivesthe split andmerge process
is simple: keeppriorities for every trianglein the triangulation,and repeatedly
do aforcedsplit of the highest-prioritytriangle. This processreatesa sequence
of triangulationsthat minimize the maximumpriority. The only requiremento
ensurethis optimality is that priorities aremonotonic,meaningthata child's pri-
ority is not largerthatits parents. This is a valid assumptionsincethe priorities
typically correlateto a monotonicerror bound. Adding a secondpriority queue
for melgablediamondsallows the greedyalgorithmto startfrom a previous op-
timal triangulationwhenthe priorities have changedandthustake advantageof
frame-to-framecoherence.

The basicerror metricof ROAM is the distancebetweenwhereeachsurface
pointshouldbein screerspaceandwherethetriangulationplaceshepoint. Over
thewholeimagethe maximumof thesepointwisedistortionsis measuredin this
senseDuchaineats approachs very similar to Lindstrom's. Besidesthis basic
error metric the priority-driven meshgenerationallows further advancederror
metrices:

Back-facedetail reduction: Prioritiescanbesetto aminimumfor triangles
whosesubtreeof trianglesareall back-fcing.

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

Texture coordinate distortion: Priorities shouldalso correlateto texture
distortion.

Silhouette edges Speci c emphasi€anbe placedon triangleswhosenor-
mal boundsindicatepotentialback-faceto front-facetransitions.
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View frustum: Prioritiesoutsidethe viewing frustumcanbe setto a mini-
mum.

Atmospheric obscurance Wherefog reducesvisibility, priorities canbe
reduced.

Object positioning: To correctlypositionobjectsonaterrain,thepriorities
of trianglesundereachobjectcanbearti cially increased.

Thescreen-distortiopriorities of thetriangleschangeastheviewing position
changestypically in a slov andsmoothmanner Recalculatingoriorities of all
trianglesfor every frameis too costly, especiallyfor someof the advancederror
metrices. Instead,priorities are recomputednly whenthey potentially affect a
split‘mege decision.Recomputatiorof a triangle cansafelybe deferreduntil its
priority boundoverlapsthe crosseer priority. A deferrallist is keptfor eachof
the next few dozenframes.Only thetriangleson the currentframe's deferrallist
musthave priorities recomputed.If time allows, additionaltrianglesmay be re-
computedn subsequerdeferrallists. Thetotal memoryrequirement®f ROAM
rangefrom 8 to 20 bytespervertex dependingnthespeci c implementationTo
give a practicalexample,the memoryfootprint for a 2000 by 2000 height eld
rangedrom 31to 76 MB.

The main advantageof ROAM areits e xibility with respectto applicable
error metricesandthe guaranteedriangle countwhich canbe achievedwith low
computationabverheadBut eventheimplementatiorof only a subsebf the pro-
posedadditionalerror metricsis a very complicatediask. For a speci c type of
applicationoneneedgo know in advancewhetherthedescribedophisticatedea-
turesaredemandear if amuchsimplerapproachs sufcient. For example,the
excessve useof linkeddatastructuressuchasthe deferrallists, is not preferable
in interactve entertainmentsincemain memorycanbecomeheaily fragmented
afterlong periodsof gameplay. Hereamuchsimplerapproacttanleadto amuch
morestablealgorithmwhichis alsomucheasierto implementandverify.

3.5.3 Roettger's Algorithm

Albert Einstein:Everythingshouldbeassimpleasit is,
but not simpler!

In the last sectionwe have describedthe developmentof terrain renderingal-
gorithmsover the years. While thesealgorithmsare alreadyquite mature,the
demandsf interactve entertainmenare quite differentfrom thoseencountered
in the academicarena: Simplicity, stability, andtime-to-marlet are often much
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underrated An exampleof an algorithmthat meetsthe requirement®f interac-
tive entertainmenis the simpleyet ef cient C-LOD algorithmpresentedn [89].
We have beendevelopingthis algorithmin cooperationwith Massve Develop-
mentin 1997/98. It is includedin the Krassgameenginewhich is the graph-
ics coreof the multi-award winning computergameAquaNoxandits successor
AquaNox:Reelation.Theterrainrenderefeaturedow memoryconsumptiorand
ef cient geomorphing.As we will seethesefeaturesarevery importantfor out-
doorgameengines.

Figure3.8: C-LOD asproposediy Roettgeret al.: Wire frameview of the Gala-
pagodslands.

Thealgorithmis basedn a quadtreeepresentationf theheight eld, which
is storedasacompacijuadtreanatrix. Besidegheelevationdataonly this matrix
needdo bestoredin mainmemory This resultsin amemoryfootprint of either3
or 5 bytesperheixel (asananalogudo a pixel a heixel is aheight eld element)
for 16 bit or oating point heightvalues,respectrely. In Figure 3.8 anexample
triangulationof the Galapagodslandsis shaovn. The correspondingschematic
view of the quadtreas givenin Figure3.9.

Eachnodeof thequadtreecorrespondso amaximumof 8 trianglesorganized
asatrianglefanaroundthenodes midpointasshovnin Figure3.9 (alsocompare
left middlecasen Figure2.3). A conformingmeshis obtainedsimply by skipping
thoseverticesof a trianglefan which area T-vertex. In Figure 3.9 the skipped
verticesaredepictedoy crosses.Thetriangulationfor a speci ¢ point of view is
calculatedby evaluatinga decisioncriterionfor eachquadtreenodein atop-davn
fashion.Beingmorespeci c, the criterionis rst evaluatedfor theroot node. If
the criterionis true for the root nodeits four childrenare checled usingdepth-
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Figure3.9: Left: Sampletriangulationof a 9 by 9 height eld. Parent-childrela-
tionsof thequadtreareindicatedby arrons. Right: Thesameriangulatecheight
eld decomposedhto trianglefans(depictedby circulararrons). A conforming
meshis built by simply skippingthoseverticesthataremarkedwith crosses.

rst traversal.This processs continuedrecursvely until a speci ¢ nodedoesnot

fulll the criterion which meansthat this nodeis a leave nodeof the quadtree.
Whethera quadtreenodeis re ned or not is calculatedby the following rather
simplecriterion:

I L
f= d C max(c d21) ° subdivide if f<1 (3.2)
Here,| denotesthe distanceof the viewer to the midpoint, d denoteshe edge
length, and d2 de nes the local surfaceroughnessf eachnode. As a result,
the level of meshre nementis determinedoy the distanceto the viewer andthe
local surfacecunvatureasde ned by the precomputedi2-values.The constants
andC determindheglobalandminimumresolutionof theresultingtriangulation.
Thetotal numberof generatedrianglesis closelycoupledto theglobalresolution
parameter, sothaton fastmachineghis parametecanbe chosento be larger
thanon slow machinedo obtaina ner triangulationof theterrain.
Thegivenformulacomputesanapproximatiorof the projectionerror of each
node. The criterionis a reformulationof Lindstrom's delta segmenterror (see
Figure3.5). For simplicity the squareroottermin Lindstrom's formulahasbeen
neglected.This meanghatthere nementdoesnot dependon the viewing angle,
sincethis would introducesigni cant computationalbverheadas illustrated by
Lindstrom's approach.If oneonly considerggeometricaberrationthenangular
dependencmakessensebput if onealsoconsiderghein uence of texturing and
lighting thenangulardependenc makeslesssense.This statements illustrated
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in thefollowing example:Considedookingontoa at planewith asmallpeakin
birdseye view. Thenthe geometricerrorinducedby the peakis very smallsince
theviewing angleis nearly90 degrees.Sothetrianglesof the peakprobablywill
be fusedandthe peakwill be attened out. Now, if you take perverte lighting
into accountthe peakshouldstill be visible becausef the changeof the surface
normal. But sincethe peakis attened out we also loosethe surfacenormals
which meanghatthe peakis not shadedcorrectly Dueto perspectie distortion
it alsomakesadifferencewhethermwe renderatexturedpeakor a at surfacewith
the sametexture. In summary angulardependengis not compatiblewith per
vertex lighting andtexturing. For this reasonwe decidednot to includeangular
dependengin our approach.This keepsthe decisioncriterion simple which in
turn alsoresultsin a very fast, robust, and simple algorithm consumingonly a
minimumof extra memorypergrid point.

Since C-LOD approachegyenerateview-dependentriangulations,the so-
called popping effect leadsto a seriousdistractionof the obserer. When ap-
proachinga surfacedetail from the far distancethe surfacedetail will suddenly
popupataspeci c point. If thescreerspaceerroris below onepixel this popping
effect is not visible but in mary situationsone cannotafford the resultinghigh
trianglecount.In thesecasestechniquecalledgeomorphingliminateshe pop-
ping effect: Insteadof letting the surfacedetail pop up suddenlyit is blendedin
smoothly For this purposeheelevationsof the verticesof a quadtreenodewhich
is marked for re nement are smoothlyinterpolatedbetweenthe corresponding
two quadtredevels. In contrastto a sudderpop, a smoothinterpolationis hardly
noticableby a humanviewer.

Our terrainrenderingalgorithmis especiallytailoredto ef cient geomorph-
ing. Theinterpolationof the verticesis not carriedout in a x edtime interval.
Insteadthe speedof morphingis coupledto the screenspaceerrorwhich yields
a muchbettersuppressiomf 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 achieze about105,000geomorphedtextured,andlit tri-
anglesper frameat a target framerate of 30 Hertz. This correspondso about3
million verticespersecond.

Backin 1996,whenthe C-LOD algorithmwaspresentedathresholdoft = 3
resultedin a frame rate of approximately30-50 framesper second. But then
the poppingeffect wasalreadyobsenable. Nowadaysthe graphicsperformance
hasincreasedsigni cantly, andit is no longer a problemto maintaina screen
spaceerror of lessthanonepixel at frameratesabove 50 Hertz. As explainedin
Chapterd thesituationis differentin interactve entertainmentvheremary tasks
arecarriedout concurrentlyandthereis lesstime availablefor terrainrendering.
In sucha settinggeomorphings still required.
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3.6 Future Development

With respecto the future developmentof terrainrenderingalgorithms,onecan
foreseea main developmentbranch. Due to increasingprogrammabilitythe
graphicshardware is taking over mary tasksthat previously hadto be carried
outby the CPU.With respecto terrainrenderingfor example the Matrox Parhe-
lia is ableto interpreta 2D texture mapasa height eld. It generateshe surface
triangleson chip to minimize bustrafc. This procedurehasthe dravbackthat
the sizeof a height eld is limited asit hasto residein texture memory Larger
terrainsrequirea hierarchysimilar to the S-LOD technique.For this reasonthe
S-LOD techniquewill celebratats comebackin the nearfuture asindicatedby
recentpublicationg8], but the problemof maintaininga conformingmeshis yet
to besolvedonthegraphicshardwareside. Asidefrom any uncertaintie®f future
developmentone thing is almostcertain: More and more hardware-accelerated
alternatvesto traditionalterrainrenderingalgorithmswill emege.



Chapter 4
The Terrain Rendering Pipeline
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Figure4.1: An example screenshotof the computergameAqguaNox shoving
volumetriceffectslik e fog anda jet-wash.

With the upcomingof advancedterrainrenderingalgorithms(seeChapter3) the
compleity of the outdoorscenedlisplayedin interactve entertainmenhasin-
creasedsigni cantly over the pastyears.By today's standardshe mostef cient
methodto displayaterrainis thecontinuoudevel of detailtechniqugC-LOD; see
Section3.5). Despiteits adwvantageshesetechniquesirenowvadaygustbeginning
to migrateinto the designof modern3D graphicsengines.With the demandor
more and more complex outdoorsceneshis situationwill clearly changen the
future.

With the C-LOD algorithmbeingthe key componentor therealtime display
of large outdoorscenesthereexist a variety of otheraspectshathave to be con-
sideredo achiere thedesiredook andfeel of anorganiclandscapeFromagame
developergointof view, terrainrenderings adatadrivenprocessyhich notonly
involvestherealtime displayof a giventerrainbut alsothe designof thearti cial
landscapesndthe realistictexturing andlighting thereof. The entire story can

40
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be describedaswhatis calledthe terrainrenderingpipeline. Following the data
o w from the beginningto the endof the pipeline,in this chaptemwe describethe
terrainrendererasimplementedoy the Krassgameengineof Massve Develop-
ment.For themodelingof thesurfacepropertiesve introducethethreefunctional
groupsillumination, material,andglobaleffects. Ontheonehand,this separation
offershigh e xibility with respecto the visualappearancef the surface.Onthe
otherhand,eachfunctionalgroup resultsin the applicationof one or more sur
facetextureswhich canberenderecef ciently usingmulti-texturing. In addition,
the renderingprocesscan be easily divided into several distinct passeswhich
malkesit possibleto customizeheentirepipelinefor differentgraphicshardware.
This approachhasbeensuccessfullydemonstratedn the DX8 computergame
AquaNox[87].

Theterrainrenderingpipeline consistsof 6 main stageswvhich aredescribed
in thefollowing (seealsoFigure4.2):

4.1 LandscapeData Generation

The generatiorof terraindatais a complex task, which is often underestimated.
Theterraindatahasto satisfyseveralrequirementsObviously, thevisualappear
anceis of primeimportance Furthermorethetopologyof theterrainis oneof the
key elementdor the subsequentissiondesignprocess.Last but not least,the
datageneratiorprocessshouldbe cheapin termsof time andmong. As a rst
step,realworld terraindatais collected. This datasourceguaranteeghe natural
appearancandauthenticity For thepurposeof missiondesignthelevel designer
usescommonimageediting tools. Thesetools areutilized to manuallygenerate
displacemeninaps,containingthe featureswhich arerelevantfor the gameplay.
In a nal step,theheight eld is Itered in variousways (noise,edgeenhance-
ment,etc.). To avoid quantizatiorartifactsthe entireprocesss carriedout with at
least16 bits of accurag.

4.2 RealTime Display of the Terrain

Oncetheterrainis de ned by a two-dimensionatartesiarheight eld, sophisti-
catedalgorithmsare neededo displaythe landscapen realtime. Thesizeof a
height eld easilyexceeds1024x1024grid points,which in turn correspondso
morethan2 million trianglesthat have to be renderedn eachindividual frame.
Sincethe exactdisplayis notfeasible the Krassgameengineappliesthe current
stateof theartin this area,thatis the C-LOD technique/89] asdescribedn the
previouschapter
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In interactve entertainmentiowever, terrainrenderings only onetaskamong
mary othersthat have to be carriedout for eachframe. Thereforethe afford-
ablescreenspaceerrortargetedby the terrainrendereiis usuallywell above one
pixel. Larger screenspaceerrorsmanifestthemselesin the poppingeffect. As
a solutionto this problem,the geomorphingechniquesmoothlyinterpolatese-
tweenthe differentlevels of detail effectively renderingthe poppingeffect invis-
ible [12, 89]. This allows smoothimmersve terrainvisualizationseven on low
endgraphicshardware. Sincethe morphingoperationneedsto be carriedout at
leastevery 100 millisecondsto keeptheillusion of a statictriangulation frameto
framecoherences dif cult to exploit. In orderto speedup terrainrenderingthe
view frustumis predictedfor the next 100 milliseconds. Thenthe triangulation
is computedor the predictedandenlagedyvisible area.Until the next updateof
thetriangulationthegeneratedrianglesarecachedlIn thisway smoothvisualiza-
tionsof aterrainaregenerate@trealtime andwith alow averageCPUload. This
concepts calledsemi-dynamiderraingeneration.

4.3 Terrain Material

Theterrainmaterialis assembleffom threetextures,acoarsecolortexture,a ner
materialtexture,andan even ner detail texture. It is importantto differentiate
betweencolor andstructure. The coarsecolor mapis usedto generatehe large
scalecoloringof theentireterrain. The materialmaprepresentghe structureof a
materialatamid-frequenyg level, whereaghedetailmapcontainonly intensities
at a high-frequeng level. Thelatter mapis usedto represensmall detailsclose
to theviewer.

4.4 Terrain lllumination

Theilluminationis constructedy summingup the emissionof all staticanddy-
namiclight sourcesThestaticlight mapcoversthe entireterrainandis generated
in a preprocessingtep,which gathersthe ambientand diffuse contrikutions of
all staticlight sources. Sincea simpleray castingstratey is usedto calculate
theincomingintensityfor eachtexel of thelight map, staticshadevs arealready
includedatthis point. As theterraingeometryis generatedby a C-LOD systemijt
only makessensédo performthedynamiclighting calculationon aperpixel basis.
For this purpose a dynamiclight mapis generatedyhich only coversthe view
frustumin orderto ensurea sufcient texture resolution.Usingthe light mapas
arendertamget,theincominglight is accumulatedor eachdynamiclight source.
The light intensity is calculatedby applying a dot productbetweenthe normal
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mapof theterrainanda radiallight eld whichis speci c for eachlight source.
At this point, dynamicshadavs arealsotakeninto account.A boundingsphere
approximationof eachdynamicobjectis projectedontothe terrainto maintaina

shadov buffer in thealphachannebf therendertarget. The alphachannerepre-
sentgheheightof theobject. Whenrenderingeachdynamiclight sourcewe have

to determinewhethereachtexel is shadevedor not. Thisis achiazedby compar

ing the heightof thelight sourcewith the heightcodedin the alphachannel.This

conceptis appliedto all dynamiclights including causticsandthe sunlight. A

total of morethan500 light sourcescanbetreatedin realtime usingthis texture
basedighting approach.

4.5 Organic Features

In the next steporganicfeaturesareaddedto the scene.We distinguishbetween
local andglobal phenomenaAs an examplefor local phenomena large scale
plant renderingsystemis used. The plantsare cateyorizedinto several groups.
For eachgroupa densitydistribution is paintedby the level designer According
to this distribution, the plantsareplacedin a pseudo-randorfashion. The plant
seedingis performedon the y for the visible partof the terrainonly. In order
to maximize the geometrythroughput,the plantsare cachedbasedon a tiling

scheme.As an examplefor a global phenomenora particle systemis usedfor

the displayof oating plankton. This particle systemhasbeendesignedo run

entirelyin thevertex shadeiof DX 8 graphicshardware.

4.6 Global Volumetric Effects

Thelaststageof the pipelinehandlesrolumetriceffectssuchasfog or watertur-
bidity. In generalthe visualizationof volumetriceffectsrequiresthe solutionof
thelight transportequation.The Krassgameengineusesa specialtype of volu-
metricfog whichis de nedto occurbelow aspeci ¢ baseheight.In thisrestricted
case thelight transportequationsimpli es to a two dimensionakay integral for
aconstanheightof theviewer. Thesolutionof thisintegral is pre-calculate@nd
storedn astandar®D texturewhichis mappedvertheentirescend57, 39] (see
alsoSection5.3). This methodavoids the appearancef poppingartifacts,since
the fog attenuatiorandemissionis calculatedon a perpixel basis. Interestingly
enoughthis featureis not only a visual effect but also offers gameplay relevant
elementsuchashiding in misty valleys.

In summarythe stagef theterrainrenderingpipelinearedepictedn Figure4.2.
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4.7 \Volumetric Effectsin Practice

The questionis now the following: What volumetric effects are usedin prac-
tice apartfrom the mentionedsimplefog model? The answereducego a mere
two words: Not mary! Billboard techniquegseeSection5.5) areutilized for the
display of explosions,jet-washs,andsmole for instance.The latter are utilized
mainly becausehey have low algorithmiccompleity anddo not requirea large
renderingoverhead.Sincethereis no needfor disproportionateealismin com-
putergamesa lot of eye-candycanbe realizedevenwith sucha simplestratayy.
Ontheotherhandmore e xible fog modelswould offer moredegreesof freedom
with respecto level design.

Anothervolumetriceffectwhichis oftenencountereth computelgamess the
so calledsky dome(alsoseeSection5.1). The sky domeis a hemispheravhich
is texturedwith the photographof arealsky. While this allows a nicelooking sky
at merelyno costonecannotusethis approachn a ight simulator for example,
sinceit is notallowedto y into theclouds.

The directionof future developmentclearlyis to allow arbitraryview points,
andin particularview pointsin the cloud layer. This canonly be achiezed with
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:... No Sir, | don't likeit!

In general,the display of volumetric gaseougpphenomenas a non-trivial task.
Without going into detail here,solutionsto this problemsexist for a variety of
casesvhereadditionalassumptionseducethe compleity of the problem. The
generalproblem,however, is closelyrelatedto volumerenderingwhich is still a
very active researcharea. Theinherentcompleity of volumedatamalesit very
hardto designan algorithmthat displayslarge volume datasetsin a reasonable
time or even worseat real time. Medium sizeddatasets,that t into the dedi-
catedtexture memoryof consumegraphicshardware,canbedisplayedusingthe
slicing method(compare26]). But for large volumescurrentvolumerendering
approacheschieve interactvity only by massve parallelization[53] or the uti-
lization of specialpurposegraphicshardware [83, 72]. A generalintroduction
into the topic of volumerenderingis givenin Chapter6. For the purposeof the
real time display of gaseougpphenomenapeciallytayloredalgorithmsare pre-
sentedn ChapterlOandl11. For now, we resortto thosespecialcasesvhich can
be handledeasilydueto additionalconstraintson the volumedata.

If the mediumthroughwhich alight ray travelsis assumedo have a constant
density the absorptionalong eachray of light canbe expressedn termsof a
simpleformula. In eachsmallstepthelight travelsacertainfractionof its intensity
is absorbedy the medium. This meanghatthe absorbedight is transferednto
thermalenegy. Theenegy maynotbeabsorbedompletely but usuallya certain
amounts alsoscattereé@ndsentoutagaininto otherray directions.Thebackand
forth scatteringof the light is oneof the main reasonsvhy volumerenderingis
computationallyvery expensve. Thusmary approachegy to neglectscattering
whichleadsto theformulationof theray integral asdescribedn Chapter6.

If the direction of the scatteredight is evenly distributed, one speaksof
isotropic scattering. Otherwiseone speaksof anisotropicscattering. The scat-
teredlight may be of the samewave length,but thisis no necessityFor example,
the effect known as Rayleighscatteringmeansthat the intensity distribution of
the scatteredight dependon the frequeng of thelight. This effectis responsi-
ble for the blue sky andfor areddishsunset.Shortwave lengths thatis the blue
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spectrumaremorelik ely to be scatteregerpendiculato theincomingdirection

of thelight. The oppositeholdsfor long wave lengths,thatis the red spectrum.
As aconsequencéhe zenithof the sky is morebluishthanthe horizon(compare
Figure5.1). For the samereasorthe sunlighttraveling along way throughthe at-

mospherat sunsetappeardo be orange.Sincethe blue spectrums morelikely

to be scatteredway from theviewing ray, theredcomponenof thelight is more
likely to remain.

In Sectiond.7we have outlinedthevolumetriceffectswhicharecurrentlyused
in theactualgametitle AquaNox.Now we coverthevolumetricalgorithmswhich
areknown in generalandjudgethemby suitability for real time rendering. We
mustkeepin mindthatall thealgorithmspresentedh thefollowing have beende-
velopedwith themaindirective to maximizerenderingspeed Sincerealismis no
strictaimin interactve entertainmenit is oftenmucheasierto fake certainvolu-
metriceffectssuchasexplosionsandsmole. But with theincreasingspeedf the
graphicsacceleratorandthe CPU,therewill beagrowing demandor advanced
renderingtechniquesRight now someof the best-sellinggametitles like “Grand
Theft Auto II”, whosesuccessors expectedto yield earningsof morethan200
million dollars, are approachinghe averagebudgetof a major Hollywood Im
productionandthus a certainrealismof the renderingss expected. If this de-
velopments continuing,therewill be greatneedsn the nearfuture with respect
to interactve realism. Right now, however, the collectionof appliedvolumetric
algorithmscomprisesnostlythefollowing methods:

5.1 Sky Dome

The easiestapproachto renderingcloudsis the so-calledsky dome. It is used
if a cloudy sky hasto be displayedwith minimum renderingoverhead.For that
purposeatessellatethemispherés texturedwith aphotograptof arealsky which
is resampledn the polar coordinatef the hemisphergseeFigure5.1). If the
radiusof movementof the viewer insidethe domeis small comparedo the size
of the hemisphereghenthe perspectie distortionof the sky domeremainssmall,
soasky domeis aneffective way to fake arealsky. It is alsoeasyto animatethe
clouds. The major drawvback, however, is that one cannotmove into the clouds,
which for exampleis necessaryn ight simulations.

5.2 OpenGL Fog

If the viewer is allowed to maneuer inside cloudsor fog, thena sky domeis
not adequate Assumingconstanigasdensity the absorptionof light on its way
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Figure5.1: Thetrianglemeshof the sky domehemispherandtwo examplesky
dometexturesresampledn polarcoordinatesThe zenithof the hemisphereor-
respondgo the upperedgeandthe 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 usuallyis more bluish
at the zenithdueto wave lengthdependenscatteringof the sunlight (Rayleigh
scattering).

througha mediumleadsto an exponentialattenuatiorof the light intensitywith
respecto thetraveleddistance Assumingconstanin-scatteringrom thesun,the
attenuatedight intensityis increasedgainat eachpointontheviewing ray. Both
effectstogetherdetermingheappearancef fog. Thelongerthetraveleddistance
throughthe mediumthe darker the backgroundout the brighter the fraction of
scatteredight from the sun(seeFigure5.2).

This obsenationis the motivation for the so-calledOpenGLfog [80], which is
the simplestsolutionof theray integral. For eachrenderecdpixel the attenuation
of thelight intensityl of a surfacepatchis calculatedoy meansof the following
formula

19= 1e 2 (5.1)

wherez is the distanceo the eye (the z-coordinateof eachfragment)andt is the
opticaldensityof themedium.For air theopticaldensityis about0:001to 0:00001
dependingn the actualweatherconditionsandotherfactorslik e humidity.

As mentionedabove, absorptionand emissionoccurtogetherin nature. Ab-
sorptionalonewould renderdistantobjectscompletelyblack. But sincethereis
alsoatmospheriin-scatteringwe needanadditionaltermto expresghetendeng
of thehorizonto fadeinto white (seeFigure5.3for anexampleof a simplefoggy
scene).In rst approximationthe sunlight scatteredn from the atmospherean
be expressedsanambientlight, sinceit is mostlyisotropic. This meanghatthe
absorbedight alonga viewing ray is replacedby the light scattereduniformly
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Figureb5.2: Absorptionandscatteringn anopticalmedium(from [37]).

from the suninto the directionof theray. With this interpretatiorthe RGB color
componentgachfoggedpixel arecalculatedasfollows:

INg=1 (1 lgpe® (5.2)

This formula can be evaluated efciently by the graphics hardware. In
fact, OpenGL-fogis implementedn 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 functionsassupportedy OpenGL(from [80]).
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5.3 LayeredFog

As seenabove, theray integralreducego a mereexponentiattermfor the caseof
a uniform gasdensity For the generalcase however, no analyticformulationis
known anda numericalintegrationis required.But in somecasegheintegration
or atleasta large fraction of the work canbe of oaded into a preprocessingtep
whichis calledpre-inteyration.

For the casethatthe gasdistribution variesin a singledimensionan explicit
solutionis known. If the densityof the gasvariesin the vertical dimension(see
Figure5.4), which meansthatit dependson elevation only, the ray integral de-
pendson a total of threeparametersthe heightof the viewer, the heightof each
surfacefragmentandits distancen screercoordinatesNow the colorsandopac-
ities of theray integral arede ned by athree-dimensiondunctionwhich canbe
pre-compute@ndstoredin a3D table,hencehetableis saidto be pre-integyrated.

For eachframethe slice of the 3D tablethatcorrespondso the actualheight
of thevieweris putinto a 2D texture,transferedo graphicsmemory andusedas
a texture for all surfacepatcheswith the texture coordinategs,t) of eachvertex
beingsetto its elevationandthe distancein screencoordinates.Sothe problem
is effectively reducedrom 3D to 2D. The methodis dubbedayeredfog [57, 39]
andis easilyimplementedasanadditional2D texturing passin ary gameengine.
Theapproachs perpixel exactat the expenseof not beingableto de ne the gas
distributionfreely.

Figure5.4: Layeredfog asutilizedin thesequelbf AquaNox. Theopticaldensity
of thefog depend®n elevationonly, suchthatmistis visible only in thelowlands
of thelandscapéleft) or asmultiple cloudlayers(right).
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5.4 BoundedlLayeredFog

As opposedo the useof OpenGLandlayeredfog which requireonly oneinex-
pensve operationper pixel, more sophisticated/olume renderingmethodsusu-
ally leadto multi-passrenderingalgorithms.Oneof thosemulti-passalgorithms
is boundedayeredfog asproposedoy Mech [70]. Boundediayeredfog, which
sometimess alsocalled patchyfog, is de ned asa volumewith a sharpbound-
ary anda constanggasdensityinsidethe boundary The outerhull of the volume
is de ned by atrianglemesh. This meshis renderedwice per framein the fol-
lowing fashion:First the backfacingtrianglesarerenderednto the framebuffer
with additive blendingenabledandthe color of eachvertex setto its distanceto
theviewing plane.Thenthe sameproceduras repeatedor thefront facingtrian-
gleswith subtractve blendingenabled.This effectively computegheintersection
lengthsof eachviewing ray with thevolume.

In thethird andlastpassheintersectiorengthsstoredin the framebuffer are
transformednto attenuatiorfactorsusingpixel textures[112]. Sincetheintersec-
tion lengthcangrow arbitrarily large a high resolutionframebuffer is mandatory
to preventMachbands.In Section10 we presentanextensionto Mech's method
which doesnot shaw this restrictionandis more e xible with respecto de ning
thefog boundary

With the upcomingof programmabld>C graphicshardware the accurag of
the methodcanbe increaseddy usinga oating point rendertargetto compute
theintersectionengths. Thenping-pong Itering [74] canbe appliedto mapthe
intersectionengthsto the attenuatiorfactors. For this purposea 1D dependent
texture is usedwhich containsthe exponentialattenuatiorfunction accordingto
Equation5.1.

EventhoughMech's methodis a multi-passalgorithmit is reasonabldastif
thehull of thefog volumeis nottoo comple. Otherwisethemajority of the pixels
tendto berenderednultiple times,thusthe overdrav is considerableOnly sharp
boundariesanda constantfog densityarepossible. This doesnot correlatewith
reality wherethe densityof a cloud usuallyvaries. In addition,the methoddoes
only featureapproximatdighting, hencethe appearancef boundedayeredfog
is quite arti cial (compareFigure5.5). Neverthelessts performancanalesit a
goodchoicefor interactve entertainment.

5.5 Billboards

As mentionedn Chapted acommonmethodto render‘fuzzy” volumetriceffects
is to usebillboards. Billboardsarejust quadrilateralsvhich arealignedto face
towardstheviewer. They aretexturedwith custommadeimagesof mostlytrees,
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Figure5.5: Exampleandschematicziew of boundedayeredfog.

explosions,or smoke. Explosions,for example,are usually madeup of several
evolving blastelementghatare blendedover eachother Despitethe simplicity
of this approachthe effects canbe quite stunning. If the billboard texturesare
designedoy an experiencedgraphicsartist explosionscanlook very impressve.
Unlesstheview pointis very closeto the centerof the explosionthe billboardsis
notunveiled. Thebillboardmethodis fastandsimplebut it is notsuitedvery well
for thedisplayof naturalgaseouphenomenaswe will seein thefollowing.

5.6 Metaball Methods

A sibling of the billboard techniqueis the metaballmethodfor the display of
clouds.Insteadof billboardsit usesspheresvhicharetexturedwith aprojectionof
thevolumeeachmetabalis associatewvith. The rst approacho incorporatehis
techniguewaspresentedy Gardne{31] asearlyasin 1985.In fact,this method
wasthe rst thatachiered interactve framerateswhile maintainingreasonable
quality. On the one hand,the metaballscan be cachedef ciently usingvertex
arrays,but in comparisonto billboards more trianglesare neededper graphics
primitive. On the otherhand,more detailedcloudscanbe constructedeasilyby
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clusteringseveral metaballs(seeFigure 5.6). More recently Elinaset al. [25]
managedo renderhighly detailednaturalclouds,but asthey notein their paper
themetaballtechniqueas notsuitablefor a y-through, sincethe metaballlearly
becomeobsenrablein thevicinity of acloud.

Figure5.6: A cumuluscloudde ned by a clusterof metaballgfrom [31]).

5.7 Impostor BasedMethods

In orderto compensatéor the disadantageof the metaballmethodimpostors
areutilized frequently They were rst introducedby Schau eretal. [95, 97] to
speedupthedisplayof objectswith complex geometry Impostorscanbethought
to bedynamichillboards.An impostoris essentiallyabillboardwith anassociated
polygonalobjectwhichis usedio generat¢hebillboardtexturefor aspeci ¢ point
of view. Sothe texture of animpostoradaptsto the actualpoint of view. If the
deviation of the cachedtexture from the projectionof the underlyinggeometry
exceedsa speci ¢ error threshold,the impostortexture is recomputedrom the
original polygonaldata. Thedeviationis calculatedy takingthemaximumof the
projectie shiftsof eachpolygonontheimpostorplaneinducedby the movement
of theviewer. Speakingnon-technicallythe deviation of theimpostortextureis
theprojecteddistancebetweerwhereeachpolygonis placedandwheretheviewer
obsenresit ontheimpostortexture. The probability of anupdateof the impostor
textureis proportionalto the movementof the viewer sincethe lastcapture.The
updateprobabilityis alsoinverselyproportionalto the viewing distance.
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The impostortechniqueconverts complex polygonal objectsinto animage
basedepresentationThespeedupis dueto thefactthatthebillboardcanberen-
deredmuchfasterthanthe objectitself which may consistof thousand®r even
millions of polygons.However, theimpostortexture hasto berecomputedvhen-
ever the perspecitie distortiongrows too large. In this casethe polygonalobject
hasto berenderedandtransformednto atexture. Sono speedup is achiezedfor
the framein which theimpostoris updatedIn subsequentamesthe cachedm-
postortexturecanbereusedo obtainasigni cant speedup until theimpostorhas
to beupdatedagain.Hence updatesieednot occurtoo frequentlyto keepa high
performancdevel. More precisely the impostormethodachieses a signi cant
speedup comparedo polygonalrenderingf thefollowing criteriaaremet:

Thetriangle countof the cachedoolygonalgeometryis large comparedo
the geometryof the billboard frame which consistsof two triangles(one
quadrilateral).

The cachedexturescompletely t into texturememory

The meanupdatefrequeny of theimpostorss signi cantly lessthanonce
perframe.

Thevisible impostorsin the sceneneednot be updatedsimultaneously

Theimpostormethodhasbeensuccessfullyappliedto speedingup therendering
of large polygonalmodelsandafterwardsto speedingup cloud rendering.Here,
eachimpostorrepresentgs smallcloud. Its appearance computedy light scat-
tering methodqseeChapter6 for moredetails). For a crowd of cumulusclouds,
for example,the scenecan be representeavith only a few impostors(seeFig-
ure5.7). In this casethe performancas quite impressve. However, the update
rate of theimpostorsincreasesvith the proximity to a cloud. Nearbyor insidea
cloudtheimpostortexture hasto be recomputedalmostevery frame,sothatthe
speedups nearlyzero.Furthermorethe updateof animpostormanifestdtself in
atemporalaliasingartifact. Thesedravbackscanbe avoidedonly by switching
to arealvolumetricrepresentatioof the clouds.

Neverthelessthe impostormethodis usedwidely for cloud renderingdueto
therealisticappearancef the clouds. The mostnotablepapersherearethoseof
Dobashiet al. [16] and of Harris et al. [37]. Dobashiachiezesvery high image
quality including the depictionof soft shadevs and shaftsof light, but render
ing timesarein therangeof severalsecondgthe renderingtime of theimagein
Figure5.8 wasabout20 seconds).

Harris' methodperformssigni cantly betterwith truerealtime performancéf
thenumberof impostorgs keptreasonablemall. Neithersoft shadevs nor shafts
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Figure 5.7: A crowd of cumulus clouds representedby impostors (image
from [37]).

of light areincluded(seeFigure5.9). More detailedscenedik e entirecloudlayers
requirealargernumberof impostorshenceresultin lower framerates.

In summary the impostormethodcan be utilized not only to speedup the
displayof large polygonalmodelsbut alsoto accelerateloudrendering.Instead
of diving into the algorithmicdetailsof both Dobashis andHarris' method,the
methodsare very well suitedfor their speci ¢ applicationarea(seealso Chap-
ter 12), but have onemajordravbackwhichis discusseadn thefollowing.

As the main drawvback,the impostormethodworks well in the caseof what
we call goodweatherconditions,thatis a crowd of small cumulusclouds. But
if large cirrus clouds,overcastsky, or hugelayersof mist have to be dealtwith
impostorgtherearisea variety of problems.Large cloudsrequirelargeimpostors
whichexhibit large projectve distortion. Thereforeghe updaterateis high, sothat
the speedups dissatisfying.But if we try to make up larger cloudsfrom several
smallerimpostorsyenderingartifactsoccurwhene&er theimpostorsoverlapeach
other In summary large cloud formationsare dif cult to dealwith impostors.
Impostormethodswork well for goodweatherconditionsbut they arenot suited
for the visualizationof arbitrarily shapedcloudsandin particularfor the visual-
izationof weatheisimulationdata.HererealvolumetricalgorithmsareneededIn
orderto comeupwith asolutionfor thementionedroblemswe take anexcursion
into volumevisualizationin the next chapterto seewhat canbe learntfrom this
researclarea.
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Figure5.8: Dobashis cloudrenderingmethod(imagefrom [16]).

Figure 5.9: Harris' cloud renderingmethod(image from [37]). Note that the
distantcirruscloudsarerenderedisinga sky dome.



Chapter 6
Volume Rendering: The Basics

In this chaptermwe describethe foundationsof volumerendering.Our specialin-
terestlies onrevealingpossiblemprovementdor therealtime displayof 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-dimensionascalarfunction. Light traveling throughthe so-de ned
volumeis scatterecandabsorbedssingle photonshit the atomsof the medium.
The probability of hitting anatomis proportionalto the gasdensity In caseof a
hit theenepy of the photonis eitherabsorbedndtransferrednto thermalenegy
or thephotonis sentoutagainin amoreor lessrandomdirection. In thelattercase
thewave lengthof the photonmay alsoshift. The appearancef naturalgaseous
phenomenas thusthe resultof a vastnumberof photonsbeing scatteredback
andforth multiple timesuntil they nally reachtheobsener. Dueto thecomplex
pathsof scatteredohotonsthe exact solutionof the obsened light propertiesis
rathertime consuming.

Henceit is no surprisethatfor traditionalrenderingthe presencef an opti-
cal mediumis usually ngglected. Thus, scatteringis assumedo appearonly at
the surfaceof an object. Eventhoughthis is a strongsimpli cation, the correct
simulationof the physicalphenomenathatis of light scatteringoff varioustypes
of surfaces,remainsa challengingtask. As thereis a large numberof solutions
to the traditionalrenderingchallengewe only introducethe basicconceptof the
renderingequationin this chapter

6.2 The Rendering Equation
Therenderingequationof Kajiya [44] subsumeawide varietyof renderingalgo-
rithms andprovidesa uni ed contet for viewing themasmoreor lessaccurate

approximationgo the solutionof a singleequation.
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It hasto be mentionedthatthe ideabehindthe renderingequationoriginates
from the areaof materialsciences.A descriptionof the phenomenorsimulated
by this equationhasbeenwell studiedin the radiatve heattransferliteraturefor
years[102].

Therenderingequationis
Z
[(xw) = le(X;wW) + " Lyoew9; w9 fr (w® x; w) cosgbiw® (6.1)

[(X; W) is relatedto theintensityof light passing
from pointx into directionw
y(x: w9 denoteghe pointy thatis visible
from x in directionw®
le(X; W) is relatedto the intensityof emittedlight
from pointx in directionw
f(wex;w) is relatedto thefractionof light scattered
from wPinto directionw by a patchof surfaceat x
q is theanglebetweenrnthe surfacenormalat point x
andthedirectionw®

where:

Theequationis very muchin thespirit of theradiosityequationsimply balancing
theenegy o wsfrom onepoint of a surfaceto another The equationsstatethat
thetransporintensityof light from onesurfacepointto anotheiis simply thesum
of the emittedlight andthetotal light intensitywhich is scatteredoward x from
all othersurfacepoints. Theequationdiffersfrom theradiosityequatiorbecause,
unlike the latter, no assumptionsremadeaboutre ectancecharacteristicef the
surfacesinvolved. As opposedo this, the radiosity equationpresumes solely
diffusere ectancebehaior.

As anapproximationto Maxwell's equationfor electromagneticthe render
ing equationdoesnot attemptto modelall interestingoptical phenomenalt is
essentiallya geometricaloptics approximation. It only modelstime averaged
transportintensity thus no accountis taken of phasein this equation— ruling
out ary treatmentof diffraction. In addition,no wavelengthor polarizationde-
pendencés mentionedexplicitly in therenderingequation.Finally, it is assumed
thatthe mediabetweersurfacess of homogeneousefractve index anddoesnot
itself participatein the scatteringlight. Treatmentsof participatorymediaand
of phaseand diffraction can be handledwith pathintegral techniques.For in-
stanceanintegro-differentialequationis necessaryor participatingpropagation
media[45].
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6.3 The Ray Integral

As mentionedn thelastsectiontherenderingequatiorof Kajiya doesnotinclude
the effects of participatingmedia. In the following we accountfor the change
of the light transmittedthroughthe participatingmediumfrom pointy to x. The
formula,which describeghe absorptionthe scatteringandthe emissionof light
onits theway throughthe mediumis calledtheray integral.

Let 1(x;w) be the intensity at positionx in directionw, andlet k;(x) be the
extinction coefcient of the participatingmedium. This is the total opacity (ab-
sorptionplusscattering)erunit lengthsok; () (x; w)ds s theintensityremoved
along an in nitesimal ray sggmentds at x. Let the albedoa be the fraction
of the removed intensity scatterednto otherdirections,andlet the phasefunc-
tion fp ‘W9 be the directionaldistribution function for this scatteredntensity
sothat g fp(w, w9 dw is the fraction of the scatteredntensityfrom directionw®
thatendsupin solid angleB. Then

Z
ak(x)ds \ 106 W9 fp(W2 w) dw® (6.2)
p

is theintensityscatterednto the directionw alongthe ray segmentds from other
directionsw®in the 4p unit sphere.This is the sourcefunction (compare[102])
in the absencef volumeemission. The integro-differentialequationfor | (x; w)
includingemissionis thus

4

dl (x; w) = k()I(cw) + ak(x) . |(X;Wf§fp(w;w(§dw°+ le(X;w)  (6.3)
p

ds

Using an integrating factor (see[102, 119, 92], this can be integratedalong a
pathx{s) = x+ swfromx= x{0) toy = x{sy) attheedgeof themediumto give
theray integral:

Z S
1cw) = I(y;w)exp k(x{s)ds +
Zs ° 2 S
le(X; W)exp k(qt))dt  ds+
Z g °z S z
a ke (XX9)) exp . ke L)) dit , 104s); w9 fp(wWlw)dw? ds
p

(6.4)
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Substitutingthe ray integral for [ (y(x;w9; w9 in the renderingequationyields
the completeequationthat both takes scatteringat surfacesandinside a partic-
ipating mediuminto account. For volume renderingalonethe interactionwith
surfaceds notnecessarysoa solutionof theray integral sufces.

6.4 Light Scatteringin Participating Media

Now thatthe fundamentajpropertiesof light transportand scatteringhave been
laid out the questionsurelyis how to renderimagesef ciently? To recall the
compleity of theentireproblem,for eachray the integratedintensityconsistsof

the enegy scatteredn thedirectionof theray. All thesescatterednegiesalong
the ray againconsistof scatteredenengy originatingfrom otherpaths. All these
enegiesmustbe collectedproperlyto yield a naturallooking cloud,for example.
In particular it is not sufcient to collect only the light scattereddirectly from

the suninto the direction of the viewing ray. This preconditionis illustratedin

Figure 6.1 whereboth single and multiple scatteringare comparedagainsteach
other If the enegy collection processis performedonly a single time (hence
singlescatteringthe cloudsclearly look unacceptablén comparisorto multiple
scattering.

The phasefunction fp(w; w9 for scatteringin air is not isotropic, thatis the
enegy scatteredbackis smallerthanthe enegy scatteredorward. Figure 6.2
shavsthedifferencebetweeranisotropicandisotropicmultiple scattering Using
an isotropic approximationof the real scatteringconditionsin natureallows to
precomputehelight intensities sinceisotropicscatterings view-independentln
contrast,anisotropicscatterings view-dependentso the light scatterednto the
viewing directionhasto berecalculatedor every frame.

In our opinion isotropic scatteringis sufcient in mary cases. The differ-
encemainly become®bsenablewhenthe sunis visible directly behinda cloud
or beneaththe edgeof a cumuluscloud. For thick cloud layersthe distinction
betweenisotropicandanisotropicscatterings not soimportant. For eachappli-
cationscenaridt hasto be decidedwhetheror not anisotropicscatterings worth
theadditionaleffort.

Neverthelessfor atmospheriaenderingand skylight exact solutionsof the
ray integral, henceanisotropicscatteringmodelsare necessary Due to wave-
lengthdependenRayleighscatteringhe sky coloris shiftedeitherto redor blue
toneg[17].
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Figure 6.1: Top: Single scattering, Bottom: Multiple scattering (images
from [37]).

6.5 Rendering Solutionsfor Participating Media

Holly Rushmeiel[93, 92] appliedtwo techniquedo solve the generalproblem
of volumerenderingwith participating(i.e. absorbingemitting, andscattering)
media. Oneis the Monte Carlo method,wherea randomcollection of photons
or ux pacletsaretracedthroughthe volume,undegoingrandomscatteringand
absorption. This methodcanaccuratelymodelall the physicsof scattering but
maytake animpracticalnumberof randomtrials to convergeto a usefulsolution.

Theotheroneis the zonalmethod[93] for isotropicscatteringwhich divides
the volumeinto anumberof nite elementsvhich areassumedo have constant
radiosity This requiresthe calculationof a form factor betweenevery pair of
elements.With the assumptiorof the Galerkin nite elementschemeandanin-
teractve methodfor solvingtheresultingmatrix equationthe total computational
costis O(n’) for acubeof n® elements.

Althoughthetwo mentionednethodsaccuratelycomputethe solutionsof the
generalayintegraltherestrictionto isotropicscatteringandin particulartheslow
runtimebehaior disquali esthemethoddor realtime applications.
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Figure 6.2: Top: Isotropic scattering,Bottom: Anisotropic scattering(images
from [37]).

In contrasto the previousmethodsthediscreteordinatesmethodin radiation
transfer(seg[102]) achievesalarge speedup with regularcubicalgrids. Sincethe
methodmakes essentiauiseof the homogeneityof the grid, it will not work on
more general nite elementmeshes.Onealsohasto point out that this method
produceshesocalledray effects(atypeof aliasingartifacts),becausd is equi-
alentto shootingthe enegy from anelementin narrov beamsalongthe discrete
directions,missingtheregionsbetweerthem.Max [67] presente@napproxima-
tion to the discreteordinatesmethod,which reduceghe ray effect by shooting
radiosityinto the whole solid angle(seealso[43]). This approachhasbeenim-
proved continuously(compare[78]), however the basicidearemainedthe same
overtime.

As a concludingremarkwe emphasizehat due to the inherentcompleity
of the scatteringprocessa visual simulationof cloudsis restrictedto application
scenariosvhich only requirea local solutionof the ray integral. At presentthe
realtime simulationof a global systemseemdampractical. For the simulationof
suchaglobalsystemwe needto furthersimplify theray integral equationsyhich
leadsto a volumevisualizationtechniqueknown asdirectvolumerendering.



Chapter 7
Dir ect Volume Rendering

For volumevisualizationpurposescatterings usuallyneglected sinceit is com-
putationallyexpensve. In otherwords,the albedoa in Equation6.4 is assumed
to be zero. Additionally it is assumedhatonly a volumedescribingthe density
of the optical mediumis presenin a scene sothatthereis no backscatteringof
surfaces.ThenEquation6.4is reducedo theintegrationof asinglelight ray:
Z ¥ Z S
(W) = . lo(X; W) exp . kOJt))dt ds (7.1)

The evaluationof the above line integral is characteristidor all direct volume
renderingtechniqueg18]. In comparisorto indirectvolumerenderingmethods
likeisosurfceextractionno intermediatgepresentationaregenerated.

Oneof theclassicdirectvolumerenderingscenarioss the medicalvisualiza-
tion of computetomographydata.Heretheinteractve andintuitive examination
of thescanneargansandnotthe photorealisti@ppearancthereofis of primeim-
portance.This makesdirect volumerenderingthe methodof choicefor medical
visualization.

Ontheotherhand,it hasto be mentionedhat, of coursethetrue appearance
of cloudscannotbe reproducedvith directvolumerenderingtechniquesBut in
Sectionl1 we will seethatthe seeminglyrestrictive physicalmodel,in fact,can
be extendedto mimic the naturalappearancef clouds. Thusthe advantageof
fastrenderingandrealisticdisplaycanbe combined.

7.1 Transfer Functions

The densityof the optical mediumis usually describedby a three-dimensional
scalarfunction f(X;y;2). In orderto assigna speci c appearancéo the scalar
valuesa so-calledtransferfunction is used. The emissionand the optical den-
sity of the mediumare given by the transferfunctionsdenotedby k( f(X;y;2))
andr (f(x;y;2), respectiely.

Regardingthe physicalnatureof light transport,both absorptionand emis-
sionarerelatedto the densityof the medium,thatis the moredensethe medium
the morelight is beingemittedandabsorbed.If the mediumis fully transparent
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neitherabsorptiomor emissionarebeingperceved. In orderto re ect this physi-
cal relationshipthe emissiork is oftenimplicitly pre-multipliedwith the density
functionr . In this caseonespeaksf a pre-multipliedtransferfunction.

7.2 Grid Types

Sincein the majority of caseghe volume cannotbe representedsa continuous
function, the domainof the scalarfunctionis usuallydiscretized.We cateyorize
thesediscretizedepresentationsito threemain classesRegular, curvilinearand
unstructuredgrids. In the rst casethe domainis a three-dimensionammatrix

which is sampleduniformly in all three principal axis. If the samplingis not

uniform onespeakf arectilineargrid. Semi-rgulargridslik e octreesor multi-

grid meshesare specialcasesof a regular grid. In the secondcasethe domain
is still a regular matrix in computationakpace but in objectspaceit may have

ary shape.To give a example,aregularly mesheccylinder is a curvilineargrid.

Theremaininggrid typesare coveredwith the last caseof unstructuredyrids. In

contrasto surfacemeshesvhichareconstructedrom corvex polygons(triangles,
quadrilateralsetc.) unstructuredyrids arebuilt from corvex polyhedra,suchas
hexahedraprisms,pyramids,or asthe mostcommoncase tetrahedra.To name
only a few typical applicationareasregular grids are generatecdby CT or MR

scannerswyhile unstructuredgrids are mostly encountereds the meshtype of

numerical nite elementsimulations.

7.3 Ray Casting

Thengglectionof scatteringhastheadvantageof afastsolutionof theray integral
asdescribedn the following: By shootinga viewing ray throughevery pixel in
imagespacento the volumethelight intensityof eachpixel is simply equivalent
to theincominglight collectedonthecorrespondindjght ray. Sothetaskof direct
volumerenderingis to calculatetheline integral asgivenabove for eachpixel in
imagespaceln generaleventhis seeminglysimpleline integral cannotbe solved
analytically Instead,a numericalintegrationis required,thatis theline integral
is approximatedoy a Riemannsum. This meansthat the volumeis sampledat
equallyspacedpointson thelight ray. This basicprocedureas calledray casting
(seeFigure7.1for aschematicriew).

Theemissionsassociateavith eachsamplepoint areattenuatean theway to
theviewerdueto theabsorptiorof themedium.Fromonesamplepointto another
theattenuatiorcanbeexpressedn termsof themeanopticaldensityt betweerthe
two respectre samplepoints. Let d bethe distancebetweerthe samplepointsx;
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Figure7.1: Basicprincipleof ray casting.

andx;+ 1, thenthemeanopticaldensityis givenby t; = %(r (f(x)) + r(f(xi+1))) .
Hence,the (approximatedppacity a; of the correspondingay segmentis 1
exp( tid). Similarly the averageemissionof the ray segmentis givenby E; =
d%(k(f(xi)) + k(f(%+1))). By processinghe samplesn thelight rayin a back
to front fashionthe nal colorC of eachpixelis reconstructetty summingup the
emissionsisingthefollowing blendingformula:

C+1=(1 &)G+E

For a decreasingay segmentlengthd this approximationcorvergesto the ex-
act solution of the continuousformulation of the line integral. In practice,the
scalardensityfunction f is bandlimited in almostary case.Thus,the sampling
distanced canbe chosenso that it corresponddo half the wave length of the
highestfrequeng in the frequeng domainrepresentatiomf the scalarfunction
(oftenreferredto asthe Nyquistfrequeng). For instancethe minimumrequired
samplingdistancefor aregulargrid is the edgelengthof the voxels, sothateach
contributing cell is touchedat leastonceon the viewing rays. For unstructured
grids with highly varying cell sizesthe samplingdistances usuallynot setto a
constanvalue,but ratheradaptedo thelengthof theintersection®f theviewing
rayswith eachcell.

Recently hardware-acceleratetmplementationshave been presentedboth
for structured88] andunstructured110] volumedataexploiting programmable
graphicshardware. The achieved speed-upsire quite remarkablan comparison
to a pure software approachput thereare still somelimitations suchastexture
memorysize,which currentlyrestricttheapplicationof hardware-acceleratechy
casting.But with the upcomingof future improved consumegraphicshardware
thoseapproacheslearly will becomea very interestingalternatve to the tradi-
tional methodswvhich aredescribedn the next sections.
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7.4 Slicing via 3D Textures

For regular grids thereexist a variety of acceleratiortechniquesvhich improve
the performanceof the basicray castingapproach. Theseare mainly early-ray
termination,spaceleaping,the sheatwarp algorithm[54], 3D slicing or textur-
ing [1, 7,113 26], andsplatting[115, 14]. Early ray terminationmeanghatrays
shotinto thevolumemaystopin caseof reachingull opacity sincetheremaining
ray is occludedentirely Likewise,entirelytransparenareascanbe skippedover
very quickly, whichis calledspacdeaping.The sheaswarpis a puresoftwareap-
proachwhichtakesadvantageof thefactthatanorthogonaprojectionof aregular
volumecanbedecomposeato two consecutre shearoperationsn imagespace,
sothatresamplingandinterpolationof thegrid canbeperformedef ciently by 2D
operations.As opposedo this puresoftwareapproachhe hardware-accelerated
techniquedgry to of oad thecomputationallyexpensve resamplingof thevolume
ontothegraphicshardware. For this purposearegularvolumeis pacledinto a 3D
texture. Thenview-planealignedslicesaredravn from backto front asillustrated
in Figure7.2. For eachslicethegraphicshardwareis setupto interpolatethe cor-
rectcolorsandopacitiedrom the 3D texture. In this way the entiresetof viewing
raysis treatedsimultaneouslyresultingin a tremendouspeedumueto the high
rasterizatiorperformancef thegraphicsaccelerator

Figure7.2: Hardware-acceleratedblumerenderingvia 3D textures.

While this methodef ciently utilize the graphicshardware, it usually hasprob-
lems copingwith large datasetssincethe 3D texture hasto residein dedicated
texture memory Datasetsthatdo not t entirely into texture memoryneedto
be “bricked”, thatis they are broken down into several smallerblocksthat are
renderedsubsequentlyHowever this methodsuffers from a slow transferspeed
betweenthe main and the graphicsmemory becausesachbrick hasto be up-
loadedin eachsingle frame. Hierarchicalmethodg[55, 111, 4, 36] for volume
compressiorarealsoknown asa solutionfor insufcient texture memory how-
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ever thesetechniqueswill not be discussedn detail in this thesis,sincethese
approachebave problemswith maintaininga conformingview-dependeninesh.
Recentlyadwancedighting andpre-intgyrationtechnique$71, 48, 49] have been
introducedwvhichimproveimagequality but do notsolve the problemof restricted
texturememorysize,sotheseapproachearealsonotdiscussedh thisthesis.

As the last basicacceleratiortechniquesplattingshouldbe mentionedhere.
In contrastto the previous methodssplattingis not animagebut an objectspace
techniquavhich approximateshefootprintof eachvoxel with asplatkernel. The
splattingalgorithmprocesseall voxelsin visibility sortedorderandaccumulates
thesplatsontheimageplane(or sheebuffer). Themaindravbackof thesplatting
algorithmis thatthe splatkernelis only a moreor lesscoarseapproximationof
the true footprint of a voxel. As aresult,the generatedmageslook smootherin
comparisorto theresultsof aray caster

In generaltheachievedframeratesof classicvolumerenderingechniqueslo
not meetthe real time demandf cloud visualization. To achieve higherframe
rateswe aimto exploit theinherentview-dependenhatureof the cloudrendering
problem. Our nal goalis to develop a hierarchicalview-dependentendering
algorithmthatdisplaysthe cloudsnearbywith high detailanddistantcloudswith
lessdetail. For this purposewe rst have to dive into the topic of unstructured
volumerendering.

Although a variety of hardware-acceleratethethodsare known for regular
volumes,unstructuredyridsdid notyet pro t asmuchfrom theupcomingof pro-
grammablegraphicshardware.In the two chaptersave developatechniquebased
on hardware-acceleratecell-projectionthatclosesthis apparengap.



Chapter 8
Pre-Integrated Cell-Projection

More than ten yearsago direct volume renderingof unstructuredtetrahedral
meshesvasdramaticallyacceleratedby the ProjectedTetrahedrgPT) algorithm
by Shirley and Tuchman[101], which is summarizedn Section8.2. Although
therearenumerousompetingapproacheto directvolumerenderingof unstruc-
tured meshesge.g. ray casting[103, 110], slicing [127], or sweep-planelgo-
rithms [112], several aspectof the PT algorithmare still subjectof currentre-
searchge.g.thevisibility sortingof tetrahedratells (see[13, 28] andreferences
therein). Our extensionsof the PT algorithm are restrictedto the renderingof
projectedetrahedra.

8.1 Visibility Sorting

For this work it is assumedhat the visibility orderingof an unstructurednesh
hasalreadybeencomputedA visibility (or depth)orderingof a setof polyhedral
cellsis an orderingsuchthat a cell A precedes cell B if B occludesA. This
resultsin a backto front orderingof the cells. For semi-rgulargridslike octrees
the visibility sortingis trivial (seeSection11.5),but for unstructurednesheshe
depthorderinghasto be computedxplicitely. This canbeachiezedin O(n) time
for corvex simplicial gridsby usingthe MPVO algorithmof Williams etal. [118].
It startswith anarbitrarycell andsortsits adjacentellsby insertingthemeither
at the beginning or the end of a queuedependingon whetherthe neighborsare
attachedo eithera front or a backface. By recursvely repeatinghis procedure
for all insertedcellsadepthorderingis constructedNon-corvex or disconnected
gridsaresortedonly partially by thismethod.In orderto obtainacorrectordering,
occlusionrelationsbetweenthe boundaryfaceshave to be established.The so-
calledBSP-XMP\O algorithm[13] computegheserelationsby searchinghem
in a BSP (binary spacepartition) tree. It is commonlyassumedhatthe cellsdo
notoverlapin acyclic way, otherwisethedependengcgraphcannotbesortedin a
unambiguousvay. Fortunatelymostdatasetsencountereth practicedo nothave
cycles,but in the caseone encounters cycle the algorithmof Krausetal. [51]
rendersa cyclic groupconsistingof n tetrahedran O(n?) 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-dimensionadpaceby renderingpartially transparenpolygons,which can
be processedery quickly by specializedgraphicshardware. The PT algorithm
canbesummarizedsfollows (seealso[101]):

1. Decomposehe volumeinto tetrahedrakells. For example,a prismis de-
composednto threetetrahedraScalarvaluesarede ned at eachvertex of
the mesh. Inside eachtetrahedrakell, f(X;y;2) is assumedo be a linear
combinationof the vertex values.

2. Sortthecellsaccordingo their visibility.

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

4. Find colorandopacityvaluesfor thetriangleverticesusingray integration.

A A
pp

Class la Class 1b Class 2

Ly A

Figure8.1: Classi cation of non-dgjenerateprojectedtetrahedrgtop row) and
the correspondinglecompositiongbottomrow) accordingo [101].
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8.3 Drawbacks of the Original PT Algorithm

The original PT algorithm approximateghe opacity and color betweenvertices
linearly resultingin Mach bandsasreportedby Max et al. in [66]. Steinet al.
presentea solutionfor the correctinterpolationof opacitiesutilizing 2D texture
mappingin [106], which is alsodiscussedn Section8.2. However, this method
is restrictedto lineartransferfunctionsfor the opacityandstill interpolatesolor
componentdéinearlyignoringthetransferfunctionsfor theminsidethetetrahedra.

Our rst improvementof the PT algorithmallows us to renderboth, opacity
andcolor, accuratelyby exploiting 3D texture mapping.In particularthis method
allows usto employ arbitrarytransferfunctions. The methodandits application
to a volumedensityoptical modelis describedn Section8.4. In Section8.5we
derive anapproximataenderingmethodbasedon 2D texture mapping,whichis
supportedy considerablymoregraphicssystemsandrequiredesstexture mem-
ory. A secondextensionallows usto includethe renderingof isosurficesin the
PT algorithmusing2D texture mappingwithout extractinga polygonalrepresen-
tation of the isosurfices. Thereare numerousalgorithmsto displayisosuraces
efciently. We will mentiona selectionin Section8.6. However, noneof these
algorithmstakes ary particularadvantageof the PT algorithm. Therefore,the
costsof displayinganisosurbicewerenot reducedoy a combinationwith the PT
algorithmin the past.

Our approachhowever, reuseghe visibility orderingandthe decomposition
of the tetrahedratells, which arean essentiapart of every variantof the PT al-
gorithm. The visibility orderingalgorithmsdescribedn Section8.1 all appear
to be compatiblewith our renderingextensions.By reusingthe orderingandde-
compositionof tetrahedraur methodis capableof renderingsosuraiceswithout
constructinga polygonalrepresentationAs it is conceptuallysimilar to the rst
passof the multi-passalgorithmfor smoothlyshadedsosurbicesby Westermann
andErtl [113], we presenia variantof this rst passin Section8.7. We employ
thisideain the context of the PT algorithmandpresenta specializedsingle-pass
algorithmfor at-shadedisosurficesusing 2D texture mappingin Section8.8.
Moreover, a two-passalgorithmfor smoothlyshadedsosurtcesis describedn
Section8.9.

Extensiondor coloredandmultiple isosuricesarediscussedn Section8.10,
while Section8.11 presentdwo methodsfor mixing isosurbiceswith projected
volumecells, eitherapproximatelybut smoothlyusingappropriateblendingand
texturemappingor moreaccuratelyby modifying thetexturemaps.

We emphasizethat the worst-casetime compleities of all our methods,
i.e. volumerenderingwith arbitrarytransferfunctions,renderingof multiple and
smoothlyshadedsosurfices,and mixing of isosurficeswith projectedvolume
cells, arelinear in the numberof tetrahedraand neitherdependon the transfer
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functionsnor on the numberof isosurfices. In the reminderof this sectionand
in Sections8.4 and 8.5 we will only discussmethodsto improve the last two
points: ray integrationandrenderingof the decomposetriangleswith emphasis
on hardware-acceleratecendering.

8.4 PT with Accurate Opacity and Color

Theoriginal PT algorithminterpolatesolor andopacitylinearly betweerthe tri-
anglevertices.This, however, is anapproximatiorwhich leadsto renderingarti-
factsasdemonstrateth [66, 106].

In orderto avoid theseartifacts Stein et al. suggestedn [106] to usea 2D
texturemapwith thetexture coordinatedeingthe averagedextinction coefcient
t andthethicknesd of the projectedcell, while the texture map containsan a-
componentwhichis settoa = 1 exp( tl). In betweenthe verticesof each
triangle the texture coordinatesand, therefore,t andl areinterpolatedinearly;
thus,this approachs restrictedto a linearly varying extinction coefcient t, i.e.
a linear transferfunctiont = t(f(x;y;2). Moreover, the color is still linearly
interpolatedbetweenvertices. Williams et al. extendedtheseideasto piecavise
lineartransferfunctionsin [120].

In thissectionageneralizatiomf themethodof Steinis presenteavhichworks
for color and opacity and placesno restrictionson the transferfunctions. We
achieve thesebene tsby employing 3D texture mapping.

Let usstartby investigatinghe situationdepictedn Figure8.2.

4[ Sfuw =

Figure8.2: Intersectinga tetrahedratell with a viewing ray. s ands, arethe
scalarvalueson the entry (front) andexit (back)facerespectrely; | denoteghe
thicknessof the cell for thisray.

As texture coordinatesreinterpolatedinearly, we shouldonly usevariablesthe
valuesof which vary linearly with screencoordinates.We will restrictour con-
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siderationdo orthographigrojections.In thiscase varieslinearly for geometric
reasons;ss ands, vary linearly becausdahey areinterpolatedinearly between
verticesasmentionedabove. Therefore s, S, andl shouldbethe threetexture
coordinates.Fortunately all othervalues,e.g.color, opacity etc.,canbe calcu-
latedfrom |, sf, ands,. Thus,we cansetup a 3D texture mapwhich containghe
colorandopacitycharacterizingheintersectiorof aray andacell in dependeng
of |, s¢, ands,.

For mary 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 outlinedin Section7.3. We
sketchthe procedurdor the volumedensityopticalmodelproposedyy Williams
andMax [68, 119, 120] with a chromaticityvectork = k(f(x;y;2)) anda scalar
opticaldensityr = r (f(X;y;2), which arethetransferfunctionsof this model.

Assumingcellsareprocessetbackto front, the additionof the projectionof a
cell changesnexisting pixel color| to anew pixel color | °by theformula

Z Zy
1° = exp r(s(u)du k(s(t)r(s(t))dt
12 2 {z }
RGB3p

Z

+ exp r(s()yat |1

| %z }

1 awp

(8.1)
with the abbreviation

S(X) = s¢+ )l—((sb St):

RGB3p denoteghe color componentgnotethatk is a vector),andasp the
opacityof anentryin the3D texturemap.RGBsp andatsp dependnthetexture
coordinates, sf, S, andthetransferfunctionsk andr . Thus,thetexturemaphas
to beupdatedvheneerthetransferfunctionsaremodi ed.

It is anintrinsic limitation of our methodthatk andr have to dependon the
samescalar eld. However, we arenotlimited to this opticalmodel;for example
the modelof WilhelmsandVan Gelder[68, 116,120 could be implementedy
simplyreplacingk(s (t))r (s(t)) by adifferentialcolorvectorE(s(t)) (org(s(t))
in the notationof [68, 120]).

After the calculationof thetexture mapin a preprocessingtep,all tetrahedra
areprojectedirom backto front. Beforerenderingthe trianglesof oneprojected
tetrahedronthe threetexture coordinatesare setfor eachvertex of thetriangles.
Thenthey areblendedappropriatelyinto the framebuffer.
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Theblendingoperationcorresponds$o
1°= RGBap+ (1 awp) |

andis donevery efciently by today's graphicshardware. We give a synthetic
exampleof this renderingmethodin Figure8.3. The scalarvaluesat the vertices
of the visualizedtetrahedrameshare determinedby the distanceof eachvertex

to the surfaceof a sphere.The transferfunction of the opacityis 0 exceptfor a
smallinterval, which resultsin thetwo partially opaqueringsin Figure8.3.

In summaryour methodallows us to exploit hardware-supporte@D texture
mappingin orderto renderprojectedtetrahedravithout the needto do arny time
consumingcalculationsfor eachpixel. Our approachs not asaccurateasray-
castingalgorithmsor the high accurag (HIAC) volume renderingsystemde-
scribedin [120] becauseof limited texture memoryand non-lineartransforma-
tionsin the caseof perspectie projections. Especiallylimited texture memory
will limit the size of the 3D texture mapresultingin a lessaccurateresampling
of thetransferfunctions.Within this limited accurag, however, arbitrarytransfer
functionsmay be usedwithout affectingthe renderingtimes,whereaghe perfor
manceof the HIAC systemdependscrucially on the chosentransferfunctions.
In particular thin peaksare possiblewithin our approachresultingin unshaded
isosurbicesasdemonstratech Section8.13.

Figure8.3: Visualizationof a synthetic Figure 8.4: Samedata set as in Fig-
dataset with non-lineartransferfunc- ure 8.3 but renderedusinga 2D texture
tions implementedwith a 3D texture mapof dimension256 256(256KB).
mapof dimension$4 64 64(1MB). (SeeSection8.5.)
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8.5 A NewApproximation for PT

As hardware-supporte®D texture mappingis not available on every graphics
workstationandthe 3D texturemapsthatareemployedin Section8.4 needrather
much texture memory we will describea new approximationto the rendering
of projectedtetrahedrausing 2D texture mapping,which interpolateshe opac-
ity linearly. However, this methodallows usto usearbitrarytransferfunctions,
while existing hardware-acceleratesolutionsarelimited to linear transferfunc-
tionswithin eachcell (e.g.[106]).

Thebasicideais to approximatehe dependenciesf theintegralsin Equation
(8.1) on| by linearterms,andto implementthesetermsby a modulationof the
vertex colors. Theremainingintegralsdependonly on s; ands,, andcanthusbe
takulatedin a 2D texturemap.

The dependenciesn| in Equation(8.1) becomemoreexplicit with the vari-
ablesubstitutiong®= t=l andu®= u=l:

Z 4 Z 0
19 = | L &P | . r (s1(u9) du®
k(s1(t9) fZ(Sl(t%)dto

+ exp Iolr(sl(t(ﬁ)d'[0 |

For | = 0 this equationreducedo 1%= |. For givenr, k, sf ands, we evaluate
the integralsfor anothervaluel = | = const andextrapolatelinearly in |. The
optimalchoiceof I depend®n the particularapplicationbut settingl equalto the
averagecell thicknesshasprovento be a good approximation. The 2D texture
mapis de ned by

Z 4 Z 0

T exp T r(sy(uy)d®
0 0

k(s1(t9)r §s1(t‘)) cit®
1
app = 1 exp |_0 r (s(t9) dt®

RGBp
8.2)

andis modulatedy colorsattheverticeswith theRGBa componentsetequalto
(I=1;1=];1=1;1=0). In practicewe arescalingthesecolorsby the maximumopacity
valuein the texture mapin orderto avoid clampingfor valuesl > |. This scaling
is compensatety multiplying the entriesin the texture mapwith the reciprocal
value. The combinedeffect of texturing andblendingwith appropriateblending
coefcients is

| |
1= - RGBpp+ 1 : aeo |
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whichis our new approximatiorof Equation(8.1). Accordingly, we useGL_ ONE
for the sourceblendfactorandGL ONEMINUS SRCALPHAfor the destination
blendfactorin OpenGL.

Onthe onehand,this approximatiorresultsin artifactsbecausef thelinear
interpolation(seg106]), ontheotherhand theuseof 2D texturemappingenables
usto utilize largertexture mapscomparedvith the 3D texture mapsemployedin
Section8.4resultingin animprovedresamplingof the transferfunctions.

Figure 8.4 shaws the syntheticexamplefrom Figure 8.3 using 2D insteadof
3D texture mapping. The linear approximationresultsin slightly smalleropaci-
tiesresultingin lighter colors,while the improved resamplingresultsin sharper
edgef the structureggeneratedy the transferfunctions. The middleimagein
Figure 8.12 representan exampleof a 2D texture map generatedy Equation
(8.2).

Thefollowing sectionsdiscussanindependenéxtensionof the PT algorithm
capableof displayingsmoothlyshadedsosurficeswithout vertex interpolations.
Additionally, two methodsare presentedo combineprojectedtetrahedrawith
opaqudsosurfaces.

8.6 Prior Work about Isosurfaces

For an in-depthintroductioninto currentresearchaboutisosurbicesthe reader
is referredto [5]. Isosurbcesarean indispensabléool in volumevisualization,
althoughdirectvolumerenderingncludesmuchmoreinformationin onepicture.
However, isosurbicesarepreferredor mary applicationsasthey areusuallymore
comprehensible.Thus, direct volume renderingtechniqguesare often extended
with isosurficesn orderto combinethe advantage®f bothtechniques.

In their descriptionof the PT algorithm[101] Shirley andTuchmansuggested
to calculateisosuricesbasedon a marchingtetrahedraalgorithmsimilar to the
marchingcubesalgorithm [62, 63, 125]. The combinationof thesealgorithms
makesit possibleto renderisosuraiceswith ary degreeof transparengasnoted
in [101].

However, researclton marchingcellsalgorithmsconcentrate@n reducingthe
numberof cellstestedfor intersectionsvith theisosuracel6, 9, 10,61, 100,99,
117 andon simplifying the polygonalmeshrepresentinghe isosurtice[27, 60,
76, 79, 98. Insteadof reducingthe numberof polygonspoint-basedlgorithms
for the extraction of isosurfices[20, 58, 81, 108] do not produceary polygons.
Westermanrs multi-passalgorithm for shadedisosurbices[113] also doesnot
constructa polygonalrepresentationf theisosurfice. As our algorithmis based
onthesamedea,we presenthecommonconcepin Section8.7beforediscussing
ouralgorithmin Section8.8.
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8.7 Hardware-AcceleratedMar ching Cells

This sectiondiscusses variantof the rst passof Westermanrs algorithm for
shadedsosurficesn unstructuredyrids[113]. Thealgorithmpresentedheresets
all pixels of the silhouetteof an intersectionof anisosuraicewith a tetrahedral
cell. Figure8.5ashavs theresultingsilhouette while Figures8.5band8.5cshav
intermediatestepsof thealgorithm.

0.8

o

0.6 54 0.6

(@) (b) (c)

Figure8.5: The polygonof anisosurfice(isovalue0.5) within a tetrahedratell
(a) canbe obtainedby an XOR combinationof the two pictures(b) and(c). (b)
shaws the partsof the backfacesof the cell with scalarvaluelessthan0.5. (c) is
theanalogueo (b) for thefront faces.

The rst stepis to renderthosepartsof the backfacesof the cell wherethe
interpolatedscalarvalue is lessthan the isovalue (seeFigure 8.5b). Utilizing
OpenGLthis canbe achieved by settingthe a-component®f the vertices'color
to the scalarvaluesand activating an appropriatea-test. Thenthe front faces
arerenderedin exactly the sameway, i.e. againonly thosepartsare rendered
wheretheinterpolatedscalarvalueis lessthanthe isovalue(seeFigure8.5c). By
combiningboth pictureswith an exclusive-OR (XOR) operationthe correctset
of pixelsis obtained.Using OpenGLan XOR operationcanbe realizedwith the
help of a 1-bit stencilbuffer by invertingits contentsvhenerer a pixel passeshe
a-test.

Note that the resultis not sensitve to the order of the polygonrendering,
i.e. the back andfront facescould be renderedn ary order The resultis also
thesamef thea-testis invertedfor all facesj.e. if thosepartsof thepolygonsare
renderedvherethe interpolatedscalarvalueis greaterthanthe isovalue. West-
ermanns original algorithmdiffersin sofar asthe a-testis invertedfor the back
facesonly andthe picturesarecombinedwith an AND-operation.However, this
requiresadditionalpassesn orderto generatéothfacesof theisosurfice.

In summarythis algorithmrequiregherenderingof all front andbackfacesn
orderto setthe stencilbuffer andto rendereitherthe front or the backfacesonce
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morefor at-shadedisosurbces.Thus,for atetrahedratell veto serentriangles
have to berenderedwhile a polygonalrepresentationf theisosuraicein atetra-
hedronneedsonly oneor two triangles.Thereforethe advantageof interpolating
the scalardatawith the help of OpenGLhardwareis morethancompensatety
theneedto renderadditionalpolygons.

The situationis, however, fundamentallydifferentin the context of the PT
algorithmaswill bediscussedhn thefollowing section.

8.8 Flat-Shadedlsosurfaces

As mentionedn Section8.2the PT algorithm[101] triangulateghe projectionof
tetrahedrasshownn in Figure8.1. However, insteadof referringto atriangulation
of the projectedsilhouetteinto triangles,we canaswell think of adecomposition
of the original tetrahedrorinto smallertetrahedrayhich are projectedafter the
decomposition.The projectionsof thesesmallertetrahedraare all of the same
kind: Two facesaredegeneratendtheothertwo facesareprojectedontothesame
(non-dggenerate}riangle. This obsenation enablesus to reducethe algorithm
presentedn Section8.7 to a single-pasalgorithmfor thesetetrahedraising2D
texturemapping.

As explainedin Section8.7 pixelsaresetif andonly if theinterpolatedscalar
valueof eitherthe backor the front faceis lessthanthe isovalue. As notedthe
backandfront faceareprojectedontothe sametriangle. Thereforejt is sufcient
to renderthis triangleusinga checlerboard-lile, two-dimensionatexture mapas
shownin theright-handcolumnof Figure8.6with thetwo texturecoordinategor-
respondingdo theinterpolatedscalavalueof thebackandfront face respectrely.
(SeeSection8.13for analternatve derivationof this 2D texturemap.)

The rst texture coordinatecorrespondso the scalarvalue on the front face
andthe secondtexture coordinateto the scalarvalue on the backface. As the
scalardataareinterpolatedinearly, the texture coordinateshouldalsobe inter-
polatedlinearly. Perspectie correctionsof texture coordinateshould,therefore,
be disabled.Actual valuesof texture coordinatehave to be speci ed at the ver
ticesof thetriangleandaredeterminedy thescalardatade ned attheverticesof
the projectedtetrahedron (Seethe left-handcolumnin Figure 8.6 for the scalar
datade ned at the verticesof the tetrahedrorandthe middle columnfor there-
sulting pairsof texture coordinatesatthe verticesof the projectedriangle.)If the
scalardataarenotin theappropriateangefor texture coordinatesthevalueshave
to be scaledaccordingly However, this canbe donein a preprocessingtep.The
textureitself hasto determinghea-componenti.e. the opacity which hasto be 1
for opaquasosurticesvheneereitherthe rst or thesecondexturecoordinatds
lessthantheisovalue,and0 otherwise(seetheright-handcolumnof Figure8.6).
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Figure8.6: Projectedetrahedrgmiddle column)with at-shadedisosurbcesfor
isovalues0.75 (top row), 0.5 (middle row), and0.3 (bottomrow). The left-hand
columnshaovs the sametetrahedralightly rotatedwith scalardataatthevertices.
Thesevaluesde ne the texture coordinatesncludedin the picturesof the actual
projectionsin the middle column. Theright-handcolumnshaws the correspond-
ing texturemapsincludingthetrianglesin the spaceof texture coordinates.

As this passdoesnot allow arny kind of smoothshadingwe employ at shading,
i.e.theRGB-componentsf thecolor of thetriangleareconstant.

Unfortunately edgesof isosurtice patcheswithin triangles(seethe middle
columnof Figure8.6 for someexamples)will causeenderingartifactsasthereis
no mechanisnwhich alignsthemexactly to the correspondingdgesn the pro-
jectedtetrahedran front or behind.We canavoid gapsby slightly modifying the
texture map, effectively “thickening” the isosurfice. This eliminatesartifactsfor
opaquesosurbces;for partially transparenisosurtices however, this will visu-
ally enhanceedgesof the tetrahedrameshby renderingpixelstwice. Remaing
theseartifactsfor partiallytransparenisosuricess anopenproblemandrequires
additionaleffortsin thefuture.
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8.9 Smoothly Shadedlsosurfaces

Our algorithm for smoothlyshadedsosuracesis againa variantof the corre-
spondingpassesf Westermanrs algorithmfor shadedsosurbicesn unstructured
grids[113]; however, thereare several crucial differences.For eachtrianglethe
stepsof ouralgorithmare:

1. Renderthe shadedbackfacetrianglerestrictedto theisosurficesilhouette
asdiscussedn Section8.8.

2. Repeatheprecedingstepfor thefront facetriangle.

3. Formtheweightedsumof the two picturesto getshadingfor intermediate
positionsof theisosurfce.

The weightsdiffer for eachpixel asthey dependon the relative distancef the
isosurficeto the front andbackface,respectrely (seeFigure8.7). For reasons
which will becomeclearin the next paragraphlet a denotethe weightof a pixel
of thefront triangle. Accordingto Figure8.7theweighta is

a= Sso S
Sf

for sf<sSsp< S OF Sf>Ss0> %

with the isovalue sgo; St ands, werede ned in Section8.4. The weight of a
correspondingoixel on the back facetriangleis 1 a. While weightsfor all
pixelswerecalculatedn softwarein [113], we arecalculatingthe weightedsum
completelyin hardware.

We still usethe 2D texture mapof Section8.8 for the backfacetriangle but
emplogy amodi ed versionof thistexturemapfor thefront facetriangle. Thisnew
texture map(seeFigure8.8for anexample)is modulatedwvith theweightsa. As
theoriginal texturemapcontainsonly opacityvaluesO and1, this modulatednap
in factstoresthe weightsa = % for the front facetriangle. (Remembethat
St ands, arethetexture coordinatesandthatthe texture mapalreadydependson
Sso-) Thus,theweightsa in factspecifyopacities.Using this texture mapwhen
renderingthe front facetriangle and blendingit appropriatelyonto the opaque
backfacetrianglegenerateghereforethecorrectweightedsumof bothtriangles.

Thus, our algorithmfor smoothlyshadedsosurficescanbe reformulatedn
two passegor eachtetrahedron:

1. Renderthe shadedackfacetrianglerestrictedo theisosurficesilhouette.
(SeeSection8.8.)

2. Blendtheshadedront facetrianglemodulatedwith atexture mapcontain-
ing the correctweightsontothe backfacetriangle.
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<[ Sf S

Figure8.7: Renderingsmoothlyshadedsosurbceshy shadinghe backandfront
facetriangle, and forming the weightedsum. Weightsare symbolizedby gray
scalesandaredeterminedy therelative distance®f the front andbackfacesto
theisosurficegivenby (Sso  So)=(St ) and(Sso  Si)=(Sp  St) respectrely.

Specialcarehasto be taken with verticesfrom the decompositiorof projected
tetrahedrabecausehey canresultin artifactssimilar to thoseinducedby hang-
ing nodes. Therefore the color of a vertex insertedbetweentwo verticesof the
meshhasto beequalto thecolorgeneratedby thegraphicshardwareinterpolating
betweerthesevertices.

Thealgorithmwasusedin Figure8.10to renderseveralisosuracesof differ-
entcolorsasexplainedin thefollowing section.

8.10 Coloredand Multiple Isosurfaces

Thetechniquepresentedn Sections8.8and8.9 canbe extendedto coloredand
multiple isosurfices. Coloring can be achieved by settingthe vertex colorsto
white andmodulatingthemwith coloredRGBa texture maps. The two facesof
anisosurbcecanbe coloredindependentlyy choosingdifferentcolorsfor texels
with s; > 5, andss < s, respectiely.

An exampleof a texture mapfor multiple isosurficesis givenin Figure8.9,
which shavs the combinationof the (colored)texture mapsfrom Figure8.6. The
“visibility ordering”is easyto understandFor sf < s, weview alongthegradient
of thescalar eld, thusisosurbicesfor smallerisovaluesoccludethosefor greater
isovaluesandvice versafor sf > s,.

Assumingthatall cellsarerenderedthenumberof isosuraices in thetexture
mapdoesnotaffecttherenderingime. For opaqudsosuricesour methodshares
this featurewith Westermanrs algorithm for multiple isosurfices[114], while
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Figure8.8: A 2D texture mapusedfor Figure8.9: The correctcombinationof
a front facetriangle; black correspondsthe texture mapsfrom Figure8.6into a
to opacity 1 (opaque)white to opacity single texture map for multiple isosur
0 (transparent)lt is amodulationof the faces.(SeeSection8.10.)
lowertexturemapin Figure8.6with the

i — Sso S . =0
weightsa = e andsgo = 0:3.

ray-castingapproacheslependat leastlogarithmicallyon n. For partially trans-
parentisosurbcesour methoddoesstill notdependon n while the dependengof
ray-castingapproacheshangeso n.

8.11 Mixing Isosurfaceswith ProjectedVolumes

It was claimedthat renderingmixturesof opaquepolygonsandvolumetricdata
is straightforvard, e.g.in [52]. This claim, however, doesnot applyto ary cell
projectingapproachncludingthe PT algorithm,sincespecialattentionhasto be
paid to partially occludedcells. In [120] Williams et al. suggesto slice each
cell at userspeci ed isovalues. The time compleity of this method,however,
dependsinearly on the numberof isosurfices.As we notedin Section8.10the
time compleity of our algorithmdoesnot dependon the numberof isosurgces;
thereforewe proposeawo alternatve method=f mixing isosurbicesandvolumes,
which aremoreappropriaten this context.

The algorithm presentedn Section8.9 allows us to smoothlyinclude pro-
jectedtetrahedrdy renderinghemafterthecorrespondindpackfacetriangleand
beforethe front facetriangle. This order ensureghat the projectedvolumeis
completelyoccludedwherethefront facetriangleis opaquej.e. wheretheisosur



82 CHAPTERS. PRE-INTEGRAED CELL-PROJECTION

Figure 8.10: Several isosuracesex- Figure 8.11: Smooth combination of
tractedfrom the datasetshavn in Fig- Figures 8.4 and 8.10. (See Sec-
ures8.3and8.4. tion 8.11.)

faceis in front of thevolumeat thefront face,andthatthe volumeis not affected
wherethe front faceis transparent,e. wheretheisosuraceis behindthe volume
at the backface. Figure 8.7 illustratesthis correlation: The relative thicknessof
theoccludedpartof thetetrahedrorfwhite) correspondso theweightof thefront
face(left grayscale).

An exampleemplgying this methodis givenin Figure8.11,which mixesthe
isosurbcesf Figure8.10with theprojectedetrahedraf Figure8.4. Morerealis-
tic examplesarepresentedn 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 respecto correctray integration. Therefore we developeda morerigorous
method.For opaqudsosurbicegherayintegrationin Equation(8.2),respectrely
Equation(8.1) if 3D texture mappingis employed, hasto be stoppedassoonas
oneof theisovaluesis reachedi.e. for 5(t) = S50 (SeeFigure8.7). By rendering
theisosurticedor eachtriangle rst (eitherin onepasdor at-shadedisosurtices
or two passe$or smoothlyshadedsosurtices)followedby the projectedvolume
with the modi ed 2D or 3D texture map, we are able to generatean accurate
picture.

An exampleof a 2D texture map generatedhis way is shovn in the middle
imageof Figure8.12. Theisosurbcesmanifesthemselesin transparenvertical
stripeswhich correspondo a scalarvalue s; on the front faceof a tetrahedron
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slightly greaterthanoneof theisovalues.Both methodgpresentedn this section
canbegeneralizedo partially transparenisosurfces.

8.12 PerformanceComparison

With hardware-acceleratetdxture mappingthedirectvolumerenderingmethods
presentedn Sections8.4 and8.5 are essentiallyasfastasexisting implementa-
tionsof the PT algorithm.We emphasiz¢hattherenderingimesfor our methods
arenotaffectedby the particulartransferfunctionsemployed.

Our extensionsof the PT algorithmarehardto comparewith “non-PT” algo-
rithmsfor directvolumerenderinge.g.approachebasedon slicing, because¢he
mosttime critical stepof the PT algorithmis the sortingof the tetrahedraywhich
is not affectedby the extensiongoresentedhn this chapter

The algorithmsfor therenderingof isosurbicesdescribedn Sections8.8 and
8.9dependnthecorrectsortinganddecompositiorof thetetrahedratells,while
most of the algorithmsmentionedin Section8.6 do not requireary sorting or
decompositiorof tetrahedraMoreover, we did not attemptto reducethe number
of cellstestedfor intersectionwith theisosurtice. Thus,mostof the algorithms
mentionedn Section8.6will usuallybefasterthanour currentimplementationf
usedo renderonly asingleisosuraice.However, asourworst-caseenderingime
doesnotdependnthe numberof isosuraicespur methodwill outrunmostof the
otheralgorithmsif thenumberof isosurficedss largeenough(seealsoTable8.1).

Moreover, our renderingalgorithmsgreatlybene t from a combinationwith
projectedvolumecells asdescribedn Section8.11 becauséhe sortingandde-
compositionof tetrahedracanbe reusedn this scenario.Thus,the inclusionof
isosurbicesin avisualizationapplicationbasedon the PT algorithmis almostfor
free. As the renderingin our methodsincludesextraction and triangulationof
theisosurfice,the renderingtime (without sortinganddecompositiorof tetrahe-
dra)shouldbe comparedo thesumof theextraction,triangulationandrendering
times of otheralgorithms. Additional efforts requiredby other algorithmsfor
partially transparenisosuraicesandmixing with volumecellsshouldalsobecon-
sideredn afair comparison.

The renderingtimesin Table 8.1 were obtainedon an OctaneMXE with a
MIPS R10K 250 MHz CPU. The isosurficeswere extractedfrom the NASA
Blunt n dataset,which wascorvertedinto 187,395tetrahedra.An imagewith
threeisosuraicesis depictedin Figure8.13andthe correspondingre-integrated
texture mapsarevisualizedin Figure8.12. Clearly the renderingtimesfor at-
shadedisosurfice dependon the numberof intersectedetrahedrano double-
counting) insteadof the numberof isosurbices. Smoothly shadedisosurfices
requireabouttwice as muchtime becausehe backand front faceshave to be
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no.isosurfices| 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: Renderingimes(including“extraction” and“triangulation”) for isosur

facesfrom theNASA Blunt n dataset. The numberof cellsrefersto thenumber
of tetrahedrantersectedy at leastoneisosurfice. Timings for the sortingand
decompositiorof tetrahedraarenot includedasthesestepsare alreadydoneby

theoriginal PT algorithmwithout our extensions.

renderedseparatelyFor a single,smoothlyshadedsosurticeour renderingtime
is closeto the 0.2 secondseportedby Westermannn [113]. Therenderingper
formances comparabléo theresultsof Wittenbrinkin [121].

8.13 Heaviside Excursion

This sectiondemonstratethe extraction of unshadedsosurficeswith the tech-
niquepresentedn Section8.4by choosinganappropriatdaransferfunctionr . As
asideeffectthe 2D texturemapsof Section8.8revealthemselesasspecialcases
of the 3D texture map of Section8.4. In orderto extract the isosurbicefor an
isovaluesiso Wwe haveto setr (s) = 0for s6 sigo andr (Sso) = ¥ . Formally, we set
r(s) = Cd(s sso) With alarge constanC andDirac's deltafunctiond(x); multi-
ple isosurbicescorrespondo a sumof deltafunctions. As k(siso) IS constantwe
areonly interestedn thevalueof a asde nedin Equation(8.1):

Z
1 a = ep r(s(t)dt
0
Z, t
= exp 0Cd(sf+|—(sb St)  Sso)dt
1 | Sso St
= exp C dt |
0 S Sf S St
, S ,
= exp cH Sso St H Sso S
S St St S
LetC%= C 5 andlet H(x) bethe Heaviside stepfunction (see[21]). Thus,
forC! ¥ weobtain
a= Sso St H Sso S ,

S St St
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which is independendf |. The dependeng on s ands, is alreadyvisualized
in thetexture mapsshownn in Figure8.6. Obviously, the 2D texture mapsusedin

Section8.8arein factspeciakcase®f the3D texturemapof Sectior8.4. However,

thederation presentedn Sections8.7 and8.8 appearso be moreintuitive and
comprehensible.

Figure8.12: These2D texturemapsof dimension®56 256wereusedto render
theBlunt n datasetdepictedn Figure8.13. Theleft andright textureswereem-
ployedto renderthe backandfront facetriangles,whereaghe projectedvolume
wasgeneratedby the middletexturewith pre-intgrationstoppecdattheisovalues.
Thetexels on the diagonalof this texture representhe transferfunctions. Black
pixelsin thesemagescorrespondo completelytransparentexels.

8.14 Pre-vs. Post-Classi cation

The original approachof Shirley and Tuchmanis often called pre-classi cation,
becausdhe transferfunctionsare appliedto the scalarvaluesof eachcell be-
fore rendering. In contrastto this, our cell projectionapproachis called post-
classi cation,sinceemissionandopacitiesarederivedaftercell projection.Post-
classi cationis ableto reproduceherayintegralaccuratelywhichmeanghatthe
in uence of thetransferfunctioncanbereproducedccuratelyinsidethetetrahe-
dra. Pre-classi cationsimply neglectsthe non-linearcontritutionsof thetransfer
function. This becomesespeciallyvisible if the transferfunction containsa dis-

continuity Thisis bestillustratedby a directcomparisorof themethodsasshavn

in Figure8.16.
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Figure 8.13: Visualizationof the Blunt n datasetwith threeisosurficesmixed
with projectedtetrahedra.

Figure8.14: A visualizationof anMRI Figure 8.15: A CT scanof a bonsai:

headscan. The orangeisosurficede-Leaves are visualized by direct vol-

picts soft tissuelocatedin the cheeksumerenderingwhile thetrunkandthe

andbehindthe eye balls. branchesareshovn by the brown iso-
surface.
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Figure8.16: Pre-vs. post-classi cation: The exampledatasetshaws the elec-
tron density of a hydrogenatom. Top row: pre-classi cation(left) and post-
classi cation(right) with atransferfunctionthatcutsaway low electrondensities.
Whereaghe sharpcut is smoothedout on the left, on the right the cut is repro-
ducedcorrectlyinside the tetrahedra.Center. wire-frameview. Bottom row:
post-classi catiorwith colorrampastransferfunction,andtheextractionof three
unshadedsosurficesby settingthe transferfunction to thin differently colored
peaks.



Chapter 9

Unstructur ed Volume Renderingon
the PC

The presentectell projectionsmethodsigni cantly enhanceghe quality of un-
structuredvolumerendering but not yet fully exploits the capabilitiesof current
PCgraphicsacceleratorsDueto theincreasinge xibility of commoditygraphics
hardwarethe pre-intgrationtechniquenasbecomewidely availablefor the visu-
alizationof volumedataonregulargrids. The previousapproactHor unstructured
mesheemployeda 3D textureto effectively apply pre-integration. Althoughthe
resultingimagesareof high quality, thereare severalrestrictionsdueto the lim-
ited amountof availabletexture memory Transferfunctionswith high gradients
requirea high resolutionpre-integrationtable, which doesnot t easilyinto the
dedicatedexture memory ModernPC graphicshardware, for instancethe ATI
Radeon8500andthe NVIDIA GeForce4,allow more sophisticatedapproaches
usingdependentextures,multi-texturing, perpixel shadingandhardwareaccel-
eratedpre-intggration. This enablesuisto overcomethe limited sizeof thethree-
dimensionalpre-integyrationtable. To circumwent this restrictionwe proposeto
implicitly storethe 3D texture by meansof multiple 2D textures.Thenthecolors
andopacitiesof thethree-dimensiongbre-integrationtable canbe reconstructed
accuratelywith the high internalprecisionof the pixel shader

9.1 High ResolutionRay Integral

Sincehigh resolution3D texturesrequirehugeamountsof texture memory we
separatehethree-dimensiondlinctionof thevolumedensityopticalmodel.Un-
fortunately only the opacity canbe separatecekasily The chromaticityneedsto
beapproximatedy meanf alinearcombinationof two-dimensionafunctions.

9.1.1 Opacity Reconstruction

Sincethe opacitydependon the averagedensityalongthe viewing ray andthe
lengthl of theray segment,it canbe separateasfollows:

88
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lineara wire frame

lineara exponentiala

Figure9.1: Comparisorbetweerlinearapproximatiorandcorrectexponentiala.
The correspondingransferfunction which is split into normalizedemissionand
opacitycanbeseenbelov eachimage.

Z4
. rise+t(sp sf))dt (9.1)

1 e (9.2)

F (St;S0)

aip(x)

For eachrenderedpixel we derive the averagedensityf from a 2D texture map
(Equation9.1) and computethe nal opacityaip by meansof a 1D dependent
texturelookup (Equation9.2).

In orderto further increasethe accurag of the reconstructed values,the
dependentextureis extendedto hold the higher8 bits of a 16 bit a valuein the
alphachannelA andthe lower 8 bits in the additionalluminancechannelL. In
orderto mapthemaximuml16 bit a valueto 1, it is scalecbythefactorg—gg. Since
theresultingequatiorap = %;H 2L57 is linear, thetextureinterpolationdelivers
atrue 16 bit a lookup.



90 CHAPTER9. UNSTRUCTUREDVOLUME RENDERINGON THE PC

unit | coordinates RGB A
0 St, Sp Co(st; ) r (st;So)
1 St, S DCy(st; ) -
2 | Ir(st;s) - aip(Ir (st; )

Table9.1: Texture setupfor dependentexture mapping.

Comparedo the linear approximationof the opacity usingthe 2D texturing ap-
proachasoutlinedin Section8.5theresultingimagesaresigni cantly improved,
asillustratedin Figure9.1.

9.1.2 Chromaticity Reconstruction

In orderto achieve a high-quality approximationof the chromaticity we pre-
integratethe normalizedchromaticitiesC; = g—'l forl! Oandl = lqax With Imax

beingthe maximumlengthof theray sggments.The nqrmalizedemissiorf:o and
thedifferenceDC, of thenormalizedemissiono andC, , arestoredin two high
resolution2D textures.Thelatteremissionsarede ned asfollows:

Ry
e L aKESIO) (SI)
2 oy = C(Sfi%hiImay
N TCT S e

DCi(st;%) = CioalStis)  Colsi;s)

Using the texture setupof Table 9.1, we implementthe following approxi-
mation of the volume optical densitymodelby utilizing dependentexturesand
the pixel shaderon the NVIDIA GeForce4[128] andthe ATI Radeon8500[74]
graphicsadapter:

C(st; ;1) Ciin(st;Sp;1)a(st; ;1)
Ciin(st; ;1) Co(st; ) + ||—D61(sf;sb)

max

a(st;so;l) = aip(lr(sr;sn)

Thisis alinearapproximatiorin | for every pair of s; ands,. As seenn Fig-
ure9.2,thelinearapproximatioris notaccuratdor transferfunctionsthatcontain
high gradients.For animprovedreconstructiorwe approximatehe chromaticity
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by a polynomialof degreen > 1 in | with the coefcients G;, i = 0:::n. This
is similar to the polynomialtexture mappingapproachof Malzbenderet al. [64],
which reconstructghe colors of a surfaceby a biquadraticpolynomial. In our
casethe approximateathromaticityis givenby the polynomial

n |
C(st;smil)  asusml)a ”l—Ci(sf;sb):
i=0 'max

To computethe polynomialcoefcients Ci we pre-intgyratethe chromaticity
atl = ﬁax for i = 0:::n andconstructa polynomialthrougheachof thesepoints
for every pair of s ands,. This correspondso the computationof n+ 1 slices
with | = cong of the pre-intgyrationtable.

Sincethe numberof texture unitsis limited, we canonly usea polynomial
approximationwith a degreeof up to 2 on the GeForce4and of up to 4 on the
Radeon8500. In the latter casethe rasterizationperformancedropsby almost
50%, but the quality of the approximations only improvedslightly. Thereforea
polynomialdegreeof 2 shouldbe preferred(seeFigure9.2). The corresponding
texture setupsare depictedin Table9.2. The polynomial coefcients arescaled
to themaximumpossibletexel range[ 1:::1] to improvethe precisionof theap-
proximation.Additionally, thea valuesarereconstructeavith 16 bits of accurag.

unit | coordinate§ RGB A

0 st,S | Co(st;sn) r (St; )

1 St, S C1(Sf; %) -

n sr,% | Ca(st;s) -

n+1| Ir(si;S) - aip(Ir (sf; )

Table 9.2: Texture setup for polynomial color approximationof the three-
dimensionalray integral (with a maximumpolynomial degreeof n= 2 on the
GeForcedandof n= 4 onthe Radeor8500).

9.2 Hardware Accelerated Pre-Integration on the
ATl Radeon8500

In order to visualize volume data comfortably one needsto changethe trans-
fer function interactvely. Wheneer the transferfunction is modi ed the pre-
integrationtablehasto berecomputedFor aresolutionof 5122 anda polynomial
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linearchromaticity wire frame

linearchromaticity quadraticchromaticity

Figure9.2: Comparisorbetweeninear andquadraticcolor approximationcom-
binedwith 16 bit a, for thetransferfunctionseenbelor eachimage.

degreeof 4, for instancethis requiresapproximatelyl1 second$n a Pentium4
runningat2 GHzwhichis fartooslow for interactve updatef thetransferfunc-
tion. In orderto speedup the calculationof the pre-integrationtablewe utilize
graphicshardwarefor the purposeof numericalintegration. We maintaina high
level of accurag by usingthe highinternalprecisionof the pixel shader

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

As describedby Engel et al.[26] the integrated opacity can be calculated
quickly by thedifferenceof two de nite integrals.If self-attenuatioms assumedo
benegligible the sameapproacltanbeusedto ef ciently calculatetheintegrated
chromaticities.This assumptions valid for volumeslicing, sincetheray segment
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lengthsl areusuallysmall. In the caseof unstructuredsolumerendering,how-

ever, thisassumptiordoesnot hold, thusself-attenuatiorannotbe neglected.As

a consequencehe numericalintegrationof the chromaticitiess not fastenough
to achieve interactve updateof the transferfunction. However, the chromatici-
tiesof onesliceof the pre-intgyrationtablecanbeintegratedn parallelby usinga

hardware-accelerateapproachFor eachslicewith aconstantay segmentlength
| thisis accomplishedby blendingm quadrilateral€ontainingthe sampledrans-
fer functionfor every pair of s ands, into theframebuffer. The sampledransfer
functionis reconstructedrom a 1D texture (seeTable9.3). For this purposethe
texture coordinates of eachvertex of the quadrilateralss assignedasshown in

Figure9.3.

Figure 9.3: Hardware-acceleratedre-intggration: First, the transferfunctionis
storedin a 1D texture map. Thenn rectanglesare dravn and blendedwith the
texture coordinates assignedn the depictedfashion.

As the 8 bit framebuffer depthof currentPC graphicshardwarelimits theac-
curagy of thenumericalintegration,we integratethe chromaticitywith the higher
internalaccurag of the pixel shaderCombiningtwo channel®f theframebuffer
for eachintegratedcolor componenbf the chromaticity a total accurag of 16
bit canbe achieved. In practicehowever, a bit depthof 12 hasturnedout to be
sufcient.
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We store the chromaticity and opacity of the transferfunction for a given
lengthl andthe numberof integrationstepsmin a 1D texture asde ned in Ta-
ble 9.3. To effectively representigh gradientsin the transferfunction, we con-
structthe 1D texture with the highestpossibleresolutioninsteadof usingalinear
interpolationof the 1D texture.

channel meaning value
red high 8 bit (chromaticity) k(s)
green || low 4 bit (chromaticity) k(s)
blue high 8 bit (opacity) |1 e m'®
alpha low 4 bit (opacity) |1 e m'(®

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

On the Radeon8500 the numericalintegrationis implementedusing a method
calledping-pong ltering [74]. For eachblendingstepan RGBA texture contains
the previously integratedchromaticityin the red (high 8 bits) andalphachannel
(low 4 bits). First, the original 12 bit chromaticityis reconstructedn the pixel
shadetby multiplying the low bits with 2—%6 andaddingtheresultto the high bits.
Note that a texture entry of 255 in the high bits alreadyrepresents value of
1:0. Next, the chromaticityandopacityof the transferfunctionarereconstructed
from the 1D texturein the samefashion. Thenthe chromaticityis multiplied by
the opacity the resultof the previous iterationis multiplied by one minusthe
opacity andthe sumof bothyieldsthe new integratedchromaticity Finally, the
integratedchromaticityis split into 8 high and4 low bits andis written backinto
the correspondinging pongtexture.

The Radeon8500 masksout all bits representingralueshigherthan 1:0 or
lowerthan Z—éG. Thereforethe high 8 bits areextractedautomaticallywhereaghe
low 4 bits areextractedby simply multiplying the 12 bit chromaticitywith 256. In
contrasto this, the GeForcedalwaysusessaturatiorlogic insteadof bit masking.
Thereforethelow 4 bits canonly be extractedon the Radeon8500. It shouldbe
notedthatthe describecapproacHor high-accurag blendingis not necessargn
the latestgenerationof PC graphicsacceleratorsuchasthe ATI Radeon9800
whichallow oating pointrendertamgets.

A speedupf nearly 100%is achieved by performingfour subsequeninte-
grationstepsat oncein the pixel shader SinceeachRGB color componentas
to be computedseparatelythe hardware-acceleratedre-intgrationneedsto be
performedthreetimesfor every requiredslice of the pre-intgygrationtable. Each
componenbf apre-intgratedsliceis transferrecbackinto mainmemoryandre-
combinedwith the othercolor channels.This resultsin 9 pre-integyrationcycles
for apolynomialapproximatiorof a degreeof 2, for example.
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In contrastto software numericalintegration, this hardware-acceleratedp-
proachallowsto updatethe pre-integrationtableinteractvely. With respecto in-
tegrationaccurayg the hardware-accelerateshethodexhibits a higherintegration
errorwhich 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 the previous chaptersnve have demonstratethat the multi-texturing capabili-
tiesof modernPC graphicsacceleratorsanbe utilized to bring high-qualitypre-
integratedvolume renderingof unstructuredyrids to the PC platform. Because
of the reducedmemoryrequirementf the employed 2D textures,our method
is capableof applying high resolutiontransferfunctions. A comparisorof the
visualquality of the proposednethodss givenin Figure9.5togethemvith visual-
izationsof the Blunt Fin andthe Bucky Ball datasets.Thebestapproximatiorof
the pre-integyrationtableis achiazed by using 16 bits for the representationf the
opacitiesandapolynomialof degree4 for thereconstructiomf thechromaticities.
A polynomialof degree2 is only slightly lessaccuratebut performssigni cantly
fasterdueto reducedasterizatiorrequirementsBecausef thehighinternalpre-
cision of the pixel shaderandthe representationf the opacitieswith 16 bits the
resultsare even betterthanthoseobtainedwith a 3D texturing setup. Using our
hardware-accelerategre-intggrationapproachwe are ableto maintainhigh up-
dateratesof the pre-intgyrationtable. In comparisorto softwareintegrationthe
achievedspeedups about700%on a PCequippedvith a Pentium4 runningat 2
GHz andanATI Radeor8500(compareTable9.4).
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software setupof textures
linearcolor (n= 1) 4.4s
polynomialn= 2 6.6s
polynomialn= 4 11.0s
Radeor8500 setupof textures
linearcolor (n= 1) 0.6s
polynomialn= 2 1.0s
polynomialn= 4 1.7s

Table9.4: Preprocessingmesfor 2D multi-texturing with atextureresolutionof
512 texels.

The total renderingtime is almostindependenof the chosenreconstruction
method(exceptfor n= 4). It dependsnainly onthe sortingalgorithm[118, 104,
121] andthe transferspeedbetweenthe CPU andthe graphicsadapter(seeTa-
ble 9.5). For comparisorpurposeghe experimentalresultsaregivenfor a poly-
nomialdegreeof 2. We achieze upto 600,000tetrahedrgerseconddependingn
the sortingalgorithm. Approximatelyhalf of the time is spentby sorting, while
the other half is spentby rendering. The lower performancefor renderingthe
Bucky Ball datasetis dueto alargervariationof thescalarvalueswhich leadto a
reducedexture cachecoherence.

GeForce4 #tetra| numeric| MPVO | XMPVO
Blunt Fin 187% | 3.18fps | 2.64fps | 2.35fps
Bucky Ball 17Kk | 2.46fps | 2.19fps | 2.05fps
Radeors500 | #tetra| numeric| MPVO | XMPVO
Blunt Fin 18Kk | 2.51fps | 2.20fps | 1.99fps
Bucky Ball 177X | 2.09fps | 1.98fps | 1.87fps

Table9.5: Displaytimesincluding visibility sortingon a Pentium4 runningat 2
GHz usinga polynomialapproximationof degree2 anda 1280 960view port.
The appliedsorting algorithmsare numericalsorting [121], MPVO [118], and
XMP\VO [104].
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linear exponential linearcolor guadraticcolor
approximatiorof a interpolationofa  reconstruction reconstruction

Figure9.5: Comparisorbetweerdifferentapproximation®f therayintegral. The
appliedtransferfunctionsaredepictedoelonv eachimage.

Figure9.6: Bucky Ball with pervertex lighting of original datasetandpartof the
ChristmasTree dataset[46], both with quadraticpolynomial approximationof
chromaticityandaccuratel6 bit a.

Figure9.7: Blunt Fin datasetisingquadraticpolynomialapproximatiorof chro-
maticityand16 bit a. Dueto thehighreconstructiomuality of the pre-intgyration
table,theundersamplingvithin the original datasetcaneasilybe seen.




Chapter 10
Ground Fog Rendering

Albert Einstein:Asfar asthelaws of mathematics
referto reality, they are not certain;
andasfar asthey are certain,
they do notreferto reality.

In contrasto Chapters and9, wherethepre-intggrationtechniquevasdeveloped
to enhancehe quality of unstructuredrolumerenderingjn this chaptemwetry to
improve the performancéy posingseveralrestrictionson the opticalmodel. The
performanceof the resultingalgorithmis demonstratedy renderinggroundfog
in realtime.

Actual implementation®f the PT algorithm achieve a peakperformanceof
250,000[12]] to 600,000[35] tetrahedrger secondncluding timesfor sorting.
Dueto thegrowing compleity andamountof thedatasetsframeratesof lessthan
oneframepersecondarestill quitecommonfor typical unstructuredlatasets.

Recently hardware-acceleratethethodshave beenproposedo speedup the
PT algorithm,but with actualgraphicshardwarestill no morethanapproximately
480,000[109] respectiely 490,000[124] tetrahedraare possible. In fact, the
hardware-accelerateshethodsareslowerthanawell tunedsoftwareimplementa-
tion. This obsenation may be astonishingn the rst place,but with anin depth
analysisof the bottleneckghis becomeslear Therearefour limiting operations
which determinethe performancef the PT algorithm: visibility sorting,tetrahe-
dral projection transferof vertex data,and nally rasterizationlUsingafastCPU
like the Pentium4 3.0 GHz, the orderingandthe projectionof the tetrahedras
performedfasterthanthe GPU canbe fed over the AGP bus. With the increas-
ing speedf the GPUsthevertex processingerformances almostbalancedvith
the performancef the CPU, but rasterizatiorstill is alimiting factor In conclu-
sion, performingthe cell-projectionon the GPU will only slow down the entire
pipeline, sincethe graphicsprocessois alreadynearits limit. Therealso exist
hardware conceptsto overcomethe speedlimitations, but it is uncertainwhen
theseconceptwvill nd its wayinto graphicsaccelerator§47].

Sincerecentefforts to signi cantly speedup the PT algorithm have not led
to satishctoryresults,we pursuea differentstratgy: First we evaluatethe the-
oretical speediimit on the numberof polyhedrathat canbe renderedon actual
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graphicshardware. Basedon theseresultswe proposea reasonablenodi cation
of the opticalmodelto approactthetheoreticalimit.

10.1 Theoretical Performance

In principle, all the facesof an unstructuredlatasethave to be treatedto recon-
structthe ray integral exactly. For the caseof hexahedralcells, this resultsin 6
faceswith 4 verticeseach. Assumingthat the volumetricgrid canbe rendered
with triangle stripping, 8 verticeshave to be passediown the graphicspipeline
per hexahedron. Actual graphicsadaptordike the NVIDIA GeForce3reacha
peakperformancenf aboutl2 million verticespersecondusingtrianglestrips(in
practicalexperience).Thus,the maximumtheoreticaperformancef a GeForce3
is 1.5million hexahedrgpersecond.

In orderto verify the theoreticalresult,we rst appliedmaximumintensity
projection(MIP) [38]. The adwantageof MIP is that a volumetric grid canbe
visualizedjustby renderingall thefacesof the cellsin anunsortecbrder Without
greatloss of accurag the scalarvaluescan be assumedo vary linearly inside
eachhexahedron.Thenthe maximumprojectedscalarvalueof eachray segment
is eitherthevalueat theintersectiorpointon thefront or onthe backface.Using
this approachwe achieved a performanceof 643,000hexahedraor 5.1 million
trianglespersecond Assumingthata hexahedromeeddo bedecomposehto at
least5 tetrahedrdo berenderedvith the PT algorithmthe experimentakesultof
643,000hexahedraper secondcorrespondso 3.2 million tetrahedrger second.
This s still far away from the theoreticalmaximum,but it is almosta magnitude
fasterthanthe bestknown PT implementation.

10.2 Practical Performance Analysis

The performancdor sucha simple optical modellike MIP is alreadyconsider
ably lower thanthetheoreticalimit. Thisis mainly dueto thelargerasterization
overhead.Hence,it is no surprisethatthe performances evenworsein the case
of the standardvolume densityoptical model[119]. Thisis dueto the require-
mentof visibility sorting. Conceptuallythetetrahedranustberead,written, and
read back from main memoryfor sorting (compareWittenbrink et. al [121]).
With increasingrenderingspeedof the graphicsacceleratothe memoryband-
width consumedy visibility sortinganddatatransferoverthe AGPbusbecomes
the limiting factor This behaior startsat approximatelyl.5 million tetrahedra
persecondon actualPC hardware. Sincethe total performances currentlyonly
around600,000tetrahedrgersecondhemainlimiting factoris still thegraphics
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acceleratar We suspecthat a signi cant performanceoump beyond the men-
tioned 1.5 million tetrahedrgper secondiimit is possibleonly with a structural
paradignmshift of graphicsacceleratorsr specialpurposehardvare.

Becauseof the limiting behaior of visibility sorting, we devise an ef cient
algorithmfor an emissve optical model[6§ which doesnot requiresorting. In
our opinion this optical modelcanbe consideredo be a goodtradeof between
speedand quality. The emissve optical model neglectsabsorptionso that the
ray integral is simply the sum of all emissionsalong eachray. As a welcome
side effect sortingis not required,sincethe blend function is commutatve. In
comparisonto the standardoptical model the emissve model gives lessvisual
cluesbut aswe will seethe implementations extremely simple so thatit can
sene asafastpreview andprototypingoption.

Recently Mech[70] proposeda methodto renderboundedayeredfog using
anemissve opticalmodel. Theboundedog is de ned within atriangularsurface
meshwhich allows for easyhardware-acceleratecomputatiorof theray integral
(seeSection5.4). While this approachs simpleyet very fast,it assumes con-
stantfog densityandrequiresa 12 bit visual to eliminate Mach bands. In the
following we extendthis algorithmto projectarbitrarycell types,suchastetrahe-
dra,hexahedrapr prisms,without therestrictionto a 12 bit framebuffer andwith
linearly interpolateddensitieswithin eachcell.

10.3 ProjectedConvex Polyhedra Algorithm (PCP)

Our so-calledProjectedCornvex Polyhedra PCP)algorithmrequiresthreepasses
percell. In the rst two passeghe length of the ray segmentsis calculatedin
the alphachannelof the frame buffer. For this purpose,the distanced to the
nearplaneis computedfor eachvertex of the cell. Let dnax denotethe maxi-
mum distance Jet dnin denotethe minimum distance,andlet Dd = dmax  Amin
bethe differenceof both (seealsoFigure10.1). Thenthe backfacesof a cell are
renderednto the alphachannelof the framebuffer with the alphacomponenof
eachvertex settoa = (d dmin)=Dd. In the samefashion the front facesof the
cell arerenderednto the alphachannelwith subtractve blendingenabled.As a
result,the normalizedray segmentlengthsare now availablein the alphachan-
nel of the framebuffer. In thelastpassall facesof the cell arerenderednto the
color channelof the frame buffer. Let k(S) denotethe transferfunction of the
emissve opticalmodeldependingn the scalarvalueS. Thenthecolor| of each
vertexissetto | = %k(S)Dd. Thefollowing blendfunctionis appliedasdescribed
in OpenGLnotation: glBlendFunc(GL _DSTALPHA,GL_ONE). This effec-
tively multiplies the averageemissionalong eachray segmentwith the segment
lengthalreadystoredin thealphachannel.
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In contrastto Mech's methodwe do not requirea 12 bit visual, sincewe use
normalizedray sggmentlengthsfor eachcell. A solutionto suppresghe Mach
bandsjf we would apply Mech's method,would be to usethe oating pointren-
der target of actualPC graphicsacceleratorsuchasthe ATI Radeon9700 or
NVIDIA NV30. However, sincethe algorithmis mainly rasterizatiorboundthe
increasedandwidthfor the oating point rendertargetwould signi cantly slow
down rendering. Additionally, Mech's algorithmis not as e xible asours. Us-
ing our method almostary desiredvolumetricobjector effect canbe constructed
from corvex polyhedrasuchastetrahedraprisms,andhexahedran avery com-
pactway.

_epm | near plane

Figurel0.1: Projectionof polyhedralcells.

In principle, all typesof cells usedfor FEM suchastetrahedrahexahedra,
prisms,pyramidsetc. arecompatiblewith our approach.For the commoncase
of projectedhexahedraSchussmaset al. [96] reportabout80,000hexahedrgper
secondWe achieve about212,000hexahedrgersecondwhichis a performance
increaseof 265%. Comparedo the 643,000hexahedraper secondof the MIP
methodthe performancalropis mainly dueto theincreasechumberof rendering
passes.

In Figure10.2and10.3exampledatasetsareshovn thathave beenvisualized
with the PCPalgorithm. The correspondingimings aregivenin Table10.4. To
speedup projectionhexahedrawith zeroemissiorwerediscarded.
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Figure10.2: Blunt Fin andBucky Ball datasetrenderedvith the PCPmethod.

10.4 Application of the PCP Method to Ground Fog
Rendering

Don't male meusethis...
Onestepcloser I'm warningya...
Don't male meuseit!
Nowyou'vedoneit!

Eventually we cometo the rst applicationexampleof the proposedinstruc-
turedvolumerenderingmethodsin the areaof naturalgaseouphenomenaBe-
sidesthe applicationareaof scienti ¢ volume visualizationas demonstratean
Figure 10.2the performanceand e xibility of the proposedcell projectionalgo-
rithmin Section10.3pavesthewayfor other elds of application.As anexample,
we demonstratéherealtimedisplayof groundfog. In principle,all effectsrelated
to light emitting gascanbe modeled.In particular the display of groundfog in
terrainrenderingscenario®ene tsfrom ouralgorithm,asshovnin thefollowing.

In aterrainrenderingscenaricthe landscapes commonlygiven asa height

eld (seeChapter3). Here,thebasicideato displaygroundfog is to usea second
height eld (thegroundfog map)which de nesthe heightof thefog layerabove

the ground. Eachtriangle of the surfacemeshis treatedas a basetriangle onto
which a vertically alignedprismis stacled. The heightof the prisms,thatis the
heightsof thethreeverticaledgesf eachprism,arederivedfrom the groundfog

map(seeFigurel10.5).

At the top left of Figure 10.6 an example height eld of Yukon Territory,
Canadajs depicted. The shavn groundfog hasbeengeneratedvith 2D Per
lin noise[82]. In orderto reducethe numberof displayedtrianglesandstacled
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Figure10.3: Syntheticdatasets: A searcHight with quadraticintensityattenua-
tion, alasercone,andacamp re generateavith 3D Perlinnoise.

prisms,we useda C-LOD approach(seeChapter3), thatis our C-LOD imple-
mentationof [89]. Thetriangulationalgorithmof this C-LOD implementations
drivenby asubdvisioncriterionwhichdepend®nviewing distanceandlocal cur-
vature.In caseof groundfog renderinghelocal curvatureof boththeheight eld
andthegroundfog maphasto beconsideredSincetheprojectionof aprismtakes
moretimethanrenderinghebasetriangle thelocal curvaturesarenot considered
equallyimportant.In ourapproacthe maximumof theweightedocal curvatures
is takenassubdvision criterion. The C-LOD algorithmalsoimplementggeomor
phing sothatthe poppingeffectis suppressedf ciently. This allows the viewer
to y throughthegroundfog withoutexperiencingarny 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
CampkFire 16 16 16 3375 51.3
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stacked prism

triangulated surface

edge height
is derived from
ground fog map

Figure10.5: Stackingprismsontoa triangulatedsurface.

We achieved an averageframerate of approximately25 Hertz for a window size
of 512 384.

Inside the fog, we have to take care of prismsthat intersectthe nearclip-
ping plane.In sucha casethe ray segmentlengthsare partially invalid, sincethe
correspondindpackfacesarenot rendereccompletely To circumventthis prob-
lem, we alsorenderthe intersectionof eachprism with the nearclipping plane
with a = (dhear dmin)=Dd afterthe secondpass.The samestratey is necessary
for thethird pass.

The groundfog in the valley asshowvn at the top right of Figure10.6is dis-
playedwith maximumintensity projection. The correspondindheight eld has
beenpaintedby handwith a standardmagemanipulationapplication.Sincethe
MIP methodrequiresonly onepassin comparisorto thethreepasse®f the PCP
algorithmtherasterizatiorbottleneckis reducedsigni cantly. Thisleadsto more
thantwice theframerate(> 50 Hz) asin the previousexample.

Despitethe seeminglyunsuitableoptical modelwe have found a reasonable
setupfor the MIP method: The fog's optical densityis setto zeroat the bottom
of the prisms. At thetop of the prismsthe densitycorrelatego the heightof the
fog layer Despitethe factthatthis settingdoesnot reproducehe fog physically
correctit is well suitedfor therealtime displayof foggy areasn computergames
wherefog canbe usedasa gameplay relevantelement.

Anotherapplicationareaof the describedyroundfog rendereiis the display
of the AureaBorealis(polar light). We simply setup a height eld that corre-
spondsto the penetrationdepthof the particlesinto the earths ionosphergsee
Figurel10.6).
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Figure 10.6: Groundfog generatedvith 2D Perlin noise. Top left: Emissve
opticalmodel. Top right: Maximum IntensityProjection(MIP). Centre: Aurea
Borealis(polar light). Bottom: Groundfog in combinationwith a cloud layer,

whichis de ned by two height elds.



Chapter 11
Cloud Rendering

The PCPalgorithmemploys an emissve optical modelor MIP, which resultsin
unprecedentegerformancebut is not realisticin a physicalsense. Due to its
e xibility, it is alsosuitedfor the displayof volumetriceffectsin interactve en-
tertainment.We have demonstratethis by renderingre andgroundfog in real
time. In this chapterwe apply the pre-integgration methodsdevelopedin Chap-
ters8 and9 to achieve a higherquality. In particular we demonstrateeal time
cloud rendering. In orderto achieve real time performancewe also develop a
view-dependentneshsimpli cation schemewhich reducesthe numberof ren-
deredtetrahedrdor large clouddatasets.Thisis theanalogugrocedureasusing
the C-LOD algorithmfor the displayof groundfog.

11.1 View-DependentRendering

In generalthe stratgy to simplify a meshin a view-dependentashionis suited
well for the real time display of large sceneq4126]. This hasbeenexempli ed
by the C-LOD algorithmsin the areaof terrainrenderingasshown in Chapter3.
The C-LOD techniqueachiezes high frame ratesby generatingan approximate
view-dependentriangulationof theterrain. In orderto minimizethetotal screen
spaceerrorof the approximationsmall distantdetailsarerepresenteavith fewer
trianglesthanthosewhich arenearby

Despitethe widespreadiseandthe maturity of the C-LOD techniqueit has
not yet beenappliedto the more generalcaseof volume rendering: A multi-
resolutionanalysisfor the display of polygonal mesheshas beenintroduced
by Rossignacet al. [91], and has beenthe 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], Zhouetal. [129], andSchuss-
manetal.[96]. And nally aview-dependensimpli cation methodfor irregular
gridshasbeenproposedy Meredithetal. [73]. But theef cient view-dependent
simpli cation of regularvolumedatais still anactive researcheld.
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11.2 C-LOD Rendering

In the following we present generabpurposevolumerenderingalgorithmwhich
is basedon the continuoudevel of detailidea. It maintainsanoctreeto construct
aview-dependentepresentationf regularvolumedata.After decomposingach
leave nodeof the octreeinto tetrahedrahesecanberenderecef ciently usingthe
projectedetrahedralgorithmof Shirley andTuchman101].

A commonpropertyof view-dependenalgorithmsis the occurrenceof the
so-calledpoppingartifacts: Small distantdetailswill suddenlypop up whenap-
proachingnearby In the caseof a C-LOD terrainrendererthe total screenspace
errorof theapproximatiorcanbe pushedeasilybelow the onepixel boundaryso
that the poppingeffect becomesnvisible. In the volumetriccase however, this
approachs infeasible. As a solutionto this problem,the meshhierarchyhasto
be interpolatedsmoothly In consideratiorof this fact, we presenta fastmesh
interpolationmethod,which we referto asvolumetricmorphingthroughoutthis
chapter

11.3 Generating Continuous Levelsof Detail

In this sectionwe describehow to adaptthe C-LOD techniquepreviously known
from terrainrendering59, 19, 89] to the volumetriccase.

11.3.1 Hierarchical Volume Representation

Givenathree-dimensionacalar eld, whichis de ned by anarraywith 2"+ 1

(n> 0) grid pointsin eachdimension,a hierarchicalvolumetric meshis con-
structedby building an octreein a bottom-upfashion. Grids with a size other
than 2"+ 1 have to be paddedor resampled.Eachleave nodeof the octreeis

decomposethto vetetrahedraSincethereexist two topologicallydifferentde-
compositionsadjacennodesof thesamdevel of detailhave to bedecomposedh

analternatingashionto ensureaconformingmesh.In Figure11.1theorientation
of the tetrahedras depictedfor a coarseexamplehierarchywith atotal of three
differentlevelsof detail.

11.3.2 View-DependentMesh Simpli cation

The key ideaof a volumetricC-LOD algorithmcanbe describedasfollows: In
orderto performaview-dependensimpli cation the octreehasto be updatedor
eachframe.During atop-dowvn traversalof the octreeour approactcalculatesan
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Figure 11.1: Hierarchicalvolume representatiomsing an octree: The example
hierarchyconsistsof the root nodewith 8 children(bright/orange)pneof which
hasbeenre ned into anothei8 children(dark/blue).Eachleare nodeof theoctree
is decomposethto vetetrahedran analternatingfashion.

upperlimit onthelocal screerspaceerrorof eachnode.If thelocal errorexceeds
aprede nedthresholadthe correspondingnodeis split into eightchildren.

The error metric usedto estimatethe local screenspaceerroris designedo
meetthe following criteria: A nodeshouldbere ned if the local simpli cation
erroris large. Also, small distantnodesshouldbe re ned lesslikely thanthose
whicharenearby Let sbetheedgelengthof eachnode let d denoteheeuclidean
distanceof the eye to the centerof the node,andlet D bethelocal simpli cation
error of thenodein objectspace With the previousde nitions, we introducethe
absoluteerrorE, thebaseerrorb, andthenormalizederrore = E=b asfollows:

o= Lmaxch; 1)

g (11.1)

If the normalizederror e is greaterthan one (meaningthat the actual error is
greaterthanthe baseerror b), the nodeis re ned, elsethe re nementof the oc-
treeis stopped. The baseerror is setindirectly by choosingappropriatevalues
for the two constants andC. Typically, C is chosento be constantso that by
tuningc in therangefrom [1; ¥ [ theresolutionof the meshcanbe adaptedonve-
niently. Highervaluesof c resultin a ner mesh,whereaghe constanC de nes
theminimumpossibleresolution.
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In a preprocessingtepthe local error D is computed.It is de ned to bethe
averageof the scalardeviationsD; atthe centerof the nodeandthe midpointsof
the edgesandfaces. The scalardeviations D; are equalto the differenceof the
scalarvalueof eachvertex andtheinterpolatedscalarvaluederivedfrom the next
coarsellevel of detail. For instance the deviation of the midpoint of an edgeis
equalto the absolutescalardifferenceof that vertex andthe averageof the two
adjacentornervertices(alsocomparerigurell.2whereDpigieft = j%(stomeft +

Soatomieft)  Smidieft])-

11.3.3 Building a Conforming Mesh

For adjacentnodes,which do not belongto the samelevel of detail (depicted
by the orangeandblue colorsin Figure11.1),theinterpolatedscalarvaluesat a
T-vertex of the boundaryfacedo not match. Onesolutionto ensurea conform-
ing meshis to insertirregulartetrahedranto the coarsemode. This techniques

known asthe red-greeror regularirregularre nementmethod[2, 34]. But if we
wantto morphbetweentwo of the large numberof irregular con gurations,the
situationis gettinginscrutablecomplex. Furthermoreadjacentnodesmustnot
differ by morethanonelevel for this methodto work. In orderto circumwent
theseproblems,we employ a differentapproach:Ratherthaninsertingirregular
tetrahedranto the coarsemode,we manipulatethe scalarvaluesof the re ned

node. To build a conformingmeshthe scalarvalueat a T-vertex is simply sub-
stitutedby the interpolatedvaluefrom the coarsemeshof the adjacenneighbor
node.A detailedexampleis givenin Sectionl1.4.

11.3.4 Hierarchical Err or Propagation

Sincewe usea top-dovn simpli cation approach.at eachnodeonly the local
simpli cation error is known. However, in orderto minimize the total screen
spaceerror of the generatednesh,we alsoneedto know the local simpli cation
error of all childrenin adwance. This canbe accomplishedy propagatinghe
local errorfrom the childrenup to the parentsof the octree.In principle,theerror
propagatiorhasto ensurghatanodeis re ned, if atleastonechild alreadyful lls
there nementcondition.In mathematicalermsthis canbewritten as:

Ehiid> 1! e>1 or e> emid (11.2)
Substitutingequationl1.1linto Equationll.2yields

. d
D> KDghilg Wwith K= X (11.3)
2dchilg
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Now we determinean upperboundfor K. Sincewe introduceda minimum
accurag C which alwaysguaranteese nementfor d < sC we just have to con-
siderthecased <C. On the onehand,the minimum possiblevalueof K is %
for anin nite distantviewer. On the otherhand,the maximumpossiblevalue
of K occursfor theminimumdistanced = sC,, Thenthe minimumdistanceo the
centerof oneof its childrenis dghjjg = SC %1 3s. Resubstitutinghesedistances
into Equation11.3yieldsthefollowing upperboundfor K:

C p_
Kmax = - (C> 3 11.4
max ﬂp_?’ ( ) ( )

As a consequencehormulall.5 canbe usedto propagatehe local error D
from all eightchildrenup to the parentnodes. Startingwith the leave nodes all
nodeswhich belongto the samelevel of detailareprocessedn a row. For each
nodethe nal propagated-valuesare storedat the centervertex of eachnode
usingalinearmappingwith 16 bits of accurag.

D:= maxD; Kmax Dehild) (11.5)

In summarythe updateof the view-dependenhierarchyis performedby re-
ning theoctree,if andonly if the normalizederrorde ned in Equationl1.1is
greaterthan one. The simplicity of this approachs the basisfor the real time
performanceof our algorithm. Anotherimportantadwantageis that volumetric
morphingcanbeimplementedrery ef ciently asshovn in Sectionl1.4.

11.4 Volumetric Mor phing

Arthur C. Clarke: Anysmoothlyfunctioningtechnolagy
will havethe appeaanceof magic.

In this sectionwe describea new fastmethodto morphthe view-dependenhier-
archy Volumetricmorphingis mandatorybecaus@therwisethe transitionfrom
onelevel of detailto anothercouldbe obseredeasily

For eachframe, rst the hierarchyis updatedusingthe view-dependentp-
proachdescribedn Sectionl11.3. During the updatethe errormetrice is mapped
to the range[0; 1] accordingto Equation11.6 and storedat the centervertex of
eachnodewith 8 bits of accurag.

= min(maxe 1;0);1) (11.6)

In a secondoctreetraversal,the normalizederror metric € is interpretedin the
following way: A valueof zero(e 1) meansthatthe correspondingiodehas
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notyet beenre ned, thusit canbe decomposeahto 5 tetrahedrandrenderedas
describedn Section11.5.A valuegreatetthanzeroandlessthanone(e2 (1;2))
meanghatthenodehasbeenre ned but still noneof its children. A valueof one
(e 2) meanghatthenodeandatleastoneof its childrenhave beenre ned. As
aconsequencehetime betweerthetwo subsequente nementeventsfor e°= 0
ande’= 1 canbe usedto blendthe scalarvaluesof the correspondingiodeas
smoothaspossible Thus,the parametee®just senesasaninterpolationfactorto
morphrecursvely betweerthe actualnodeandits children.

In contrastto a x ed blendingtime interval [42], the speedof the interpola-
tion is coupledto the error metric. This is a muchbetterstratay for volumetric
morphing, sincedistantdetailscan be morphedmuch slower than thosewhich
arenearby In practice,we have foundthatthe maximuminsteadof the average
of the deviationsD; suppressethe poppingeffect morereliably. This is dueto
thefactthatthe subjectve obsenability of theinterpolationis determinedy the
maximumandnot by the averagechangeof all vertices.

In the context of the describednterpolationschemea conformingmeshcan
be guaranteeaimply by usingthe minimum interpolationfactorof all adjacent
nodeswhich sharethe interpolatedvertex. If oneof the adjaceninodeshasnot
beenre ned, the correspondingnterpolationfactoris assumedo be zero.

In thefollowing we illustratethe describednterpolationschemeusinga two-
dimensionakxample whichis depictedn Figurell.2.In generalpnly thescalar
valuesof the non-corneverticesof a nodehave to be interpolatedusingthe nor-
malizederror metric e asthe interpolationfactor In the two-dimensionaktase,
thenon-cornewerticesof a nodearethe midpointsof the four edgegblackdots)
andthe centervertex (white dot). For eachof thoseverticesthe interpolationis
performedbetweenthe averagescalarvalue of the two adjacentcornervertices
(smallblackcrossesandtheactualscalarvalueof thevertex. For the midpointof
theleft edgeof thegrey nodein Figure11.2,for example,theinterpolatedscalar
valueS, 41 is calculatedasfollows:

W min(e® &) (11.7)

1
%idleft = Wé(slopleft"' Soatomieft) ¥ (1 W) Shidieft (11.8)

In thethree-dimensionatase the non-cornewverticesof a nodearethe centroid,
the midpointsof the six faces,andthe midpointsof the eight edges.The scalar
valuesof theseverticesareinterpolatedn analogyto the two-dimensionaéxam-
ple. Themidpointsof theedgesaresharecamongtheactualnodeanda maximum
of threeadjaceninodesof the samelevel of detail. Thus,the minimum interpo-
lation factor of theseverticeshasto be calculatedfrom the interpolationfactors
of the actualandthethreeadjacennodes.The midpointsof the facesareshared
amongtwo nodes. Here,additionalcaremustbe givento the calculationof the
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Figure11.2: Two-dimensionamorphingexample.

averagescalarvalueof the cornervertices,sinceadjacennodesaredecomposed
in analternatingashion.Theaveragescalarvalueis thereforecomputedrom the
appropriatewo cornerverticesof the tetrahedrallecompositiorof the adjacent
neighbornode. The centroidof a nodeis locatedinsidethe centertetrahedrorof
thedecompositionlin this caseheaveragescalavalueis computedrom thefour
verticesof the centertetrahedronAgain, specialcaremustbe givento the calcu-
lation of the averagescalarvalue,sincethe orientationof the centertetrahedron
alters.

11.5 Cell Projection

Now thatwe have performeda view-dependensimpli cation of a regular vol-
ume, the generatedetrahedrehave to be composedn a backto front fashion.
We apply the cell-projectiontechnique thatis the PT algorithm of Shirley and
Tuchman[101, 106, 116, 120]. The original PT algorithmonly supportslinear
transferfunctionswhich are not appropriatefor the display of gaseouphenom-
enaasdemonstrateth Sectionl1.6. Thereforewe alsoapplythe pre-intgyration
methodintroducedn 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 the octreein a backto front fashion.For this purposethe childrenof
eachnodearetraversedbackto front. This ensuresghatat eachlevel of detailthe
nodesaredepthsorted whichis equivalentto atotal orderingof the octree.

In orderto speedup the PT algorithmwe discardtransparentetrahedraby
applying the so-calledZero Opacity Test (ZOT). While this testis obvious for
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lineartransferfunctions,it is notasobviousfor arbitrarytransferfunctions. For-
tunately the three-dimensiongbre-intgyrationtable containsall necessarynfor-
mationto apply this test. First, the minimum and maximumscalarvalues(de-
notedby Snin and Snay Of the testedtetrahedraare computed. If the entry at
position(b(n 1)Syinc;d(n  1)Snae;m 1) of the pre-intgyrationtable (with
sizen n m)iszero,thenwe candiscardthetestedetrahedraBy applyingthe
ZOT to eachvisited nodeof the octree,we candiscardall transparentetrahedra
with virtually no computationabverhead.

Anothercommonway to speedup renderingis view frustumculling. During
therenderingtraversalof the octreeeachnodeis testedagainstintersectiorwith
theview frustum. If anodedoesnotoverlapwith theview frustum,it is invisible
andcanbediscarded.

Sincewe wantto allow the viewer to navigate freely inside the volume, we
facethefollowing problem:If atetrahedronntersectshenearclipping plane the
clippedtwo-dimensionaprojectionis notidenticalwith theclippedvolumeof the
tetrahedronln orderto displaythe tetrahedrorcorrectly it hasto be be clipped
in atruly volumetricfashion.We distinguishtwo differentcaseskitherthetetra-
hedronis cut into one tetrahedronand one prism or it is cut into two prisms.
Therefore the visible part of the clippedtetrahedrons eithera tetrahedroror a
prism. In thelattercasethetotal numberof renderedetrahedras increasedsince
the prismhasto be decomposethto threetetrahedraHowever, in comparisoro
thetotal numberof renderedetrahedrathe numberof clippedtetrahedras fairly
low. Thereforethe numberof additionallygeneratedetrahedras uncritical.

11.6 Non-Photorealistic Cloud Rendering

In the previous sectionswe have describeda generalpurposevolumerendering
algorithmwhich is basedon a view-dependensimpli cation. In this sectionwe
demonstrat¢he abilities of this approactby renderingvolumetricclouds.

In generalwe canthink of a cloudasathree-dimensionacalarfunction f =
f(X;y; 2). Thescalarvaluescorrespondo the opticaldensityof the medium.Due
to the complec anisotropiclight scattering[3, 31, 23, 67, 105 78, 43] insidea
cloudthe photorealistidisplayis a time consumingask. Impostorg95, 97] are
currentlythe dominatingtechniquehere[16, 25, 37] (seealsoChapter$ and6).

However, if we restrictoursehesto isotropiclight scatteringhe cloudinten-
sitiescanbe precomputedaindwe canapply the describedview-dependensim-
pli cation algorithm. As a result, the cloudsare modeledby two scalar elds,
the scalardensity f(X;y; 2 andthe scalarisotropiclight intensityg(x;y;2). The
meshsimpli cation is driven by the maximum deviation of both scalar elds.
This approacthasthefollowing advantagesSincewe useatruly volumetricrep-



114 CHAPTER11. CLOUD RENDERING

resentatiorthereare no restrictionswith respecto cloud shapeandappearance.
As opposedo the impostormethod,the cloudsare displayedwithout temporal
aliasingor perspectie artifacts,even for view pointsinsidethe clouds. This is
guaranteedby theapplicationof volumetricmorphingandclipping.

11.6.1 Modied PT Algorithm

Thevolumedensityopticalmodel[119] usedfor pre-intggratedvolumerendering
presumeshe transferfunctionsk (the chromaticityvector)andr (the scalarop-

tical density)to dependboth on the scalardensityfunction f(x;y;z). But, since
we want the optical densityto dependon the densityfunction f(x;y; 2 andthe
chromaticityvectorto dependon the precomputedight intensitiesg(x;y; z), we

circumventthis restrictionof the optical modelby slightly modifying the PT al-

gorithm. For this purposewe assumehatr (f) = f. Thenwe apply the pre-
integrationto the chromaticityvectork = k(g(x;y;2)) and the maximumopti-

cal densityr max= fmax TO introducethe dependengon f(X;y;2) we modulate
the effective length| of eachtetrahedrakay segmentby the scalaroptical den-
sityr = f(xy;2) accordingto thefollowing equation:

o fx%2)

fmax

(11.9)

11.6.2 Non-Photorealistic Lighting

The previous approachrequiresanisotropiclight scatteringsimulation[67, 78,
43] to calculatethe light intensity function (x;y;2). Insteadof determining
physicalsimulationparametersve proposea non-photorealisti@pproachwhich
achievesthe desiredlook andfeel of the cloudsby a direct manipulationof the
transferfunctions.

For this purposethe chromaticityvectork = k(f(x;y;2)) is de ned to bean
inversecolorrampandtheopticaldensityr = r (f(X;y;2)) isde nedto bealinear
functionexceptfor verysmalldensitiesvhereit is setto zero. Thisallowsto speed
up rasterizatiorby discardingnearly transparenareaswith the ZOT. The light
intensitiesg arecalculatedby standarcambientanddiffuselighting andareused
to modulatethe effective ray segmentlength as describedbefore. With respect
to the direction of the diffuselight this leadsto high opacitiesat the front and
to low opacitiesat the back of the clouds. As a consequencehe dark inside
of eachcloud shinesthroughthe translucenback, but at the front bright colors
still dominatethe appearancef the clouds.This approacteffectively mimicsthe
naturallook andfeel of cloudswithoutrequiringa physicallighting simulation.



11.7. PERFORMANCEMEASUREMENTS 115

11.7 Performance Measurements

Using the describednon-photorealisticcloud and ground fog renderingalgo-
rithms,Figuresl1.3and12.4shaw thecity centerof Stuttgartwith somecumulus
cloudsandgroundfog in the valleys. The scenewasrenderedn real time with
approximately26 framesper secondon a PC equippedwith a 1.2 GHz AMD
Athlon andanNVIDIA GeForce3graphicsadaptor About 25% of thetotal ren-
deringtime was spenton terrainrendering[89], 20% was spentfor the display
of the groundfog andthe remainderof 55% for the display of the clouds. The
latter were generatedvith 3D Perlin noise[82, 22]. The appliedtransferfunc-
tionsk andr aredepictedon the left sideof Figure11.3. The easeof changing
theappearancef the cloudsby choosingdifferenttransferfunctionsis illustrated
in Figurell.4showing the Big Islandof Hawaii duringdaytimeandsunset.

Figurell.3: Thecity centerof Stuttgartwith cloudsandgroundfog in thevalleys.
Theappliedtransferfunctionsk andr aredepictedontheleft.

Thesizeof the height eld andthe groundfog mapis 2049 2049,whereas
the cumulusclouds are representedy an 8 bit density eld with a basesize
of 513 513 anda heightof 65 grid points. For the density eld one byte is
consumedper grid point plus 16 bits for the deviations D and one byte for the
interpolationparametee® summingup to a total of 48 MB in our example. The
sizeof the pre-intgrated3D textureis 64 64 128whichcorrespondso 2 MB
of graphicsmemory Sinceonly the 3D texturehasto bekeptin graphicamemory
the maximumcloud sizeis limited by mainmemoryonly. For the displayof the
cloudsthenumberof renderedetrahedravasreducedrom atotal of 83 million to
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Figure11.4: Theimpactof differenttransferfunctionson the appearancef the
Big Islandof Hawaii. From top left to bottom right: Perlin noisecloudswith
pre-integrationandlighting, linear transferfunction without lighting, sunset-like
transferfunction,andsimulatedbadweather

lessthan10 thousandetrahedraon the average.This correspondso a reduction
of four ordersof magnitude.

An analysisof the experimentalresultsrevealstwo bottlenecks. The main
bottleneckis the projectionof thetetrahedraThisis dueto thefactthatfor each
single node of the octree5 tetrahedrahave to be decomposednto an average
numberof 17.5triangles.If theview pointis entirelyinsidea cloud,thealgorithm
is mostly ll-rate boundandthe performancedropsto approximatelyl5 frames
persecondor awindow sizeof 512 384pixels.

11.8 Discussion

In comparisorto the impostortechnique our approachoffers the following ad-
vantagesMostimportant,a ight throughthe cloudsdoesnotintroducetemporal
aliasingor perspecitie artifacts,sincewe usevolumetricmorphingandclipping.
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Furthermore pur generalpurposevolume renderingalgorithmis able to render
arbitraryweatherconditionsincludingovercassky andthunderstormclouds(see
Figure 12.2). Besidesthe shovn 3D Perlin noise example more sophisticated
cloudsimulationalgorithmg77, 75, 29] arecompatiblewith ourapproachwhich
malkesthe algorithmwell suitedfor the purposeof weathewisualization.

In Figure 11.5 we have tried to match the virtual view of the city cen-
ter of Stuttgartwith the actualreal view as seenfrom the vista point called
“Birkenlkopf”. Of course,one can clearly seethe differencebetweenthe real
andthevirtual image,sinceit is very dif cult to reproducehe vegetationonthe
ground. It is even more dif cult to modelthe capturedreal weathersituation.
This would requirea deepunderstandin@f weathersimulationwhich is not the
aim of this thesis. Neverthelessjn principal, the mostimportantnaturalvolu-
metric phenomenauchascloudsandgroundfog canbe displayedat real time.
Using more sophisticatecgimulationmethodsandreal input datawould leadto
greatlyimproved realism. This hasbeenshovn by ThomasGerstneret al. [32]
who displayedrealweatheradardataby meansof anhierarchicalkell-projection
approachUnfortunatelyweatheradardatacaptureonly the precipitationdistri-
bution andnotthe detailedshapeof therain clouds.

Figurell.5: Realandvirtual panoramaof Stuttgart.



Chapter 12
Summary

In thisthesisouraimwasto developalgorithmsfor therealtime displayof natural
gaseougphenomenathat is particularly groundfog and clouds. We analyzed
the existing methodsin this researchareaand cameto the conclusionthat truly

volumetricmethodswerelacking. We developedunstructuredzolumerendering
techniqueshatweremainly aimedatscienti ¢ volumerenderingn the rst place.
But we have demonstratedhat unstructuredszolumerenderingmethodsare also
suitablefor reachingour goalof displayingnaturalphenomenatrealtime.

To bemoreprecisewe developediwo realtime volumerenderingmethodsn
thisthesis.The rst oneisthePCP method, andthesecondneis pre-integrated
cell-projection.

Right now, the rst one, the PCPtechnique,canbe usedin interactve en-
tertainmento modelvolumetriceffectswith greaterrealism. Typical application
areasarethedisplayof re, searcHightsandthelike (seeFigure10.3). Theuseof
anon-photorealisticenderingmodelsomevhatlimits the areaof application but
in mary casedherealtime performanceutweighghis restriction.In interactve
entertainmenthe layeredfog technique[57, 39] is usedcommonly(i.e. in the
DX8 gameAquaNox[87]), but hasthe disadwantagethatthe verticalfog bound-
ariesare x ed. With the groundfog renderingalgorithmdescribedn Chapterl0
we overcomethis restrictionby explicitly de ning the heightof thefog layer In
orderto reducethegeometriccompleity we notonly applythe C-LOD approach
to theterrainbut alsoto the groundfog layer Theresultingview-dependentep-
resentatiorallows to minimize the otherwiseinherentlylarge volume rendering
overhead.Thisis the rst time anapproachhasbeenpresentedvhich doesnot
restrictthe groundfog modelin a geometricalsense.An exampleis shovn in
Figurel2.1.

The secondmethodfor visualizing volumetric effects at real time is pre-
integrated cell-projection. It allows to reconstructthe ray integral with per
pixel exactness. Previous unstructuredvolume renderingapproachesvere ei-
ther strongly limited in accurag or in renderingspeed. Pre-intgratedcell-
projectionachiezes both high quality and high performance.We combinedthis
approactwith athree-dimensionalersionof thewell-known continuoudevel of
detail technique which approximates three-dimensionacalar eld in a view-
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Figure 12.1: Wire frame view of groundfog which shows the view-dependent
representationfFar detailsarerepresenteavith fewer volumetric primitivesthan
thosewhich arenearby

dependentashion. The necessityto suppresghe poppingeffect hasbeenad-
dressedy afastalgorithmfor volumetricmorphing. We have demonstratethe
performancef ouralgorithmby displayingnon-photorealisticloudsin realtime
(seeChapterll andFigure12.4). Becausef thetruly volumetricrepresentation
of the clouds,the algorithmis suitedfor real time weathervisualizationandthe
displayof high quality volumetriceffectsin computergames.n orderto include
an applicationexamplein the areaof weathervisualization,Figure 12.2 depicts
the simulatedrising of a thunderstormcloud (datasetincludedin the Vis5D vi-
sualizationpackagedatacourtesyof Bob Schlesinger).

Figure 12.2: Volume visualizationof a thunderstorm cloud: Eight differently
coloredsemi-transparensosurficesareusedto visualizethe shapeof the storm.
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12.1 DecisionChart

In orderto put the existing andthe new real time volumerenderingalgorithms
in context we have includeda decisionchartin Figure12.3. The charthasto be
readin thefollowing way: Fromtop to bottomandfrom left to right we diversify
thealgorithmsby meansof thetwo criteria“quality vs. performance’and“scene
compleity”, thusthe appropriatealgorithmfor a speci ¢ renderingtaskcanbe
determinedjuickly by consideringhesetwo criteria.

Volumetric FX

/N

Volumetric Objects ! Environmental FX
Billboards OpenGLFog
Layered Fog
Bounded Layered Fog
Quality
VS. PCPfor Objects ! PCPfor Ground Fog
Speed 3
TraditionalVolume
Rendering (Slicing)
Metaball Hierarchical
Methods Volume Rendering
Pre-Integrated 3 Pre-Integrated
Cell-Projection Imp?stors Clouds
 / >
Scene
Complexity

Figure12.3: Decisionchartfor volumetricrealtime methods.

As a rst decisionstepwe take alook at the scenecomplexity of volumetricreal
time effects. We distinguishbetweernvolumetricobjectslik e puffs of smole and
global environmentaleffectslike fog. Naturally the scenecompleity of ervi-
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ronmentaleffectsis larger sincethe entire sceneis affected. As a secondstep
we considerthe quality requirementslf a simpleopticalmodelcanbe usedone
canchoosethe PCPmethodfor example. If this is not sufcient onewould vote
for pre-intgyration. The traditionalvolumerenderingmethodsandthe metaball
methodfall someavherein betweerthe two maincatejories.Becausef thelarge
rasterizationoverheadit is dif cult to apply themto the entire scene. In that
senséhierarchicalvolumerenderingmethodsperformmuchbetter but problems
like temporalaliasingand limited texture memorymake smoothrenderingvery
dif cult. The highestquality is achieved by pre-intggrationandimpostorbased
methods.If scatteringeffectsarerequiredimpostormethodsarethe bestchoice,
butif arbitrarycloud modelshave to bevisualizedthis canonly be achiezedwith

atruly volumetricmethodlik e pre-integratedcloudrendering.

In conclusion the newly introducedunstructuredsolumerenderingmethods
widen the spectrumof applicationareason both the side of quality and perfor
mance. The bestexamplefor this arethe new groundfog and cloud rendering
methods. My hopeis that someof the presentedalgorithmsprovide cluesfor
implementingadvancedvolumetricFX in scienti ¢ visualizationandinteractve
entertainmentaswell. In the future this goal might be reachedoy establishing
thetetrahedrorasa basicvolumerenderingprimitive in the API 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/)t is licensedunder the terms of the LGPL
andis alsopartof the vtp terrainrenderingpackaggwww.vterrain.og).
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Figure12.4: Scenedrom a ight above Stuttgartshaving volumetriccloudsand
groundfog in realtime.
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Chapter 13
Zusammenfassung

Das Ziel dieserDissertationist die Entwicklungvon volumetrischerMlethoden
zur Darstellungvon natirlichenPranomenemnwie zum BeispielWolken und Bo-
dennebel Dies ist besondersn Computerspielenvichtig, in denendie stetige
Weiterentwicklungderin Personalcomputemingesetzteraphikkarterdie rea-
listischeund gleichzeitigechtzeithhigeDarstellungvon dreidimensionaleisze-
nenernmodglichthaben.

NacheinerkurzenMotivationundEinfuhrungin dreidimensional®/isualisie-
rungstechnikn folgt in Kapitel 3 ein Uberblick iiber die Arbeitsweiseder Gra-
phikhardvare.In Kapitel 4 werdenMethodenzur Darstellungvon Landschaften
behandeltwelchedie Basisfur jede OutdoorGame-Enginaarstellenim Ver-
lauf der Dissertatiorwerdenwir mehrereVisualisierungsalgorithmevorstellen,
dieaufdieserDarstellungsmethodeaufbauenlinsbesonderdie sogenanntertC-
LOD Algorithmenwerdenaustihrlich behandelund miteinandewerglichen,da
siezur Zeit die amweitesterfortgeschrittendechnikdarstellen.

Die Notwendigleit, fortgeschritteneAlgorithmen zur Landschaftsvisualisie-
rung zu verwendenliegt in der schierenGroReder Datenbegriindet.Eine Land-
schaft wird im Allgemeinendurch ein so genanntesHohenfeld beschrieben.
Dies ist eine zwei-dimensionaleMatrix, welche die Hohenwerteenthalt. Die
durchschnittlicheGroRediesesHohenfeldediegt heutzutagéei 2000x2000bis
4000x4000Gitterpunkten Aktuelle kommerziellgenutzteSatellitenliefern aber
bereitseine Au dsungvon unter 10 Metern. Milit arsatellitenerreichenjedoch
schonseit geraumerZeit eine Au osungvon deutlich unter einem Meter. So
erhalt manfir eineAu 6sungvon nur einemKilometerbereitseineDatenmenge
von rund 500 Millionen Gitterpunkterfiir die gesamteErde.Fur eineAu 6sung
von 10 Meternerhoht sich die Datenmengentsprechenduf 5 Billionen Gitter-
punkte DasentspricheinerunkomprimierterDatenmeng&onrund10 Terabyte.
DiesverdeutlichtwelcheDatenmengdei der Landschaftsvisualisieruntpeore-
tisch pro Bild verarbeitetwverdenmuss.Selbstbei der erwahntendurchschnittli-
chenGrofRevon 2000x200Punkterbestehdie Landschafhochaus4 Millionen
Dreieclen. Unter der Annahme dassaktuelle Graphikkartercirca 30 Millionen
Dreiecle pro Sekundeverarbeiterkonnen emibt sicheineBildwiederholratevon
ca.7 Bildern pro SekundeFur interaktve Anwendungerist diesbeiweitemnicht
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schnellgenug.Man verwendetdaherAlgorithmendie nicht die gesamteMenge
an Dreieclen zeichnen sondernnur diejenigen,die fur denkorrektenvisuellen
Eindruck notwendigsind. So kann man sich zum Beispiel vorstellen,dasseine
kleineErhelungaufansonsteglatterOber achein weiterEntfernungkleinerals
ein Pixel dagestelltwerdenwiirde.DiesesDetail kannproblemlosvernachéssigt
werden,ohne den Gesamteindrucku verfalschen.Genaudies ist das Prinzip,
welchesdenC-LOD Algorithmenzugrunddiegt.

In dendarauffolgenderKapiteln5 und6 erfolgteineBestandsaufnahmegl-
chevolumetrischeechnilenaktuellin Computerspieleringesetziverden Da-
zuwird die Rendering-EngindesaktuellenComputerspiels.\quaNoxvon Massi-
ve Developmentunterdie Lupegenommenglasie demaktuellenStandder Tech-
nik entspricht.Durch die Zusammenarbeinit Massve Developmenthattenwir
aul3erdendie Gelggenheitdie InternaderGame-Enginsehrgutkennerzulernen.

Der Teil der Game-Enginedersichmit der Darstellungvon virtuellen Land-
schafterbesclaftigt, kannanhanddersogenannteriT errainRenderingPipeline”
beschriebemverden.D.h.,wahrendderDarstellungder synthetischethandschaft
durchBuftdiesemehrerePhasenin denensie schrittweisahr endgiltigesAusse-
henerhalt. DiesePhasersind insbesondereGenerierungler Geometrie, Textu-
rierung, BeleuchtungPlatzierungvon organischerObjektenund schliel3lichdie
AnwendungvolumetrischerEffekte. Letztereszu verbessernist dasHauptziel
dieserDissertation.

Um volumetrischeEffekte zu erzielen,werdenin derletztenStufe der Pipe-
line haupt&chlich nur Billboard- und Layered-Bg-Technilen eingesetztAber
auchandereComputerspielgeherkaumiberdiesenQuasi-Standartinaus Der
Grunddafur liegt haupt&chlichdarin, dassalle visuellenEffekte in der kurzle-
bigen SpielebranchénnerhalbkiirzesterZeit realisiertwerdenmiissen. Obwohl
die erwahntenTechnilken nicht unbedingtrealitatsgetrewzu nennersind, sind sie
wegender einfachenimplementierbargit sehrbeliebt. AbschlieRendann man
sagendassdie volumetrischerkEffektein der Spielebrancheehrunterentwiclelt
sindim direktenVergleich mit demwissenschaftlicheistatusQuo. UnserZiel
ist esnun, bekanntevVolumervisualisierungsmethodesufzuzeigerbzw. existie-
rendeMethodenso abzuvwandelnund zu verbessernjasssie fur Computerspiele
geeignetsind. Als Nebenefiekt dason tragendie in der Dissertationentwickel-
ten Methodenauchzur qualitatv besseremarstellungin derwissenschaftlichen
Volumervisualisierungpei.

In Kapitel 6 werdennundie existierendervolumetrischemMethoderbeschrie-
ben,die generellfir Computerspielgeeignesind. Da eineHauptwraussetzung
die interaktve Geschwindigkit ist, schiankt dasdie Auswahl an Algorithmen
deutlich ein. DiejenigenMethoden,die dieseVoraussetzungrfullen, sind ins-
besonder&ky Domes,OpenGLFog, LayeredFog, BoundedLayeredFog, Bill-
boards,und Impostors.Die Vor- und NachteilejederunterschiedlicheMethode
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werdenentsprechentleleuchtetNachdieseBestandsaufnahme@mmtmanun-
weigerlichzu der Schlussfolgerunglassdie vorgestelltenMethodendie eigent-
liche Aufgabe,namlich dasStrahlintegral zu berechnenmit mehroderweniger
Geschickund Erfolg versuchereu umgehenDies st nicht verwunderlich,denn
fur jedenSehstrahlderein Volumendurchdringtmiisstemandie Abschwachung
der Lichtintensitit mit Hilfe diesesStrahlintgralsberechnenPrinzip bedingtist
dies nur durch Abtastungund numerischdntegration einesjedenSehstrahlszu
bewerkstelligen.Fur volumetrischeEffekte in Computerspielenvird nun einer
seitsentwededie LosungdesStrahlintgralsdurchunrealistischénnahmerso-
weit vereinfacht,dassdie Integrationanalytischberechnetverdenkann,oderes
wird gar nicht erstversuchtdasStrahlintgral zu |16sen.Anstelle desserwerden
volumetrischeEffekte hau g nur vorgetauschtinsgesamkannmansagengdass
die bekannterAlgorithmenausdengenannterGrindenentwedemunrealistische
Bilder erzeugeroderbeZiglich derdarstellbarertffekte sehreingeschinktsind.

Um diesenMisstandzu beseitigenyersucherwir bekanntévolumervisuali-
sierungsmethodesoweit zu verbessermjasssie auchfir denEinsatzin Compu-
terspielerschnellgenugsind.Eine Methode die hier besondersiel versprechen-
de Ergebnisseerwartenlasst,ist die Visualisierungvon Volumendaterbasierend
auf so genannterunstrukturierterGittern. Diesewerdenhauptgchlichin Finite-
Elemente-Simulationeringesetztda dadurchkomplizierte Simulationsgeome-
trien mit vergleichsweisevenigenGitterelementemeschriebenverdenkdnnen.
Die Haupteinsatzbereich&nd hierbei, um nur einige Beispielezu nennendie
Strtomungssimulatioim der Luftfahrt-und Automobilindustrie oderderWarme-
transportin komplexen technischerBaugruppenJe weniger Elementedas Si-
mulationsgitteraufweist,destoschnellerist auchdie Simulationund letztendlich
auchdie VisualisierungDie Herangehensweisaittels unstrukturierteiGitter ist
auchfur Computerspieleorteilhaft, da ein Grol3teilder volumetrischerEffekte
ef zient aufunstrukturierteGitter abgebildetverdenkann.

Ein ersterEinblick in die Volumervisualisierungvon unstrukturierterGittern
wird in denKapiteln 7 bis 10 gegeben Kapitel 7 und 8 behandelrgenerelldie
Grundlagerder Volumervisualisierungspeziellim Hinblick auf die Darstellung
von naitlrlichenPhanomenenvie z.B. Wolken.Eswerdenhauptéchlichdie phy-
sikalischerMechanismeilesStrahlungstransporiis gasbrmigenMedienbehan-
delt, was physikalischeEffekte wie Emission,Abschwachungund Streuungmit
einschlief3t.

Kapitel9 beschreibtywie mandasStrahlintegralexaktundef zient [6serkann,
wenn man die Standardmethodeur VisualisierungunstrukturierterGitter, den
PT-Algorithmus, verwendet Der PT-Algorithmus, der besserunter dem Begriff
Zellprojektion bekanntist, projiziert einenTetraederin die Bildebene,so dass
der Tetraedemit Graphikprimitven, wie sie jede aktuelle Graphikkartebietet,
damgestelltwerdenkann.AufgrundderhardwarebeschleunigteDarstellungswei-
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seist dasVerfahrensehref zient. Da esein Objektraumerfahrenist, hangtdie
Performanzhaupt&chlichvon der Anzahl der Tetraederab und nicht wie beim
Ray-TracingoderRay-Casting/zon der AnzahlderBildpunkte.

Ein NachteildesurspiinglichenPT-Algorithmuswar, dassbis datonur Pra-
Klassi kation moglich war, wassichdarinmanifestiertedassdie Transferfunkti-
oninnerhalbeinesTetraedersicht korrektwiedegegebenwerdenkonnte.Daim
allgemeinervolumendatemn Form von Skalarwertergegebensind, mussjedem
SkalarwereindeutigeineoptischeDichte zugaviesenwerden Diesgeschiehtnit
einerTransferfunktion Aul3erdemegt die Transferfunktiorauchdie Eigenemis-
sion desgasbrmigen Mediumsfest. Unter Zuhilfenahmeder Fahigkeiten mo-
dernerGraphikhardware konntenwir zeigen,dassmittels der so genannterPra-
IntegrationsmethodeineperPixel exakteDarstellungder Tetraedefur beliebige
Transferfunktionererzieltwerdenkann.Dies hat eine deutlicheQualitatssteige-
rung zur Folge und stellt einenfundamentalerrortschrittim Vergleich mit den
bisherbekannteMethodendar (vergleicheAbbildung8.16).

Dies wurde durch eine geschickteParametrisierungles Strahlintgrals er-
reicht. JedesSegmenteinesSichtstrahlsdurch einen Tetraedeikann durch drei
Parameteeindeutigbeschriebenverden:Den Skalarwertam Eintritts- und Aus-
trittspunktdesSichtstrahlsund die Langedes Strahlsgments.Dadurchist auch
daszumStrahlsgmentgelbrigeStrahlintgraleindeutigde niert. Indemmannun
dasStrahlintgyral fir jedeKombinationderdrei Parametenumerischvorberech-
netundin einerdrei-dimensionaleiabellespeichertist dasexakteStrahlinteyral
wahrenddesZeichnen®inesTetraederschnellverfigbar Mankannsogarsowveit
geherunddie Pra-Intggrationstabell@ls 3D-Textur aufderGraphikkarteablegen.
Durchdie Zuweisungvon Texturkoordinatendie denjeweiligendreilntegrations-
parametermentsprechergrledigtdie Graphikhardwaredie kompletteDarstellung
einesTetraedersDasvorgestellteVerfahrenist alsonicht nur perPixel exaktson-
dernauchwegenderHardwarebeschleunigungntsprechendf zient.

Durch die zunehmendd-lexibilit at der letzten Graphikhardwregeneration
ist es weiterhin gelungenauch den Texturspeichererbrauch,der mit der Pra-
Integrations-Methodgerbundernist, zureduzierenDie hierfur verwendeteifech-
niken werdenin Kapitel 10 beschriebenZum einenwird die drei-dimensionale
Pra-Integgrationstabelledie sehrviel Texturspeichebelegenkann,durchPolyno-
me approximiert.SchonPolynomevierter Ordnungerzieleneine henorragende
Genauigleit. Dadurchkanndie Tabellevon drei auf zwei Dimensionerreduziert
werden Die Relonstruktionder Pra-Integrationstabell@rfolgt dannsimultanaus
denPolynomloefzienten im Pixel-ShaderDieshatzusatzlichdenVorteil hoher
er internerGenauiglit. Da die eigentlichePra-Integrationabernachwie vor ei-
ne sehrhoheAnzahl numerischetntegrations-Schritteerfordert,tretenbei einer
Anderungder TransferfunktiorhoheWartezeiterauf. Auch diesesProblemlasst
sich losen,indem mandie Graphikhardware geschickteinsetzt.Durch Verlage-
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rung der Pra-Integrationauf die Graphikhardwarelassersich Geschwindiglkits-
steigerungenwon bis zu 700%erreichenAus naheliegenderGriandenwird diese
Methodedaherals hardwarebeschleunigtera-Integrationbezeichnet.

In denKapiteln 11 und 12 werdenschlie3lichdie beschriebeneWerfahren
angevendet,um natirliche volumetrischeEffekte darzustellenKapitel 11 wid-
met sich demso genannterBodennebelDasist eine Form von Nebeldie durch
die maximaleHohederNebelschichtiberder Erdober achebeschriebemverden
kann.Obwohl dies keine universelleDarstellungsformvon Nebelist, eignetsie
sich nichtsdestotrothenorragendir Computerspieledie Bodennebedls spiel-
bestimmendeElementeinsetzen.

Bodennebelwird wie folgt visualisiert: Aufbauendauf dem Dreiecksgitter
dasder TerrainRenderererzeugthat, wird fir jedesBasisdreieclein Prismage-
neriert,dasaufdasDreieckaufgesetzwird. Die HohedesPrismasemibt sichaus
derHohedesBodennebelsnjenerStelle.Auf dieseWeiseemibt die Mengeder
so generierterPrismeneine NebelschichtJedesder Prismenwird in drei Tetra-
ederzerlagt, die wiederummittels Zellprojektiongerendertverden.Da hierdurch
schnelleinenichtzuvernachhssigendénzahlvon Tetraedermentstehtkannman
davon ausgehergassder Aufwandfir die DarstellungdesBodennebelsim eini-
gesgrofRerist alsderfir die DarstellungdesTerrains.Um diesenNachteilauszu-
gleichenwahlenwir ein einfachesoptischedModell. Fur ein rein emissvesMo-
dell kannzur DarstellungderPrismendie PCP-MethodeerwendetverdenDiese
ist deutlichef zienter, hataberdenNachteildernicht-photorealistischeDarstel-
lungdesNebels Fur Computerspielest dieseNachteilabersicherlichvon zweit-
rangigerBedeutungdadie Performanzier Vorranghat. Fur die Zell-Projektion
einesjedenTetraedersind eine Reihevon geometrischei®perationemotwen-
dig, die in Ihrer Summedie Geschwindigkit limitieren. Der PCP-Algorithmus
hingegen berechnetdie Projektion nicht direkt, sondernnutzt dasvereinfachte
optischeModell aus,um die LangeeinesiedenStrahlsgmentanit Hilfe derGra-
phikhardvwarezu berechnenDies geschiehtn einemMulti-Pass-\érfahren wel-
cheszuerstden Abstandder riickwartigenBegrenzungsacheneinesTetraeders
zumAugpunktbestimmtundim Bildschirmspeicheablegt. Wiederholtmannun
dieseProzedurfir die VorderseiterdesTetraedersind subtrahiertie beidenAb-
standswertezoneinanderso erhalt man die Langeeinesjeden Strahlsgments.
Die Strahlsgmenthngewird nun mit demDurchschnittswertler Eigenemission
multipliziert, wodurcheffektiv dasStrahlintgral fiir dasvereinfachterein emissi-
ve optischeModell berechnetvird. DadurchlauftderPCP-Algorithmuskomplett
aufderGraphikhardware.

In Kaptitel 12 schlieR3lichwird die ef ziente volumetrischeDarstellungvon
Wolkenbehandeltim Prinzipbeinhaltediesauchdie Darstellungvon Bodenne-
bel.Im Fall von Bodennebetrgebensichaberaufgrundder Einfachheitder Pro-
blemstellunglie beschriebene®ptimierungsariétze weshallBodennebegxpli-
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zit behandeltwurde. Grundsitzlich konnenWolken durchihre optischeDichte,
d.h. durch ein drei-dimensionalesegularesSkalarfeldde niert werden.Wurde
mannunjedenVoxel desregularenGittersin Tetraedererlggenunddiesemittels
Zellprojektion zeichnen so erhielte man schnelleine Menge an Tetraederrdie
sichin keinsterWeisemehrinteraktv verarbeiterlasst.Man ist alsobei einem
Zellprojektionsansatdaraufangeviesen,denDatensatzntsprechendu verein-
fachen Aufgrund der grol3enAusdehnungler verwendeterWolkendaterist ein
augpunktab&ngigesverfahreneineguteWahl:

Analogdazu,wie der C-LOD Ansatzbenutztwird, um die Anzahlder Drei-
ecke einesTerrainszuverringernkanndieserAnsatzebensalie AnzahlderTetra-
edereinesvVolumengeduzierenln Kapitel 12 werdendaherdie notwendigen/or-
aussetzungeuand Algorithmendiskutiert,um denC-LOD Ansatzan die Visua-
lisierungvon drei-dimensionaleiskalarfelderranzupasserObwohl der C-LOD
Ansatzschonseit Jahrenfur die Landschaftsvisualisierungingesetzivird und
dementsprechendeit verbreitetist, wurde bisherinteressanterweisgineanalo-
geFormulierungfuir 3D Skalarfeldenichtvorgeschlagemichtsdestotrotzeigen
unsereErgebnissedasssich dieserAnsatzletztlich auchfur die ef ziente Visua-
lisierungvon Wolkeneignet(sieheAbbildung12.4).

Das Vorgehenist hier wie folgt: Der regulare Volumendatensatwird als
Octreereprasentiert.Fur jeden Knoten des Octreesentscheideeine Verfeine-
rungskriteriumob der Datensatzchonmit hinreichendefGenauiglkit abgebildet
wird. Ist der Fehlerim Bildraumgrof3erals einevorde nierte Schranlke, wird der
betrachteteKnotenin achtkleinereKnoten zerlggt, die den Datensatzntspre-
chendgenauerpproximierenDieseProzedumwird solangerekursv wiederholt
bis keineVerfeinerungdesOctreesnehrnotwendigist. Aufgrund desblickpunk-
tabhangigenVerfeinerungskriteriumaerdenkleine undentfernteDetailsmit ge-
ringererPrioritat behandeltlssolchedie entsprechendahsind.Dadurchist eine
optimaleDarstellungsqualit bezogerauf die jeweilige Fehlerschrankgewvahr
leistet.

JederKnotendeserzeugterOctreeswird nunin 5 Tetraedererlgyt, die mit-
tels Zellprojektiongezeichnetverden.Eine Beschleunigungnit Hilfe der PCP-
Methodeist hier nicht moglich, da ein emissves Modell die Lichtverhaltnisse
innerhalbderWolkenzu starkvereinfacherwiirde.Bei augpunktabéngigenver-
fahrenhat man prinzipbedingtmit demsogenanntefiPopping Effect” zu kamp-
fen.Diesbedeutetdassein entfernteObjekt,daszurachstzuklein ist, um daige-
stelltzuwerdenabeinerbestimmterDistanzplotzlichauftauchtDadasmensch-
liche Auge auf tempo#re Anderungerbesonderemp ndlich reagiert mussdie-
serEffekt aufjedenFall unterdiicktwerden KonntemandenFehlerim Bildraum
auf unter einenPixel driicken, so ware der Effekt nicht wahrnehmbarDie Ge-
schwindigleit aktueller Graphikhardware ist jedochfur diesesAnwendungsge-
bietnochnichtschnellgenug Man erreichtdaherbestendills eineFehlerschrard
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von etwa 10 Bildpunkten.Ein Ansatzzur LosungdesProblemsist, die einzel-
nenDetailstufenlangsamineinanderibegehenzu lassend.h. diesezu interpo-
lieren.DadurcherscheineinkleinesDetail nichtmehrplotzlich sondernvielmehr
langsamund ief3end. Da fur die Interpolationder Detailstufeneine Vielzahlan
zusatzlichenFliesslommaoperationenotwendigsind, ist derin der Dissertation
vorgestellteAlgorithmusspezielldaraufhinoptimiert.

AbschlieRendverdendie in der DissertatiorentwickeltenVerfahrendenbe-
reits bekannterAlgorithmengegeriibegestellt. Es werdenEntscheidungskriteri-
envorgestellt,welchedie Auswahl derjeweils passendeMethodefur ein spezi-
elles Anwendungsgebietrleichtern.Insgesambetrachtetvurdenin der Disser
tationzwei fundamentaheueVolumetrvisualisierungstechnénvorgestellt: Zum
einendie PCP-Methode und zum anderendie pr a-integrierte Zellprojektion.
DieseMethodenerweiterndasEinsatzspektrumon unstrukturiertenolumetrvi-
sualisierungsmethodesovohl in Hinsicht auf Bildqualitat als auchin Hinsicht
auf Darstellungsgeschwindigit. DasbesteBeispieldafur sind die neuenAlgo-
rithmenzur Darstellungvon BodennebelindvolumetrischetWolken.



