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2D two dimensional
3D threedimensional
API ApplicationProgramInterface
bpp bitsperpixel
COTS commodityoff theshelf
CPU CentralProcessingUnit
e.g. exempli gratia(for example)
etal. et alia (andothers)
Gb gigabit (10243 bits)
GB gigabyte(10243 bytes)
i.e. id est(thatis)
kB kilobyte (1024bytes)
Mb megabit (10242 bits)
MB megabyte(10242 bytes)
MHz megahertz
MPI MessagePassingInterface
NOW Network of workstations
OpenGL OpenGraphicsLibrary
pixel pictureelement
RGB red,greenandblue
RGBA red,green,blueandalpha
SIMD SingleInstructionMultiple Data
texel textureelement
voxel volumeelement
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Abstract and chapter summaries

Chapter 1: Intr oduction

Theprimarygoalof thischapteris to motivatethesubjectin this thesis.Theparallelizationpos-
sibilitiesonthevisualizationpipelineareexplained,andhow someof thispossibilitieshavebeen
exploited. Theevolution of commoditygraphicshardwareis alsodiscussed,andservesasmo-
tivation for working on theparallelizationof the last stepof thevisualizationpipeline,namely
the renderingof images.A comparisonbetween“high end” proprietaryvisualizationsystems
andcommodityhardwareis providedandservesasmotivationfor workingontheparallelization
of therenderingusingclustersof PCsequippedwith commoditygraphicshardware. Thechar-
acteristicsof visualizationapplicationsareanalyzedin thecontext of cluster-basedcomputing,
payingspecialattentionto the compositionof partial resultsfor its displayon a singledevice.
The differentapproachesto this problemarediscussedandit is arguedthat usinggeneralpur-
poseprocessorsinsteadof specialpurposehardwareis a viable alternative, even if distributed
memoryarchitectureshave high inter-processorlatenciesandslow inter-connections.Finally a
shortsummaryof thecontributionsof thiswork is provided.

Chapter 2: Dir ect volumevisualization

This chapterprovidesa brief introductionto volumevisualizationin generalanddirectvolume
visualizationin particular. First a review of basiccomputergraphicsconceptsis provided,along
with an introductionto the OPENGL graphicsAPI. In particularthe OPENGL pipelineis dis-
cussed,payingspecialattentionto the rasterizationandper-fragmentoperationsstages.This
providesthe groundsfor discussingthe visualizationof volumetricdatasetsusingparallelren-
deringalgorithms.Existingwork in threedifferentareasis reviewed: software-basedrendering,
hardware-acceleratedrenderingusingdedicatedhardwareandhardware-acceleratedrendering
usingcommodityhardware.

A derivation of the essentialalgorithmfor direct volumerenderingusingtexture mapping
hardwareis provided,startingfrom physicalconcepts.After explainingtheconceptsof transfer
functionsandclassi�cation, thehardware-acceleratedvolumerenderingtechniqueusingtexture
mappingis explainedandits bottlenecksarediscussed,andits parallelizationis introduced.After
this, thecurrentstateof theart in hardware-acceleratedvolumerenderingis reviewed.
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Chapter 3: Parallel visualization

This chapterintroducesconceptscommonto all parallelvisualizationalgorithmsandthenpro-
ceedsto make a review of the currentstateof the art in generalpurposeparallelvisualization
algorithms.Theparallelizationof thevolumerenderingalgorithmis presented,andspecialat-
tentionis paid to the parallelizationof the compositingstage:two well known algorithmsfor
parallelcompositing,direct sendandbinaryswap,arediscussedandcomparedanda justi�ca-
tion for choosingoneover theotheris provided.

Chapter 4: Imagecompositingand volumerendering

This chapterdiscussesin moredetail imagecompositionin thecontext of parallelvolumeren-
dering. In particulartherequirementfor storingtheopacityinformationalongwith color infor-
mationis discussed.Themannerin whichtheopacityinformationhasto becomputedin orderto
ful�ll theassociativity requirementof theparallelizationis discussed,andthisservesto introduce
theconceptof alphapre-multiplication. Differentpre-multiplicationmethodsin thecontext of
OPENGL arediscussed.It is alsoshown why performingthepre-multiplicationin the transfer
functionis notcorrect.

Chapter 5: Software inter-brick compositing

Thischapterpresentsasoftware-basedimplementationfor compositingpartialresultsof thedis-
tributedvolumerendering.First, a justi�cation for not performingthecompositionin hardware
is given. Then somebasicremarksregarding in-software compositingare made. After this,
assemblerimplementationsof thecompositingoperationaregiven,onefor theIntel'sx86archi-
tecture,andonefor AMD' s AMD64. Theperformancecharacteristicsof this implementations
arediscussed.

Chapter 6: Systemarchitecture

This chapterdiscussesin moredetail thearchitectureof thesystemdevelopedduringthis work.
First,a justi�cation for thechoiceof MPI asacommunicationmediumis provided,andthecon-
sequencesof this choiceareexamined.Thentheperformancecharacteristicsof theunderlying
network arediscussed.Somelow-level implementationdetailsarediscussedsincetheproblems
faced,aswell asthedecisionsandsolutionstakenarenon-evident,in particularhow to integrate
OPENGL applicationsinto theclusterenvironment.Finally adiscussionof theactualimplemen-
tationaswell asremotelyaccessingthefacility is provided.
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Chapter 7: Application developmentwith OpenGL

This chapterfocuseson a topic thatwasalwayspresentduringthecourseof this work: applica-
tion developmentusingOPENGL, in particulardebuggingapplicationsat theOPENGL level as
well asaccessingnon-standarizedfunctionality.

Chapter 8: Remoteaccessof visualization facilities

In this chapterremoteaccessof genericvisualizationfacilities is presented.First a review of
othersolutionsis provided, and thena detaileddescriptionof a genericmethodfor remotely
accessingvisualizationapplicationsis provided. The only assumptionthat is madeis that the
applicationusesOPENGL andthatit usestheX11 protocolfor communicationwith therender-
ing hardware. After discussingthegenericimplementation,someoptimizationsspeci�c to the
distributedvolumevisualizationarepresented.

Chapter 9: Resultsand futur eperspectives

This chapterpresentstheresultsof this work, andmakesanattemptto look into thefuturewith
respectto scalabilityof thedevelopedsolution.Attentionis paidagainto thecompositingstepof
thedistributedvisualizationprocess,andhow this might becomelessof an issuein thecoming
years.
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Zusammenfassungund Kapitelüberblick

Kapitel 1: Einführung

DasprimäreZiel diesesKapitelsist es,dasThemadieserArbeit zumotivieren.Sowohl dieParal-
lelisierungsmöglichkeitenderVisualisierungspipelinealsauchdieMethoden,wie siebisheraus-
genutztwordensind,werdenerläutert.Die zeitlicheEntwicklungdergebräuchlichenStandard-
Graphikhardwarewird besprochenunddieMotivationfür dieParallelisierungdesletztenSchrit-
tesderVisualisierungspipelinewird eingeführt,nämlichdasErzeugenvon Bilder (Rendering).
Ein Vergleichzwischen“hochleistenden”proprietärenVisualisierungssystemenundgebräuchli-
cherHardwarewird dargestellt,unddientalsMotivation,um mit derParallelisierungdesRen-
deringsauf mit Graphikhardware ausgestattetenPC-Clusternzu arbeiten.Die Merkmalevon
Visualisierungsanwendungenim Kontext von Cluster-basiertenAlgorithmenmit Betonungauf
dasCompositing(Zusammenfassung)von Zwischenergebnissewerdenanalysiert.Verschiede-
ne Ansätzefür die LösungdiesesProblemswerdenerörtertund eswird argumentiert,dasses
einepraktikableMöglichkeit ist, handelsüblicheProzessorenanstattdedizierterHardwareeinzu-
setzen,obwohl distributedmemory(verteilteSpeicher)ArchitekturengrößereLatenzzeitenund
langsamereVerbindungenzwischenProzessorenhaben.Schließlichwird einekurzeZusammen-
fassungderBeiträgedieserArbeit gegeben.

Kapitel 2: Dir ekteVolumenvisualisierung

DiesesKapitel führt kurz in die allgemeineunddirekteVolumenvisualisierungein.Zuerstwird
ein ÜberblickübergrundlegendeComputergraphik-Konzeptegegeben,ebensoeineEinführung
in das OPENGL Graphik-API.Die OPENGL Pipeline wird dargestellt,wobei besondersauf
die Rasterisierungunddie pro-FragmentOperationeneingegangenwird. Diesbildet die Grund-
lage,um über die Visualisierungvon volumetrischenDatensätzenunter Verwendungparalle-
ler Rendering-Algorithmenzu diskutieren.VorherigeArbeitenauf drei verschiedenenGebieten
werdenbesprochen:Software-basiertesRendern,hardware-unterstütztesRendernmit dedizierter
Hardwareundhardware-unterstütztesRendernmit handelsüblicherHardware.

Ausgehendvon physikalischenKonzeptenwird eine HerleitungdesgrundlegendenAlgo-
rithmuszum direktenVolumenrendernmit Texture-mappingHardwaregegeben.DasKonzept
der Transferfunktionenund die Klassi�erung wird erklärt, anschließendwird die Technikdes
hardware-unterstütztenVolumenrendernsmit Texture-mappingerläutert,dessenGrenzendarge-
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legt undin dessenParallelisierungeingeführt.Schließlichwird deraktuelleStanddeshardware-
unterstütztenVolumenrendernsdargelegt.

Kapitel 3: Parallele Visualisierung

DiesesKapitel führt in Konzepteein,die alle parallelenVisualisierungsalgorithmengemeinsam
habenund gibt einenÜberblick überdie aktuellenallgemeinüblichenAlgorithmenzur paral-
lelen Visualisierung.Die ParallelisierungdesAlgorithmus zum Rendernvon Volumina wird
vorgestellt.BesondereBeachtung�ndet dabeidie ParallelisierungdesCompositing: zwei all-
gemeinbekannteAlgorithmenzumparallelenCompositing, directsendundbinaryswapwerden
besprochenundverglichen,undeineBegründungfür diegetroffeneWahlwird gegeben.

Kapitel 4: Bild-Compositingund Volumenrendern

In diesemKapitelwird einedetalliertereErörterungdesBild-Compositingim Kontext parallelen
Volumenrendernsgegeben.Insbesonderewird die Notwendigkeit die Opazitätzusammenmit
derFarbinformationzuspeichern,erläutert.Die Methode,umdieOpazitätsozuberechnen,dass
dienotwendigeAssoziativität derParallelisierunggegebenist, wird vorgestellt.Diesdientdazu,
dasKonzeptdesvormultipliziertenAlphawerteseinzuführen.UnterschiedlicheMethodenzur
Vormultiplikationmit OPENGL werdenerläutert.Ebensowird gezeigt,warumesnicht korrekt
ist, dieWertein derTransferfunktionvorzumultiplizieren.

Kapitel 5: Software inter-brick compositing

DiesesKapitel stellt einesoftware-basierteImplementierungzum Compositingvon Zwischen-
ergebnissendesverteiltenVolumenrendernsvor. Zuerstwird eineBegründunggegeben,warum
die DurchführungdesCompositingnicht in Hardwarestatt�ndet. Anschließendwerdeneinige
grundsätzlicheBemerkungenbezüglichdesCompositingin Softwaregemacht,undAssembler-
ImplementierungendesCompositingvorgestellt:Einefür die Intel x86 Architekturundeinefür
dieAMD AMD64 Architektur. Die PerformanzmerkmaledieserImplementierungenwerdendis-
kutiert.

Kapitel 6: Systemarchitektur

Die Architekturdesin dieserArbeit entwickeltenSystemswird in diesemKapitel genauerbe-
schrieben.Zuerstwird eineBegründungdafürgegeben,warumMPI alsKommunikationsschnitt-
stelleausgewähltwurde,unddieKonsequenzendieserWahlwerdenuntersucht.Die Performanz-
merkmaledesdarunterliegendenNetzwerkeswerdenbeschrieben.EinigeImplementierungsde-
tails werdengenauererläutert,dasowohl die aufgeworfenenProblemeebensowie die getroffe-
nenEntscheidungenalsauchderenLösungnichtoffensichtlichsind;inbesonderedie Integration
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von OPENGL-Anwendungenin die Cluster-Umgebung.Schließlichfolgt eineErläuterungder
tatsächlichenImplementierungunddesentferntenZugangszumCluster.

Kapitel 7: Anwendungsentwicklungmit OPENGL

DiesesKapitel hatalsSchwerpunktdenEntwicklungsprozessvon OPENGL-Anwendungen,in-
besondersdasDebuggingauf OPENGL-EbeneunddenZugriff aufnicht-standarisierteFunktio-
nalität.

Kapitel 8: Entfernter Zugangzu Visualisierungsmöglichkeiten

DiesesKapitel stellt einegenerischeMethodefür denentferntenZugangzu Visualisierungsan-
wendungenvor. Zuerstwird einÜberblicküberexistierendeLösungengegebenundanschließend
wird einegenerischeMethodegenauerbeschrieben,mit der auf Visualisierungsanwendungen
entferntzugegriffen werdenkann.Die einzigeAnnahmedie gemachtwird ist, dassdie Anwen-
dung auf OPENGL basiertund dasX11-Protokoll für die Kommunikationmit der Hardware
verwendetwird. AnschließendwerdenOptimierungen,diespezielldieverteilteVolumenvisuali-
sierungbetreffen,vorgestellt.

Kapitel 9: Ergebnisseund Ausblick

In diesemKapitel werdendie Ergebnisseder Arbeit vorgestellt,und ein Ausblick im Hinblick
aufdieSkalierbarkeit derentwickeltenLösungwird gegeben.Besonderswird aufdenComposi-
ting-SchrittdesProzesseszur verteiltenVisualisierungeingegangen,unddaraufwie diesin den
nächstenJahrenwenigerkritischseinwird.
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Chapter 1

Intr oduction

1.1 Moti vation

Researchersandengineers,that is, the end-usersof visualizationtechniques,strive for better,
fasterandeasierwaysof understandingtheirdata.Visualizationis notabout“pretty pictures”,its
ultimatepurposeis comprehension.Whetherthis comprehensionarrivesfrom simplediagrams
or complex interactive simulationsis only an “implementationdetail”, it is not a goal per se.
Thus,visualizationspecialistsare facedwith the problemthat their usersareproducing,on a
daily basis,largerdatasetswhich they wish to visualize.Thevisualizationcommunity's answer
to that problemis interactive visualization,and the commonlyacceptedde�nition is that the
useris ableto directlymanipulatethesubjectunderstudy, with therepresentationon thedisplay
systembeing updatedat a rate of at least10 times a second. When the size of the datasets
exceedstheprocessingcapabilitiesof theavailablehardware,oneway of achieving this goal is
to employ multipleprocessingelementsin parallel.Lookingat thevisualizationpipeline(�gure
1.1), onecanrecognizemultiple pointswhereparallelizationmight yield bene�ts: going from
raw datato “visualizationdata” is a �ltering processwhich is at leastdirectly proportionalto
the size of the input data,and in generalwell paralellizable;the mappingof datastructures
to visualizationstructurescanalsobe subjectto parallelprocessing,andthis wasthe focusof
many researchpapersof the last decade,which dealtwith reductionof thedatasetsin orderto
make themmoreamenableto treatmentwith interactive computergraphicstechniques.Thelast
stepin thepipeline,the renderingof thedata,hasbeenalsoapproachedwith parallelizationin
mind. Textbookexamplesof this areraytracingandradiosity-basedalgorithms,with processors
working in unisonin orderto generatea single�nal imageor working in aninterleavedfashion
in orderto generatedifferentframesof a singleanimation.In this casescalabilityin two areas
is beingsoughtafter: scalabilityon thesizeof theinput dataandscalabilityon theupdaterates
of the renderingitself. An orthogonalapproachis to distribute the renderingprocessacross
processinggroups,with eachgroupgeneratingimagesfor a singledisplaydevice, which when
observed all togethermake for a singlecoherentvisualizationof the data. Herescalabilityon
the �nal imageresolutionis beingtargeted. In this regard, hardwareacceleratedvisualization
techniquesarealsoa form of parallelization:by recognizingtheimplicitly parallelnatureof the
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Figure1.1: Thevisualizationpipeline

rasterizationprocess,hardwaredesignersareableto improve on thedesignandperformanceof
the graphicschips, to the point wherethesehave becomehighly-pipelinedhighly-specialized
SIMD processors.

Commoditygraphicshardwareis of particularinterest.Its developmenthasbeenpushedfor-
wardover thelastfew yearsby thePCgamingindustry. As aresult,today'scommoditygraphics
hardwarehasreachedandin many aspectssurpassedthe capabilitiesof so-calledhigh-endso-
lutions. The initial efforts weregearedtowardsimproving performancealone,with little or no
advancein theareaof programmabilityof thehardware.During a long periodof time,graphics
cardmakersconcentratedthemselveson providing hardwareimplementationsof functionsex-
posedby thegraphicsAPIssuchasOPENGL, thatis, they implementeda�x ed-functionpipeline
in hardware. NVIDIA wasoneof the �rst hardwarevendorsto develop andimplementexten-
sionsto the basicAPIs which introducedsmall amountsof programmabilityinto them. This
�e xibility waswelcomedby theprogrammercommunity, which startedto usethe featuresand
thereforeimplicitly or explicitly recommendcertainhardwarevendorsover others,giving them
reasonto researchanddevelopevenmoreextensions– proprietaryin mostcases– to the�x ed-
functionpipeline.This trendhascontinueduntil today, whenalmostfully programmableGPUs
areavailableonthemarket. Thanksto standardizationefforts from severalparties,thesefeatures
arenow accessiblein hardware-andplatform-independentfashions.The evolving complexity
of thesecomponentsre�ects itself asanexponentialincreasein thenumberof on-chiptransis-
tors.This exponentialbehaviour is dubbedMoore's law in referenceto a 1965paperby Gordon
Moore[Moo65], in whichheprovidedargumentsasto why thereducedcostsof integratedelec-
tronicswould continueto provide advantagesandthusfuel thedevelopmentof largerandmore
complex components.The wide-spreadformulationof Moore's law statesthat the numberof
transistorson a CPUdoublesevery 18 months.As seenin �gure 1.2, thedevelopmentpaceof
GPUsseemsto befasterthanthatof CPUs.

The advantagesbroughtby this kind of �e xibility have not remainedin the gamingrealm.
By exploiting thecapabilitiesof �e xible graphicspipelines,researchersin differentareassuchas
volumerendering,photorealisticandnon-photorealisticrenderinghavebeenableto improvenot
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Figure1.2: Numberof transistorsusedin consumer-gradeGPUs.Thedashedcurve is anexpo-
nential�t N = 4:25� 2

4
5(t� 1997) , i.e. aduplicationof thenumberof transistorsevery10months.

This �t doesnot take into accounttheintroductionof productstargetedtowardslower-endmar-
kets, suchas the NV34. R100, R200, R250, R300 and R350 are several generationsof the
Radeonchip producedby ATI. Chipslabeledwith the lettersNV areseveralgenerationsof the
GeForceproductline by NVIDIA, aswell astheRiva128(R128)chip. P512is theParhelia-512
productfrom Matrox. VP900is the Wildcat VP productfrom 3Dlabs. Source:Productpress
releasesfrom therespectivevendors.
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only the performancebut alsothe quality of the imagesthey produce(someexemplarypapers
are[EKE01], [SW01], [FMS02]).

Lookingatthelatestgenerationof consumer-orientedgraphicshardware,it is remarkablethat
it notonly providesa muchlargerdegreeof programmability, but alsobetteraccuracy andmore
on-boardmemory, makingthecomparisonagainst“high-end” hardwarehardto avoid. Looking
at thespeci�cationsof SGI's In�niteReality4 (IR4 for short),it is easyto spottwo areaswhere
it still holdsan advantage. The �rst of them is the amountof on-boardmemorythat can be
dedicatedto textures:theIR4 canmanageup to 1 GB of RAM perpipe,whilst currentofferings
from ATI andNVIDIA arestill limited to 256MB of on-boardmemory, with 64 and128MB
con�gurationsbeingcommonplace.Thereasonfor this limitation is clear:addingmorememory
wouldnotonly increasethepowerrequirementsof theboardbut alsoits streetpriceandtherefore
its visibly. Thereis alsoanarchitecturalproblemto consider:theseboardsarestill designedwith
Intel x86 classhardwarein mind, wherememoryaddressesarelimited to 32 bits. Becauseof
thearchitecturedesign,thegraphicsmemoryis usuallymappedinto thenormal32 bit address
space1, thuslimiting the amountof systemmemoryusableby individual processes.The other
interestingaspectof theIR4 is that it candrive displaysof up to 133million pixels, in contrast
to PChardware,which is still limited to resolutionsoneorderof magnitudesmaller. A question
posesitself naturallythen:how canwe takeadvantageof themuchfasterdevelopmentpaceand
muchmore�e xible architectureof consumergradegraphicboardswhile keepingthedesirable
characteristicsof systemslike theIR4?

SGI's answerto that questionis to integratecommoditygraphicshardware into their own
systems,as seenin their “UltimateVision” productline. The problemis that SGI is limiting
consumersto comparatively small con�gurations,andthevendorlock-in effect is still present.
Facedwith this, the mostnaturalway of achieving the desiredresult is usingsmall clustersof
PCsandinstall graphicsadapterson eachnode.The ideaof clusteringcommodityoff theshelf
(COTS) componentsin order to achieve supercomputer-like performancetook off after it was
initially demonstratedat the Centerof Excellencein SpaceDataand InformationSciencesat
NASA GoddardSpaceFlight Centerandsubsequentlypublishedby Becker et al [BSS+ 95]. At
that time, PC-classhardwarehadnot only fallen down to pricesthat madethe ideaattractive,
but their performancehadrisenup to levels that balancedout the latency introducedby using
low speednetworksasintercommunicationmedium.This con�guration is known asa network
of workstations(NOW) or a Beowulf-lik e cluster(in referenceto thenamethatBecker andhis
teamgave to their system).NowadaysPCclustersarewidely acceptedasa goodalternative to
moreexpensive proprietarysupercomputers2. Their applicationdomainsoverlap,but scalability

1For example,on a x86 Linux systemwith NVIDIA hardwareand the vendorsupplieddrivers, the graphics
cardmemoryis mappedinto the sameregion wheresharedmemorysegmentsandsharedlibraries reside. This
region startsat address0x40000000 andendssomewherebelow 0xbffff0000 . This is thesameregion used
for allocatinglargechunksof contiguousmemory. This meansthat, in effect, installinga graphicscardwith 1 GB
of on-boardmemoryreducesthe total systemmemoryusableby a graphicsapplicationasdataspaceby 1 GB.
Becauseof thedesignof theLinux kernelon this architecture,this leaveslessthan2 GB usablefor theapplication.
For practicalpurposes,thisproblemvanisheson64-bit architectures.

2http://www.top500.org/ and http://clusters.top500.org/ containperformanceand con-
®gurationdatafor existing installations,theformerincludingalsosupercomputers,thelaterbeingdedicatedonly to
clusters.
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of cluster-basedsolutionsis still anissuebecauseof thelimitedcommunicationbandwidthacross
nodes.Nevertheless,systemswith morethana thousandnodeshave beendemonstratedandare
in use. With the advent of 64-bit computingon the desktop,muchmorepowerful systemsare
being built aroundarchitectureslike Intel's Itanium and AMD' s Opteron. Even vendorslike
SGI areshifting towardsthe useof commodityprocessorsfor their systems.Their Altix line
usesItanium CPUsalongwith their proprietaryCray-bus for interconnection,which, beingan
specializedsolution,still offersbettercommunicationperformanceandscalability.

Visualizationapplicationsareuniquein the context of cluster-basedcomputing. First and
foremost,asarguedbefore,visualizationis an interactivetask,it cannotbeperformedoff-line,
in batchmode.It hasasarulehigherI/O demandsthannumericalsimulations,thetypicalappli-
cationdomainof PCclusters.It alsohasdifferentaccesspatterns:while numericalsimulations
tendto have a high degreeof locality, visualizationapplications,by nature,needto accessmore
widespreaddata. Datapartitioning is also in generalof a differentnature,sincemany of the
algorithmsareview-dependent, a componentnot presentin simulations.In general,a high CPU
loadexists,becausegraphicsprimitivesneedto berecomputedon a frame-per-framebasis.Ex-
ceptin a subsetof cases,partial imagesneedto beaggregated,which meansthecomputational
cost is proportionalto the imagesize,which is a factorthat cannotbe ignored,sinceeffective
visualizationsin thiscontext call for millions of pixelsperframe.Ontopof thatlies theproblem
of imagetransport:sinceit is often impracticalor even impossibleto performthevisualization
taskat theinstallationplaceof thecluster, thereis aneedfor transportingimagesoveradistance,
whilst still keepinginteractivity.

Theproblemsderiving from thesmallamountsof texturememoryavailableonCOTSgraph-
ics hardwarecanbe overcomeby developingtechniquesto performadequatedatapartitioning
anddistribution acrossprocessingelements.The implicationof thedatapartitioningis, assev-
eral authors[SFLS00, MHE01, HHN+ 02] have discussed,that renderingon PC clusterscalls
for hybrid sort-�rst sort-lastalgorithms. In turn, the postrenderingsortingcalls for high per-
formanceimagecompositingmethods.Somegroups,e.g.Heirich andMoll [HM99], Stoll et
al [SEP+ 01], havedevelopedcustomhardwaresolutionswhichaddressthisnecessity. Theprob-
lem with this kind of solutionis that it falls out of the category “commodity hardware”: these
arecustom-madepartswhich areexpensive andcomplex to produceanddeploy, andgenerally
not found on the market. Every othercomponentin this approachhasbecomea commodity:
CPUs,in the broadestsenseof the word, are mass-marketedand nowadaysit is easyto �nd
“desktop”PCsthatsurpasstheperformanceof the“high-end” workstationsof the90sfor just a
fractionof theprice. The last � ve yearsarewitnessto anexplosive developmentin theareaof
PC-basedentertainment,takingsomemarket-shareevenfrom themorematuregamingconsole
sector. Thisgrowth re�ects itself ashigh-performancegraphicsprocessorsbecomingacommod-
ity, too. The third componentwhich is alsoa commoditypart is the interconnectionnetwork:
high-speedlow-latency networksarestill muchmoreexpensive thantheir low-endcounterparts,
but theincreasingdemandfor higherdatatransferrates,particularlyin thecontext of distributed
computinganddatawarehouseenvironments,hashada two-fold effect: On onehand,high-end
interconnectionsolutionssuchasMyrinet andQuadricsarebecomingfasterandatthesametime
lessexpensive, andsolutionsbasedon In�niband aregainingmomentum,their performanceis
gettingcomparableto that of proprietarytechnologies[Coh03] andthey are likely to become
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moreaffordable;on the otherhand,the low-costalternatives,basedaroundthe Ethernetstan-
dard,arebecomingfaster, morewidespreadandmorereliable. By usingcommoditypartsfor
thesecomponents,it is possibleto takeadvantageof themassmarketbene�ts: opencompetition
amongvendorsleadsto faster, featurefulandmorereliableproducts;if apartgoesbad,it is pos-
sibleto replaceit with anew onewhich is likely to beeasyto �nd, thusminimizingdowntime;it
is alsopossibleto planfor piecewiseupgrades,atapacedictatedby theconsumerinsteadof the
producerof thehardware;reusingpartsalsobecomespossible,oncestate-of-the-artcomponents
in the visualizationclustercanbe relocatedfor otheruses,which might not requirehigh-end
hardware,but canbene�t from it. With this in mind, a software-basedapproachto imagecom-
positinghasbeenconsidered,namelyusingtheavailableCPU power of theclusterto perform
this task.Theadvantageof a softwareapproachis that it is more�e xible andreducesthemain-
tenancecost. Thedownsideis thehigherCPUandnetwork utilization. As CPUsandnetwork
technologiesevolve, thisproblemdiminishes.

1.2 Contrib utions of this work

Insteadof trying to develop a generalparallelizationframework for visualizationapplications,
thiswork focusesontheparallelizationof directvolumevisualizationonuniformmeshes. Direct
volumevisualizationallowstheuserto haveaglobalperceptionof thedatawhile still beingable
to focuson speci�c features. This is achieved by assigningopacityvaluesto all datapoints.
It is a very versatilealgorithmthat allows for examplefor the extractionof isosurfacesfrom
the data,working with multimodal datasets,and interactive clipping and slicing of the data,
while maintainingconstantor almostconstantdisplayframerates.Its majordisadvantageis that
implementationsthatexploit hardwareaccelerationrequirelargeamountsof texturememory. It
alsodemandsvery high rasterizationratesandhigh memorybandwidth,dueto thecomplexity
of thealgorithmbeingproportionalto thenumberof datapoints.It hasalreadybeenshown that
theseeffectscanbecounteractedby usingmultiple rasterizerson sharedmemoryarchitectures
(e.g. Li et al [LWMT97]). Thedownsideto this solutionis that thecostof suchhardwareis at
leasttwentytimesmoreexpensivewhencomparedto thepriceof aclusterof PCswith thesame
aggregatedcomputingpower. In additionto thebetterprice-to-performanceratio,usingclusters
of PCsis alsoattractive becauseof a lower total costof ownership,bettertechnologytracking,
bettermodularityand�e xibility andhigherscalabilityasdiscussedbefore.

Moving from shared-memoryarchitecturesto PCclustersshifts theperformancebottleneck
from the renderingitself to the compositingstep. The “binary swap” algorithmas presented
by Ma et al [MPHK94] hasbeenusedtraditionally for this purpose,even if it is theoretically
lessef�cient thanthealternative “direct swap” algorithmpresentedby Neumann[Neu93]. The
reasonfor this is thatthebinaryswapalgorithmputsa lower loadonnetwork topologiesthatare
not fully switched. With fully-switchedfull-duplex networks the direct sendalgorithmcanbe
implementedin moreef�cient fashion.Orthogonallyto this,by exploiting theSIMD operations
availableonmodernCPUs,thiswork showshow to achievecompositingratesthatsurpassthose
imposedby theneedfor an interactive visualizationsystem.Additionally, theproblemsarising
from partitioningthevolumerenderingoperationacrossseveralnodesandthencompositingthe
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intermediateresultsarediscussed.
During thecourseof this work, otherproblemswereattacked.The�rst andforemostgoalis

gainingremoteaccessto high performancevisualizationfacilitiesandeventuallyproviding ac-
cessvia web-basedservices.A secondproblemwasdealingwith thefactthathigh-performance
graphicsprogrammingAPIsin general,andOPENGL in particular, arein astateof constantevo-
lution, which introducesproblemsrelatedto writing truly portableapplicationsbasedon them.
Theseproblemsandtheir solutionsaredescribedin thelaterchapters.
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Chapter 2

Dir ect volumevisualization

Kaufmanetal de�ne [KHKS94] volumevisualizationas:

“[. . . ] a methodof extracting meaningfulinformation from volumetric data sets
throughthe useof interactive graphicsand imaging. It addressesthe representa-
tion, manipulation,andrenderingof volumetricdatasets,providing mechanismsfor
peeringinto structuresandunderstandingtheircomplexity anddynamics.Typically,
the dataset is representedas a 3D regular grid of volume elements(voxels) and
storedin a volumebuffer (alsocalledcubic framebuffer), which is a large 3D ar-
ray of voxels. However, datais oftende�ned at scatteredor irregular locationsthat
requireusingalternative representationsandrenderingalgorithms.”

Thisde�nition encompassesall theimportantaspectsof moderntheoryandpracticein the�eld.
First andforemost,volumevisualizationpractitionerscontinuouslystrive for higherinteractiv-
ity. Over theyearstheworking de�nition of “interative framerates”hasevolvedalongwith the
renderingalgorithms.

Krausarguesregardingtheacceptanceof thealgorithm[Kra03]:

“While volumegraphics,i.e., therenderingof volumetricobjects,hasfoundits way
into movie andvideogameproductions,volumevisualizationhasonly foundsome
niches,althoughit hasbeensuccessfullyappliedin almostall sciences[. . . ]

However, volumevisualizationis by far lesspopularthanonemight expect from
the large rangeof potentialapplications.In particular, direct volumevisualization
is frequentlyrejectedfor quantitative analysesbecauseof the fuzzy natureof the
resultingimages.In thesecases,isosurfacesareoftenstronglypreferred.Thus,the
visualizationof medicalscans,e.g.,CT (computertomography) or MR (magnetic
resonance)scans,is still by far themostimportant�eld of applicationof directvol-
umevisualization.

Therearemany reasonsfor thislimitedpopularityof volumevisualizationapartfrom
thementioned“fuzziness”: the insuf�cient supportby standardgraphicshardware,
a lack of non-commercial(sic) tools, uncomfortableand inef�cient interfacesof
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Figure2.1: Basic3D graphicspipeline.

Figure2.2: Fromthree-dimensionalobjectsto pixels.An objectis describedin termsof vertices
andtheir connectivity which arethenpassedasprimitivesto thegraphicsAPI. Theseprimitives
arethenrasterizedandplacedon theframebuffer asimages.

existing tools, the rareuseof volumevisualizationfor publicationsoutsideof the
visualizationcommunity, andthe lack of educationaboutvolumevisualization,to
namejusta few. Unfortunately, someof thesereasonsreinforceeachother.”

Nevertheless,volumevisualizationhasproveditself asaneffective techniquefor theexploration
of largeandcomplex datasets,evenif its mainapplicationdomainis still medicalvisualization.

2.1 Visualization and computer graphics fundamentals

Working with “3D graphics”on a two-dimensionaldisplaymeansmappingthree-dimensional
representationsof objectsto two-dimensionalrasterimages. Looking at �gure 2.1, onestarts
with a digital representationof theworld, which consistsof objectsmadeup of points,curves,
surfacesand volumeswith associatedmaterialproperties,which is then convertedto a geo-
metricalrepresentationmoreappropriatefor theunderlyinggraphicssubsystem,e.g.usingonly
primitiveobjectssuchaspoints,linesandtriangles,asillustratedin �gure 2.2.Workingwith this
representation,thegeometricsubsystemappliesgeometrictransformationsandclips theresults
to the visible imageareain order to obtainprimitivesdescribedin normalizeddevice coordi-
nates. At this stage,verticesareassignedcolorsaccordingto the illumination model in use.
Thesetransformedandlightedprimitivesarethenhandedto the rasterizationsubsystem.Here
“fragments”aregeneratedfrom theprimitives,which arethenshadedandlaterstoredaspixels
of the�nal image.
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Figure2.3: OPENGL pipeline.This is anoverview of theOPENGL statemachineaspresented
in [Kil96].

2.1.1 OPENGL fundamentals

The OPENGL graphicssystemis a softwareinterfaceto graphicshardware. The API andbe-
haviour is de�ned by a standard,which is in turn regulatedby a multi-vendorgroupof graphics
hardwaremanufacturerscalled the architecture review board (ARB). In this sense,the devel-
opmentof OPENGL itself is open:vendorsarefree to researchanddevelopnew functionality,
integrateit into their hardwareandproposemodi�cations to thestandardin orderto supportit,
which canthenbeadoptedby othervendors.TheOPENGL API providesaccessto 2D and3D
operations,andhasbeenimplementedon a wide rangeof platformsandit is independentof the
underlyingwindowing system.

In thespeci�c caseof OPENGL thetransformationandrasterizationpipelinefrom �gure 2.1
hastheform depictedin �gure 2.3. Of particularinterestfor hardwareacceleratedvolumeren-
deringaretherasterization(�gure 2.4)andperfragmentoperations(�gure 2.5)stages.

In the rasterizationstageis wheretexture applicationoccurs. Texturing mapsa portion of
one(single-texturing) or more(multi-texturing) imagesontoeachprimitive for which texturing
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Figure 2.4: Rasterization stage in OPENGL. This corresponds to �gure 3.1
in [SA03], expanded with information from the NV_register_combiners [Kil02],
NV_texture_shader [Kil03] andARB_fragment_program [Lip03] speci�cations.

Figure2.5: Per-fragmentoperationsin OPENGL. Correspondsto �gure 4.1 in [SA03].
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is enabled.This mappingis accomplishedby usingthe color of an imageat the locationindi-
catedby a fragment's texture coordinatesto modify thefragment's primaryRGBA color. These
coordinatesarespeci�ed on a per-vertex basisandareinterpolatedfor eachfragment.The di-
mensionalityof theimagesusedfor texturingis notdirectlyconstrainedby thestandard,but only
theone-,two- andthree-dimensionalcasesarede�ned. Textureimagedatacanbespeci�ed in a
varietyof formats,which is thenconvertedto RGBA databeforeapplication.Theactualmanner
in which texturesareappliedto fragmentscanbecontrolledvia a �x edsetof texture functions
indicatedby thetexture environment. For example,thefragment's RGBA valuecanbereplaced
by thatof thetexture,or it canbemodulatedby it. This is alsousedto specifytheway in which
texturesinteractwith eachotherfor themulti-texturingcase.

In theper-fragmentprocessingstage(�gure 2.5)is whereseveralteststakeplace,all of which
canbeenabledor disabledon anindividual basis.If a fragmentdoesnot passa giventest,it is
discardedandtheframebuffer'sandauxiliarybuffers' contentsremainunchanged.For example,
a fragmentcanbe discardedbasedon its depth,alphaor stencilvalues. This is alsothe stage
whereblendingof incomingdataand framebuffer datais performedaccordingto the current
blendequationandblendfactors, selectedout of a �x edset.Theblendequationdeterminesthe
operationsperformedbetweenthe two operands,andthe factorsdeterminewhich components
areusedandhow.

OPENGL de�nesanextensionmechanismwhich allows hardwaremanufacturersto support
functionalitynot foreseenat thetimethespeci�cationwaswritten. Extensionsdonotchangethe
default stateof thestatemachine,thatis, a programrunningon a platformthatdoesnot support
aspeci�c extensionwill run thesameonanotherplatformthatdoessupportit. Programsneedto
bemodi�ed in orderto takeadvantageof thenew functionality. In �gure 2.4somemodi�cations
to thestatemachineintroducedby extensionsaredepicted:

� TheNV_register_combiners extensionreplacespartof therasterizationstagewith
a more�e xible – yet still prede�ned– setof operationscarriedat the fragmentlevel by
so-calledcombiners. Theoperandsareasetof registerswhichcanbe�lled with incoming
color data,texture dataor user-speci�ed constants.The outputscanbe the primary and
secondarycolors, texturesor spareregistersto be usedas input for the next combiner.
A relatedextension,NV_texture_shader , exposestwenty-one“shader”operations.
Dependingontheoperation,themappingfrom texturecoordinatesto anRGBA colormay
dependon thegiventextureunit's stateor theresultsof previousoperations.This enables
dependenttexture lookups, thatis, usingtheresultof a texturefetchoperationasinput for
asubsequenttexturelookup.

� TheARB_fragment_program extensionreplacespartof therasterizationstagewith a
fully programmableunit. For thispurpose,anassembler-like languageis used.It provides
vectoroperations(SIMD instructionsoperatingon 4-componentdata),scalaroperations,
texture-fetchingoperationsandan operationto kill fragments. The maximumprogram
lengthis implementation-dependent,andthespeci�cationprovidestheminimumnumber
of instructionof different typesthat have to be supportedby any implementation.The
programscanoutputRGBA anddepthinformation.
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2.1.2 Data representation

Volumetricdatasetsassociatea valuewith eachpoint on a 3D mesh,that is, a scalar �eld is
de�ned on the volume. Multi-modal datasetscontaindataobtainedusingdifferentacquisition
techniques,andthereforeassociatedwith differentmeshesin thegeneralcase.In time-dependent
datasets, all thepointsin thevolumearede�ned for multiplepointsin time.

The mostgeneralclassi�cation for meshesis in two groups: structured andunstructured.
For structuredmeshestheconnectivity is given implicitly, while for unstructuredonesit needs
to begivenexplicitly. Structuredmeshescanbe furtherclassi�ed into uniform, rectilinear and
curvilinear meshes.Uniform mesheshave cells of uniform shapeand size. For the caseof
volumevisualization,it is customaryto useuniform mesheswith orthogonalaxes,that is, with
cubic cells. Rectilinearmeshesaremoregeneralsincethe sizesof the cells might dependon
their relative positionwith respectto somearbitrarypoint, that is thecoordinates(x;y;z) of the
verticesarea functionof their indices(i; j;k) in themesh,like (x(i);y( j);z(k)). For curvilinear
meshesthepositionof theverticesin themeshis not restrictedin thesameway.

Sinceunstructuredmesheshave no prede�ned connectivity, this information needsto be
storedalong with the values,thereforerequiring larger datastructures. Their advantageis a
greater�e xibility andadaptability. Unstructuredmeshescanbe usedto discretizedomainsof
any shapeandtopology, andtheir resolutioncanbe adaptedlocally. The shapeof the cells in
unstructuredmeshesis not necessarilyconstrained,but oneof themostimportantkindsarethe
simplical meshes, i.e., mesheswherecells aresimplices(e.g.trianglesin two dimensions,and
tetrahedrain threedimensions).

2.2 Volumevisualization

Visualizationof volumetricdatais achallengingtasksinceit is necessaryto dealwith occlusions
in orderto deliver effective visualizations.Oneway of achieving this goal is the extractionof
a subsetof thevolumein orderto minimizeocclusions.Themostsimpleexampleis theuseof
slicing planes, that is, intersectingthe volumewith a planeandrenderingonly the intersected
voxels. Anotherpossibility is to extract andrenderonly oneisosurfacefrom the volume. The
disadvantageof thesemethodsis thata largepartof thevolumeis eliminatedandtheuseris not
givenenoughcontextual informationto understandthedisplayedimage.

Directvolumerenderingis a differentapproachto this problem:a continuoustrade-off be-
tweenocclusionanddatavisibility is made,by assigningopacitiesto all datapoints.Pointswith
high opacitiesaremoreprominentin the�nal imagebut they occludeotherpoints. Pointswith
low opacitiesarelessprominentbut at thesametime lessoccluding.Thisprovidestheuserwith
enoughcontext informationto identify featureson the imagemoreeasily. Another important
featureof thealgorithmis thatits performanceis usuallyindependentof theviewing parameters,
i.e. it is possibleto deliver visualizationsat constantor almostconstantrefreshrates.

Therearemany volumerenderingalgorithms,but they canbeclassi�edinto two largegroups:
image-orderandobject-orderalgorithms.Image-orderalgorithmsbuild the�nal imageonapixel
by pixel basis,by castingraysthroughthe volumeandcomputingthe contribution of the data



2.2. VOLUME VISUALIZATION 35

alongtheserays. Oneof theearliestof this sortof algorithmwaspresentedby Levoy [Lev88].
Object-orderalgorithmson the otherhandprocessthe dataon a sampleby samplebasis,and
researchhasfocusedon ef�cient waysof computingthe contribution of eachof themto many
imagepixelsatonce.

Therearethreemainapproachesto volumerendering:software-basedrendering;hardware-
acceleratedrenderingusingdedicatedhardware;hardware-accelerationusingcommodityhard-
ware.

2.2.1 Software-basedvolumerendering

Early researchon volumerenderingfocusedon how to achieve interactive framerateswithout
visible imagequality degradation. For this purposemassively parallel architectureswere re-
searchedanddeveloped.For example,Elvins [Elv92] presentedanimplementationrunningona
64-processornCubemachine.This implementationrequired94secondsto renderasingleframe
of a 200� 180� 91 dataset.Interprocessorcommunicationrepresentsthe largestbottleneckin
this implementation.Elvins discussedseveralkindsof optimizationsto reducecommunication
requirements:trackingboundingboxesin theimageplane,splitting thecompositingtaskacross
two processorsandgroupingslicesin asingleprocessor.

WittenbrinkandHarrington[WH94] presentedascalablearchitecturerunningontheProteus
system(basedon thei860 processor).This achievedratesof 2 secondsperframerunningon 32
processorsfor a 2563 datasetand a 256� 256 image. Their implementationusesan explicit
partitioningof the input volume,a permutationwarp of the dataanda communicationpattern
thatavoidssaturatingtheunderlyingcommunicationnetwork.

Wilhelmset al [WGTG96] presenteda softwaremulti-resolutionrendererthatworkson ir-
regulargrids.By workingon a hierarchicalrepresentationof thedata,a potentiallyvisiblesetis
determined.Theauthorshada purelysoftware-basedrendererasa goaldueto thewide avail-
ability of generalpurposeprocessorsandtheunavailableof dedicatedgraphicshardware. The
authorsreportaspeedupof 3.25whenthealgorithmrunson4 processors.

Palmeretal [PTT97] presentedaraycastingalgorithmto takeadvantageof thedeepmemory
hierarchy onthePowerChallengeArray. By exploiting thememoryaccesscharacteristicsof this
proprietaryplatform,from theprocessorcacheto theinterconnectionnetwork, they implemented
a logical globaladdressspacefor volumeblockswith caching.They demonstratedthis renderer
usinga7.1GB datasetrenderedusing64processors.They achievedrefreshratesof 3-4seconds
perframe.

2.2.2 Hardware-accelerationusingdedicatedhardware

Ray et al [RPSC99]provide a survey of � ve specialpurposevolumerenderingarchitectures:
VOGUE,VIRIM, Array BasedRayCasting(VIZAR), EM-Cube,andVIZARD II.

The VOGUE architecture[Kni95] wasdevelopedat the University of Tübingen,Germany.
Onerenderingengineprovideshigh-quality, volume-renderedimageswith multiplelight sources
usingfour customVLSI chips. Themaingoalsof VOGUEare�e xibility andcompactness.It
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operatesin threedifferentmodesthatoffer a trade-off betweenperformanceandimagequality.
Multiple boardscanbeconnectedto oneanotherin orderto increaseinteractivity.

TheVIRIM architecture[GPR+ 95] hasbeendevelopedandassembledat theUniversityof
Mannheim. It aimsat delivering high imagequality. It consistsof a geometryunit anda ray
castingunit. Thegeometryunit is responsiblefor interpolationandgradientcalculation;theray
castingunit is responsiblefor implementingtheactualraycastingalgorithm.It is possibleto use
multiplemodulesin parallel,but thedatasetneedsto bereplicatedamongthem.

VIZAR [Dog95], developedat the University of New SouthWales,is an objectorder ray
castingarchitecture.This architectureconsistsof two parallelpipelinedarraysusedto rotate
the datasetandto castrays. Theserotationarraysareconnectedbetweenn memorymodules
and 1.5 n renderingpipelines,wheren is the resolutionof the dataset. In the secondarray,
intersectionswith voxels aredeterminedby usingnearestneighboror zeroorderinterpolation.
Eachrenderingpipelineperformsshadingandcompositionfor a given scanline. In addition,
thesystemis composedof a double-bufferedinput memory(it is possibleto displayonedataset
while loadinganother),memoryswappingarray, anda framebuffer.

The VIZARD II [MKS98] architecture,developedat the University of Tübingen,aimsto-
wardsinteractive raycastingondesktopcomputers[33]. It is designedto interfaceto astandard
PCsystemusingthePCIbus.Thedatasetis storedin four interleavedmemorybanksalongwith
a precomputedgradientindex, segmentationindex, andgradientmagnitudefor eachvoxel. The
combinationof precomputedgradients,caching,andearlyrayterminationreducesthebandwidth
requirementsof thememorysystem.

EM-Cubeis a commercialversionof the Cube-4architectureoriginally developedat the
StateUniversityof New York at Stony Brook. TheEM-Cubearchitectureled to theVolumePro
board[PHK+ 99]. Thelastgenerationof theVolumeProboardshave2-4GB of onboardtexture
memoryin adualboardcon�guration,andsupport8-, 16-and32-bit voxels. It hashardwarefor
gradientestimationusingcentraldifferencesandclassi�cationvia a 36-bit lookuptable(24 bits
for RGB,12bit for A). It performsPhongilluminationusingaprecomputedre�ectancemapfor
thediffuseandspecularterms.

2.2.3 Hardware-acceleratedusingcommodity hardware

A cornerstonein volumevisualizationis the introductionby Cabralet al [CCF94], in 1994,of
anobject-ordertechniquewhich exploits texture-mappinghardware. This techniqueis thebasis
for many hardware-acceleratedvolumerenderingalgorithmswhich arebeingsuccessfullyused
today. Thebasicideais to rendera numberof volumeslicing planes(slicesfor short)oneafter
theotherin aconsistentfashion:startingwith theplanethatis furthestawayfrom theviewerand
proceedingtowardstheclosestone,or theotherway around.Uponrasterizationof theseslices,
the resultingfragmentsareshadedusinga textureor groupof textureswhich arederived from
theoriginal volumetricdataandthenthey arecompositedin a buffer with thedatawhich results
of applyingthesameprocedureto previousslices.For thispurposeeither2D or 3D texturescan
beused. In the �rst casethreestacksof 2D texturesareused,andtheslicing of thevolumeis
donein anobjectalignedfashion,while in thesecondcasea single3D texture is requiredand
theslicing is performedin aviewportalignedfashion(�gure 2.6).
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Figure2.6: Alignmentof textureslicesfor 3D texturingontheleft, and2D texturingontheright
(imagefrom Rezk-Salamaetal [RSEB+ 00]).

2.3 Physicalbasisof the algorithm

Thephysicalmodelbehindthevolumerenderingalgorithmis basedontheabsorptionandemis-
sion of radiationthat happensinsidea cloud of hot gas. Referringto �gure 2.3, the changein
power dP thathappenswhena beamof radiationspanninga solid angledWpassesthroughan
in�nitesimal lengthdsof materialwith areadA is givenby:

dP = emission� absorption

= dI dAdW

= J(dAds)dW� K(I dAdW)ds; (2.1)

wheredI dAdWis lostpower, dAdsis thevolumeof materialthroughwhichtheradiationpasses,
I dAdWis theincidentpower, I is theintensityof theradiationin erg=(cm2 � sterradian�s), J is the
emissivity in erg=(cm3 � sterradian� s) andK is theextinctioncoef�cient in cm� 1 whichaccounts
for absorptionandscatteringeffects.Dividing (2.1)by dAdWdsoneobtains:

dI
ds

= J � KI : (2.2)

Thisdifferentialequationisknownastheradiativetransferequation. It cannotbesolvedwithout
specifyingthe natureof J andK. A detaileddiscussionof its propertiesandsolutionsunder
differentconditionscanbe found in e.g. [GBR79]. In the restof this sectiononly the aspects
relevantto volumerenderingwill bediscussed.

Beforeconsideringtheformalsolutionof thisequation,therearetwo specialcasesof interest:

Emissiononly: For thecaseof K = 0 thereis no extinction, radiationis only emittedand(2.2)
hasthesolution:

I (s) = I(s0) +
Z s

s0

Jds0 (2.3)

Absorption only: In thecaseof J = 0, (2.2)hasthesolution:

I (s) = I(s0)e�
Rs
s0

K ds0
(2.4)
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ds

dA
dWI

Figure2.7: Physicalcon�gurationfor thegeneralradiative transferproblem

The quantityt de�ned by dt � Kds is commonlycalledoptical depth. It is a measureof
how opaqueamediumis to radiationpassingthroughit. A mediumis opaque(or optically thick)
if t > 1 when integratedalonga typical path. A mediumis transparent (or optically thin) if
t < 1. Consideringaslabof materiallimited by two parallelplanes,theopticaldepthis normally
measuredasthenormaldistanceto thesurface,so thatds is replacedby dz andt = t (z). The
point s0 is arbitrary; it setsthezeropoint for theopticaldepth. Introducingthis de�nition into
(2.2), it canberewrittenas:

dI
dt

= S� I (2.5)

whereS� J
K is calledthesourcefunction.(2.5)canbeintegratedto obtain:

I (t ) = I (0)e� t +
Z t

0
S(t 0)e� (t � t 0)dt 0: (2.6)

The�rst termontheright-handsidedescribestheintensityemergingfrom theabsorbingmedium
correctedfor absorption.Thesecondis theintegratedsource,diminishedby absorption.

Consideringanensembleof particleswith a densitydistribution r (s), theextinction canbe
writtenask0r (s) andtheemissivity canbewrittenasq0r (s). With theseconditions,considering
a thin sheetof material,thelastequationcanbewrittenas:

I (s) = I(s0)e� t (s0;s) +
Z s

s0

q0r (s0)e�
Rs
s0k0r (s00)ds00

ds0

� I (s0)e� t (s0;s) +
q0

k0

�
1� e� t (s0;s)

�

= I (s0)(1� a (s0;s)) +
q0

k0
a (s0;s); (2.7)
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wherea (s0;s) � 1� e� t (s0;s) is theopacityandtheapproximationis valid for regionswhereq0
andk0 areapproximatelyconstant.This equationsaysthat the intensityat s canbe computed
from theintensityats0, thebackgroundintensity, attenuatedby afactor1� a (s0;s) plusthelocal
contributionsattenuatedby a (s0;s). In computergraphicsterms,this is a linear interpolation
betweenthevaluesq0

k0
andI(s0).

Equation(2.7) provides an iterative methodfor computingthe intensity contribution to a
singleimageelement.Lookingat thede�nition of a (s0;s), it is possibleto derive anexpression
for computingthe�nal opacityin aniterative fashionaswell:

a (s0;s) = 1� e� t (s0;s)

= 1� e� t (s0;s0)e� t (s0;s)

= 1� (1� a (s0;s0))(1� a (s0;s))

= a (s0;s) + (1� a (s0;s))a (s0;s0) (2.8)

This form canbe interpretedastherebeingtwo contributing elements,the �rst spanningfrom
s0 to s0andthesecondfrom s0 to s. Theequationthensaysthat theopacityat theforegroundis
computedfrom thebackgroundopacitya (s0;s0) attenuatedby a factor1� a (s0;s) plusthelocal
contributiona (s0;s).

2.4 The transfer function

For visualizationof a continuousscalar�eld expression(2.7)aloneis not usefulsincetheemis-
sion and absorptioncoef�cients are not speci�ed. For this reason,scalarvaluesare mapped
to physicalquantitiesdescribingtheabsorptionandemissioncharacteristicsat thatpoint. This
mappingis calledclassi�cation andis performedusingtransferfunctionswhich assigna color
emissionandopacityvalueto eachpoint in thedata.In themostsimpleform, transferfunctions
usejust the scalarvaluesfor this mapping,but it is also possibleto usethe local derivatives
or depthinformationfor this purpose.The speci�cationandgeneration,in automaticor semi-
automaticfashion,of thesefunctionsarepartof thesetof unsolvedproblemsin directvolume
visualization.

Sincethe scalar�eld is not available in a continuousrepresentation,but only in a discrete
form, it is necessaryto interpolatethe availabledataat the sampledpoints. In the presenceof
a transferfunction, it is necessaryto decideif this interpolationstepis donebefore or after the
applicationof thetransferfunction.Theformercaseis calledpre-classi�cationandthelaterpost-
classi�cation. Given N samplepointswith valuesti , weight factorswi anda transferfunction
F(s), thevaluen producedby pre-classi�cationis:

n =
N

å
i

wi F(ti) (2.9)
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andpost-classi�cationgives:

n = F

 
N

å
i

wi ti

!

(2.10)

If thefunctionF(s) is linear, theseexpressionsareequivalent.Thesecondexpressionis “correct”
in thesensethatvaluesin theunderlyingcontinuousscalar�eld arebeinginterpolatedandthen
classi�ed.

2.5 Hardware-acceleratedvolumerendering

In orderto computethecontributionsacrosslargevolumesusing(2.7), thatexpressionis applied
in iterative fashion:the lastexpressionis discretizedandimplementedby drawing thepixels in
front-to-backor back-to-frontorder, andcompositingtheslicesin theframebuffer. Theprocess
is acceleratedby renderingall therays“simultaneously”for eachsliceof thevolume,thuscreat-
ing thestandard(implicitly parallel)texture-basedvolumerenderingapproach[CCF94, WE98].
This is achieved by renderinglarge polygonsto the framebuffer, eachof themtexturedwith a
sliceof thevolumedata.

In OPENGL terms,thecompositingoperationis expressedas

C0
d = kiCi + kdCd (2.11)

whereC0
d is thenew valueto bestoredin thedestinationbuffer, Cs andCd arethecolorsof the

incominganddestinationfragmentsrespectively, ki andkd aretheirassociatedweightingfactors.
Thesefactorscanbeconstantor they canbederivedfrom thefragmentdataitself. For thecase
at hand,thesefactorsarea i and1� a i in correspondencewith (2.7). This topic will be further
discussedin chapter4.

Thereare two major factorsthat limit performanceusing this technique:the speedof the
pixel pipelineandtheamountof availabletexturememory:

� For eachframeseverallargepolygonsarerenderedoneaftertheother, with adifferentpart
of a textureappliedto eachof them.This meanstherasterizationunit needsto accessthe
wholeareaof memorydedicatedtostorethesetexturesin afrequentfashion.For individual
pixels, this canbeacceleratedusingcachingandprefetching,but oncetherenderingof a
particularpolygonis done,alreadyaccessedpartsof thetexturememorywill notbeneeded
again until thenext frame. This meansthat in this casethespeedof thepixel pipelineis
limited by theavailablememorybandwidthon thegraphicscard.

� The speedof the pipeline is only a soft limit, as the renderingtime scaleslinearly with
the datasetandimagesizes. On the otherhand,the available texture memoryimposes
a hard limit: as soonas the dataset doesnot �t completelyin it, the texture allocator
startsto swaptexturesto systemmemory, nullifying theadvantageof thehigheravailable
memorybandwidthof the graphicscard. Its impacton the attainableframerateis much
morenoticeablethanthatof thelimited pixel pipelinespeed.
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Figure2.8: Sortingof volumebricks.

Sincetheselimits dependon the sizeof the datasetbeingrendered,both of themcanbe
overcomeusingmultiple renderersin parallel,whereeachof themworksonasubsetof thedata.
It canbe seenfrom (2.6) that this processis explicitly parallelizable:the integral on the right-
handsidecanbebrokenupinto severalsegmentsthatcanbeaddedtogetheratalaterstage.As in
theserialcasethesesegmentshave to bekeptin aconsistentorderwhile they arebeingblended.

If avolumedatasetdoesnot �t into theavailabletexturememory, it is still possibleto render
it breakingthedatasetinto smallerchunkscommonlycalledbricks, andthenswappingtextures
in andout the texture memory. Whendoing this it is necessaryto considertwo details: �rst,
the bricks needto be renderedin an order that is consistentwith the renderingorder of the
non-brickeddataset,i.e. front-to-backor back-to-front.It suf�ces to sort thedistancesfrom the
midpointof thebrick to theobserver (�gure 2.8). Thesecondis theneedfor thebricksto share
informationat theinnerbordersin orderto beableto performacorrectinterpolation.

2.6 Stateof theart in hardware-acceleratedvolumerendering

The methodintroducedby Cabralwasexpandedby WestermannandErtl [WE98] in order to
storedensityvaluesandthe correspondinggradientsin texture memoryandexploit OPENGL
extensionsfor unshadedvolumerendering,shadedisosurfacerendering,andapplicationof clip-
pinggeometry.

Rezk-Salamaet al [RSEB+ 00] presenteda techniquethat signi�cantly improved both per-
formanceandimagequality of the2D-texturebasedapproachby exploiting themulti-texturing
capabilitiesof consumer-gradegraphicshardware. By exploiting the functionality exposedby
NVIDIA's NV_register_combiners [Kil02] andNV_texture_shader [Kil03] exten-
sions,they alsointroducedmethodsthat implementfastshadedisosurfaces,betterinterpolation
andvolumeshading.

Röttgeret al [RKE00] introducedthe ideaof pre-integratedclassi�cation, which addresses
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theproblemof visualartifactsintroducedby theuseof non-linearhigh-frequency transferfunc-
tions.Theideais to avoid highsamplingfrequenciesby reconstructingapiecewiselinear, contin-
uousscalarfunctionalongtheviewing ray, andevaluatingthevolumerenderingintegralbetween
eachpairof successivesamplesof thescalar�eld by tablelookups.Thismethodwasfurtherex-
pandedby Engelet al [EKE01], providing high-qualityimagesevenfor low-resolutionvolume
databy exploiting multi-texturing, advancedtexture fetchandper-fragmentshadingoperations
availableoncurrentprogrammableconsumergraphicshardware.

Knisset al [KKH01] presentedanimplementationthatusesmulti-dimensional(2D and3D)
transferfunctionsbasedon scalarvaluesalongwith their �rst andsecondderivatives in order
to extract speci�c materialboundariesandconvey surfacedetails. Kniss et al [KPI+ 03] later
appliedtheseideasto multivariatedataby restrictingthetypeof transferfunctionsto thosebased
on a sumof gaussians.By doingthis, thecontributionsalongtheray segmentcanbeevaluated
directly in hardwareinsteadof having to storethetransferfunctionsin largelookuptables.Kniss
et al [KPHE02] usea simpli�ed radiationscatteringmodelwhich capturesvolumetriclight at-
tenuationeffectsto producevolumetricshadowsandthequalitativeappearanceof translucency.

In orderto tackletheproblemof renderingvolumetricdatasetsthatdonot �t into thetexture
memoryof the graphicsadapter, a numberof authorshave proposedcompressionand level-
of-detail techniques.LaMar et al [LHJ99] presenteda multiresolutiontechniquefor interactive
texture-basedvolumevisualizationof largedatasets.This methodusesanadaptive schemethat
rendersthe volumein a region-of-interestat a high resolutionandthe volumeaway from this
regionat progressively lower resolutions.Thealgorithmis basedon thesegmentationof texture
spaceinto anoctree,wherethe leavesof thetreede�ne theoriginal dataandthe internalnodes
de�ne lower-resolutionversions.Weiler et al [WWH+ 00] presentanadaptive approachto vol-
umerenderingvia 3D texturesat arbitrarylevelsof detail.This work is similar to thatof LaMar
et al, with thedifferencethatauthorsdevelopeda bricking techniquethatguaranteesconsistent
interpolationbetweendifferentresolutionlevels. Theauthorspayspecialattentionto the�xing
of renderingartifactsthat areintroducedby non-correctedopacitiesat level transitions.Guthe
etal [GWGS02]presentedawavelet-basedcompressionapproach.They generateahierarchical
waveletrepresentationin a preprocessingstep,which is decompressedon the�y duringrender-
ing. Thelevel of detailusedfor renderingis adaptedto thelocal frequency spectrumof thedata
andits positionrelative to theviewer.

All theseeffortshavesomethingin common:they strive for bettervisualqualityandthey ex-
ploit thecapabilitiesof thegraphicshardwarethatwasavailableat thetime,sometimesworking
aroundthe limits imposedby it. Even if the original works make useof OPENGL extensions
availableonly onhardwarefrom speci�c vendors,thesameideascanbeimplementedtodayin a
moreportablefashionby usingtheARB_fragment_program [Lip03] extension.



Chapter 3

Parallel visualization

3.1 Stateof the art in parallel renderingwith PC clusters

Beforediscussingtheparallelizationof thevolumerenderingalgorithm,it is necessaryto intro-
ducesomecommonconceptsin the �eld of parallel rendering,aswell aspresenta review of
someof thecurrentresearchareasanddevelopments.

Molnar et al [MCEF94] seetheproblemof parallelyrenderingimagesasa sortingproblem,
andhave developeda classi�cationfor parallelrenderingalgorithmsbasedon thestageon the
renderingpipelineat which sortingis performed.“The essenceof the renderingtaskis to cal-
culatetheeffect of eachprimitive on eachpixel”, andsortingin this casemeansredistributing
databetweenprocessingunits,in otherwords,redistributingtheresponsibilityfor primitivesand
pixels. Startingfrom the assumptionthat geometryprocessingandrasterizationratesarehigh
enoughto beableto performthemin parallel,thusde�ning afully parallel renderer, threesorting
strategiesarede�ned: sort-�rst, sort-middleandsort-last.

Sort-�rst: theimageis dividedinto disjoint regions,andeachprocessingelementis responsible
for renderingoneof thoseregions.Geometricalprimitivesarepartially transformed(e.g.,
by transformingonly their boundingboxes)andredistributedto the processingelements
accordingto theiron-screenlocation.

Sort-middle: primitivesarefully transformed,lightedandreadiedfor rasterization.Thegeom-
etry processorsgetarbitrarysetsof primitivesassignedto themwhilst the rasterizersget
only thoseprimitiveswhich fall into their respectivescreenregion.

Sort-last: rasterizersareassignedarbitrarysetsof primitives,independentlyof their on-screen
location,andtheresultis passedon to compositors for visibility resolution.

There have beenseveral approachesto parallel graphicsover the last years. IRIS Per-
former [RH94] is basedarounda scenegraphandis capableof usingmultiple rendererson a
singlemachinein order to load-balancethe renderingtask. It presentsseveral “pipes” to the
applicationandrequirestheprogrammerto managetheparallelizationexplicitly. More recently,
theOpenSGlibrary usesa datareplicationandsynchronizationapproachin orderto achieve the

43
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sameeffect on a network of workstations(NOW) [VBRR02], with focuson renderingto large
displays.

A secondapproachthathasbeenusedwith successis building acceleratorswith a largede-
greeof internalparallelism.This is thecaseof SGI's RealityEngineandits successors[Ake93].
The RealityEnginehasmultiple geometryandrasterizationunitswhich work in parallel. Here
theprogrammerdoesnothave to beawareof theparallelizationin thegraphicshardware.Since
it operatesin immediatemode,it is limited by theprogram's ability to provide dataat theinter-
face's full speed.This is notoriouslyalsothecasefor modernPCgraphicshardware.Hardware
manufacturers,facingthedemandof computergamesfor ahighergeometricalcomplexity anda
higherlevel of detail in thetexturedata,arebuilding PCacceleratorswith anincreasingnumber
of geometryandfragmentprocessingunits, and just like with the RealityEnginearchitecture,
programmersareconfrontedto the problemof sendingdatato the hardwareat the maximum
speedallowedby theinterface.

MorerecentlyEldridgeatalhavepresentedaproprietarysystemcalledPomegranate[EIH00],
which is basedonpoint-to-pointcommunicationandfocusesonscalabilityat theinput interface:
it allowsmultipleprocessesto submitcommandsto thegraphicshardwaresimultaneously. It has
veryhighbandwidthrequirements,whichprecludeits usein thecontext of aNOW.

Anotherapproachthat hasbeenexploredby differentauthorsin recentyearsis employing
specializedcompositinghardwarealongwith a linearpipelineof commodityrenderers.Exam-
plesof suchsystemsarePixelFlow [MEP92],Sepia2 [HM99] andLighting-2[SEP+ 01]. Herea
programmablecompositortakesimagesfrom theapplicationandanothercompositor, performs
a singleprede�nedoperationon all thepixelsandsendstheresultto thenext compositordown
thechain.In this fashion,a �nal compositedimageis generatedandsentto thedisplay. Modern
implementationssuchasSepiaandLighting-2 take the 24-bit RGB output from the graphics
card's DVI interfaceand interpretit in an application-speci�cmanner. For example,in order
to be ableto performdepthcompositing, the applicationcansetup a viewport which is twice
ashigh asthe �nal image. On the top half, thecolor datais sentto thecompositinghardware,
while thebottomhalf containsthedepthinformation.All thesesystemsareproprietaryandnot
availableonthemarket. Justrecently, aproductcalled“DVG” which is basedaroundthis ideais
beingcommercializedby thecompany ORAD [Ora03].

Humphreys et al [HEB+ 01] presenteda systemcalledWireGL. This is a sort-�rst system,
built on top of the OPENGL API, which tries to be transparentfor theapplication,andfocuses
on large tiled displays. WireGL's usageof multiple renderersis not intendedto speed-upthe
application,only to allow it to renderlarger images.Samantaet al focuson scalablerendering
ratesby usinga cost-basedmodelfor load-balancingacrossnodesin a cluster. Their algorithm
is a hybrid sort-�rst sort-lastone,which is ableto produceimagesfor a singledisplay. Later,
Humphreysetal [HHN+ 02] reworkedtheWireGL architectureto produceChromium,astream-
basedprocessorfor theOPENGL API. Chromiumis basedaroundtheideaof stream�lter s. By
rearrangingthese�lters it canoperatein eithersort-�rst or sort-lastfashion.
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3.2 Parallel volumerenderingon clustersof PCs

Figure3.1 depictsthe generalpipelineusedto parallelizethe renderingprocessand�gure 3.2
depictsits integration into the clusterenvironment. Sincethe aimeddatasetsize is 512 MB
andlarger, a staticpartitioning in objectspacehasbeenoptedfor. This alleviatestheneedfor
constantlyre-uploadingthevolumetricdatato thegraphicscard.Thiskindof partitioningimplies
a sort-lastalgorithm.As the�rst stepof theprocess,a renderingcon�guration is createdusing
thenumberof nodesastheinputparameter. Givennr renderingnodes,thevolumeis partitioned
in x � y � z bricks, wherexyz= nr and eachrenderingnodeis assignedone of thesebricks.
Thefactorizationis selectedin a way thatmatchesthedimensionsof thedatasetto berendered
as closeas possible,that is, if the datasetis larger along one of the axes, the corresponding
factoris selectedto be larger (�gure 3.3). This avoids theproblemof having brickswhich are
excessively largein onedimension,that is, thevariationson projectedsizeof thebrick because
of a changein theviewing directionarekeptto a minimum.Usingthis datapartitioning,careis
takenfor neighboringnodesto receive brickswhich overlapby onevoxel on thecorresponding
borders. Oncethe datahasbeentransfered,the renderingloop is entered.For eachframe,a
projectionandmodelingmatrix is recomputedandtransferedasrequired.Themodelingmatrix
for eachnodeis correctedsothat thebrick is renderedat thecorrectscreenposition.Any other
requiredrenderingparameter(e.g. a transferfunction) is transferredaswell. As soonaseach
nodereceives the renderingparameters,it startsto renderits brick to the framebuffer usinga
preselectedvolumerenderingalgorithmasdescribedin the previous chapter, and taking care
of performingthe compositionin the way describedin chapter4. Oncea nodehas�nished
renderingits own brick, it entersthecompositingstageof theprocess.

3.3 Parallel compositingalgorithm

AssumingpartialRGBa imagedatacomputedin thefashiondescribedin chapter4 is available,
compositingtakesplacein thefollowing way: givenN differentnodes,eachof themhaving one
outof N imagestobecomposited,eachimageissplit intoN subimages.EachnodesendsN� 1of
theseimagesto itsneighborsandreceivesN� 1 fromthem.Imagecompositionis thenperformed
in theCPUandtheresultis sentto a previouslyde�ned node.If t is thecostof transmittingone
imageover the network andc the costof compositingtwo full imagestogether, this algorithm
hasa total costof (2t + c) (N � 1) =N (assuminga full-duplex network). Thisalgorithmrequires
a total of N2 � 1 messagesof size A

N , whereA is the total imageareain pixels. This is the
“direct send” algorithm by Neumann[Neu93]. Ma et al [MPHK94] comparethis algorithm
with their “binary swap” algorithm. The binary swap algorithmhasa highercommunication
cost(� 2:43N1=3A), but its advantageis thatit doesnot requiresendingmessagesto everyother
processoras might be the casewith the direct sendalgorithm in its original formulation by
Neumann.Insteadof that,atotalof N(log2N+ 1) � 1 messagesaresent.Whencomparingbinary
swapanddirectsendin a PCclusterenvironmentwith a Myrinet interconnect,it is necessaryto
rememberthatthesendingandreceiving operationscanoverlapandthatresourcecontentioncan
bepreventedby implementingthedataexchangein amannersimilar to:
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Split data

Transfer data

Load data

Transfer matrices
+ render params

Receive images

Stitch/Blend

Render

Receive data

Receive matrices
+ render params

Render

Send images

Generate render conf

Front end Rendering nodes

Figure3.1: Generalprogram�o w for thecontrollingandrenderingprocesses.
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Figure3.2: Integrationof thevolumerenderersinto a PCclusterenvironment.“COMM” is the
inter-processcommunicationsubroutine;“VR” is the volumerenderingsubroutine;“B” is the
compositingcode.

Figure3.3: Left: a volumedatasetwhereoneof the directionsis signi�cantly larger thanthe
othertwo. Right: thecorrespondingpartitioning(2� 2� 8) using32nodes.
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1 for ( i=1; i < size ; ++i )
2 {
3 // fb contains the framebuffer data
4 // cb is the compositing buffer
5 dst = rank ^ i;
6 MPI_Isend (fb[ dst ], size , MPI_UNSIGNED,
7 dst , DATA, comm, &(req [0]));
8 MPI_Irecv (cb[ dst ], size , MPI_UNSIGNED,
9 dst , DATA, comm, &(req [1]));

10 MPI_Waitall (2, req , status );
11 }

Figure3.4showsthetotal timerequiredfor sendingtheimageinformationover thenetwork,
compositingthedataandsendingtheresultto asinglenodeasa functionof theimagesizeA for
the16 nodecasewhenusingthedirectsendandthebinaryswapalgorithms.It canbeseenthat
the direct sendalgorithmis slightly fasterthanbinary swap. The advantageof the direct send
algorithmis thatits implementationis straightforward.

Figure3.5 shows the total time requiredfor compositingN imagesusingN nodeswith the
direct sendand binary swap algorithms. It can be seenthat the direct sendalgorithm scales
slightly betterthanthebinaryswapalgorithm.
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Chapter 4

Imagecompositingand volumerendering

4.1 General imagecompositing

Foley et al de�ne “image compositing”[FvDFH96] as “combining imagesto createnew im-
ages”.Thecanonicalwork in this areais thepaper“CompositingDigital Images”by Porterand
Duff [PD84]. In this work, the authorsnotethat imagecompositingis a goodway to produce
imagesin general,sinceit is easyto doandit helpssaving time,sincetheregenerationof costly
imaginerycanbeavoidedor reduced.In thepaper, theauthorsde�ne analgebrafor imagecom-
positing.Giventwo imagesA andB, theresultof compositingthemcanin generalbeexpressed
as:

A op B � wAA+ wBB (4.1)

wherewA andwB areper-pixel weightingfactorsassignedto A andB. PorterandDuff de�ned
operatorssuchasA over B, A in B andA held out by B. In this context, a so-calleda -value
is associatedwith eachRGB triplet thatde�nesthecolorsof thepixelsin theimageresultingin
anRGBa image.Fromhereon, it will beassumedthatthevaluesof eachcomponentlie in the
range[0;1] aspertheOPENGL speci�cation([SA03], §2.14).Thisa -valuecanbeunderstoodas
ameasurementof thecoverageof eachpixel in theimage.For example,consideringa redpixel,
RGB triplet (1; 0; 0), with a coverageof 50 percent,its a valuewould be 0.5. A 50 percent
coveragemeansthanonly half of the pixel's “surface” actuallyhasa red color, which canbe
approximatedby pixel fully coveredby the color (0.5; 0; 0) (�gure 4.1). That is, the RGBa
value(R; G; B; a ) representstheRGBvalue(a R; a G; a B).

Imagecompositionof this sorthasbeensupportedin hardwaresincetheearlydaysof com-
putergraphics,evenif at �rst it waslimited to chromakeying, whichis theprocessof assigninga
valuesto imagesbasedon thechromaticityof thepixels. Pixelswith a preselectedchromaticity
valuearehandledasfully translucent(a = 0) while therestarefully opaque(a = 1). For this
application,if A is the imagein the foregroundandB the onein the background,it is enough
to setthe weightingfactorsto wA = aA andwB = 1� aA. With theseassignments,it is possi-
ble to superimposeimagesover arbitrarybackgrounds,placingfor examplea givensubjecton
a locationof choice.Theonly requisiteis to capturetheforegroundsubjectin a locationwhich
backgroundresultsin a well de�ned chromaticityvaluewhich doesnot show up in thesubject

51
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50% coverage RGB (0.5; 0.5; 0.5)

Figure4.1: Opacityvaluesinterpretedas“coverage”informationfor agrey valueof 0.5.

itself. Thissortof compositingis usedwidely in thetelevisionand�lm industry.
Moderngraphicsacceleratorssupportawiderangeof compositionoperations.TheOPENGL

API exposesthis functionality as a set of blending equationsand blending functions. The
OPENGL speci�cationde�nesblending([SA03], §4.1.8)as:

Blendingcombinesthe incomingsource fragment's R, G, B andA valueswith the
destinationR,G,B, andA valuesstoredin theframebuffer at thefragment's(xw;yw)
location.

Sourceanddestinationvaluesarecombinedaccordingto theblendequation, quadru-
pletsof sourceanddestinationweightingfactorsaredeterminedby theblendfunc-
tions, anda constantblendcolor to obtaina new setof R, G, B, andA values,[. . . ]
Theresultingfour valuesaresentto thenext operation.

In OPENGL terms,theblendingequationcorrespondingto (4.1) is denotedby FUNC_ADD, and
is reexpressedas:

C = CsS+ CdD (4.2)

HereCs andCd arethesourceanddestinationcolorsandSandD arequadrupletsof weighting
factorsdeterminedby theblendfunctions.Someof theavailableblendingfunctionsarelistedin
table4.1.

4.2 The compositingproblem in volumerendering

For volumerenderingapplications,thecompositingoperationfor two fragmentsf i and fd with
colorcomponentsCi andCd andalphacomponentsa i andad is givenby:

Ci ~ Cd � a iCi + (1� a i)Cd

a i ~ ad � a i + (1� a i)ad
(4.3)

Ci ~ Cd means“apply Ci on top of Cd”. This expressionis congruentwith (2.7) andwith (2.8).
As it will bediscussedlater, it is notpossibleto implementthisexpressionwith someimplemen-
tationsof OPENGL. Usuallythis is not a problem,sinceback-to-frontcompositingin hardware
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Function RGBblendfactors Alphablendfactor
ZERO (0;0;0) 0
ONE (1;1;1) 1
SRC_COLOR (Rs;Gs;Bs) As
ONE_MINUS_SRC_COLOR(1� Rs;1� Gs;1� Bs) 1� As
DST_COLOR (Rd;Gd;Bd) Ad
ONE_MINUS_DST_COLOR(1� Rd;1� Gd;1� Bd) 1� Ad
SRC_ALPHA (As;As;As) As
ONE_MINUS_SRC_ALPHA(1� As;1� As;1� As) 1� As
DST_ALPHA (Ad;Ad;Ad) Ad
ONE_MINUS_DST_ALPHA(1� Ad;1� Ad;1� Ad) 1� Ad

Table4.1: Someof theblendingfunctionsavailablein OPENGL

1

2

3

Figure4.2: Threeslicesto becompositedtogetherin associative fashion

acceleratedvolumerenderingdoesnot requirethe�nal opacityvaluesto bestoredin theframe-
buffer.

The operationde�ned by (4.3) is evidently non-commutative. As statedbefore,the paral-
lelizationof thevolumerenderingalgorithmis basedon the fact that the integral alongthe ray
canbesplit into multiple integralsalongsegmentsof theray. Thatmeansthat thecompositing
operationneedsto be associative. Is the operationasquotedabove associative? Considering
threeslices,asin �gure 4.2:

(C1 ~ C2) ~ C3 = (a1 ~ a2)(C1 ~ C2) + (1� (a1 ~ a2))C3 (4.4)

Expanding(4.4)usingthede�nition (4.3), thefollowing expressionis obtained:

(C1 ~ C2) ~ C3 = a 2
1a2(� C1 + C2)

+ a 2
1(C1 � C2) + a1a2(C1 � 2C2 + C3)

+ a1(C2 � C3) + a2(C2 � C3) + C3

(4.5)
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Now, performingthecompositingoperationin adifferentorder:

C1 ~ (C2 ~ C3) = a1C1 + (1� a1)(C2 ~ C3)

= a1a2(C3 � C2) + a1(C1 + C2 � C3) � a2C3 + C3
(4.6)

Comparing(4.5)and(4.6) theseequationsaredifferent,thereforetheoperationde�ned by (4.3)
is not associative.

Consideringthealternativede�nition:

Ci � Cd � Ci + (1� a i)Cd

a i � ad � a i + (1� a i)ad
(4.7)

Performingthecompositionof 1 and2 andthenapplyingtheresultover3:

(C1 � C2) � C3 = (C1 � C2) + (1� (a1 � a2))C3

= C1 + (1� a1)C2 + (1� (a1 + (1� a1)a2))C3

= C1 + C2 + C3 � a1C2 � a1C3 � a2C3 + a1a2C3

(4.8)

On theotherhand,performingthecompositionof 2 over3, andthenadding1 on top:

C1 � (C2 � C3) = C1 + (1� a1)(C2 � C3)

= C1 + (1� a1)(C2 + (1� a2)C3)

= C1 + C2 + C3 � a1C2 � a1C3 � a2C3 + a1a2C3

(4.9)

Comparing(4.8) and(4.9) theseequationsare identical, thereforethe operationde�ned in
this way is associative. The operationde�ned by (4.7) is what PorterandDuff call the over
operator. For completeness'sake, it is worth nothingthatthis operationhasanidentity element
on theright:

A� ir = A+ (1� a )ir = A , ir = 0 (4.10)

andon theleft:
i l � A = i l + (1� a i l )A = A , i l = 0 (4.11)

That is, there is a single identity element: 0. Furthermore,assumingthe addition of color
componentsis saturated,this operationis also closed. Thus the set of RGBa quadruplets
(r;g;b;a ) 8 r;g;b;a 2 [0;1] togetherwith thisoperationform amononoid.It fails to beagroup
becausetheredoesnotexist aninverseelementfor eachmemberof theset.

4.3 Pre-multiplication

In orderto be ableto rendervolumeelementsin parallel,the de�nition (4.7) needsto be used
for thecompositingoperationinsteadof (4.3). Comparingbothde�nitions, thedifferenceis the
factora i in front of thetermCi . In orderto recover (4.3)for thecompositionof individualslices,
it suf�ces to changethecolorcomponentof eachvoxel fromCv to avCv, thatis, thea -component
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of thevoxel dataneedsto bepre-multipliedinto theRGBcomponents.To seethis,consideragain
�gure 4.2. Without lossof generality, consideringa blackbackgroundandapplyingslice3 over
it gives:

C3 ~ 0 = a3C3 (4.12)

Then2 over this:
C2 ~ C3 = a2C2 + (1� a2)a3C3 (4.13)

Then1 over this:

C1 ~ (C2 ~ C3) = a1C1 + (1� a1)(a2C2 + (1� a2)a3C3) (4.14)

Making thetransformationaC ! C0; a ! a 0on theright-handside:

= C0
1 + (1� a 0

1)(C0
2 + (1� a 0

2)C0
3) (4.15)

which is exactlyC0
1 � C0

2 � C0
3.

Thecompositionof a -pre-multipliedimageshasbeendiscussedby Blinn in detail [Bli94].
Besidestheassociative propertyalreadydiscussed,the techniqueis attractive becauseof its el-
egance:while theequation(4.3) is asymmetricbetweenthecolor anda components,equation
(4.7) is symmetric.Thismakesmany algorithmseasierto implementandeliminatessomeof the
bookkeepingassociatedwith thenon-pre-multipliedversion.

4.4 Pre-multiplication with OpenGL

Thereareseveralwaysin which thepre-multiplicationeffect canbeachieved in thecontext of
OPENGL:

� Performthepre-multiplicationin thedataitself.

� UsetheGL_EXT_blend_func_separate OPENGL extension.

� Use the GL_NV_register_combiners OPENGL extension,and perform the pre-
multiplicationbeforetheblendingstage.

� UsetheGL_ARB_fragment_program OPENGL extension,andperformthepre-mult-
iplicationbeforetheblendingstage,like in thepreviouscase.

4.4.1 Pre-multiplying in the transfer function

Beforediscussingtheotheroptions,it is convenientto look in moredetail at thepossibilityof
performingthepre-multiplicationduring theapplicationof the transferfunction, that is, multi-
plying thea valuesde�ned in thetransferfunctionwith thecorrespondingcolorvalues.
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Consideringthecaseof tri-linearinterpolationfor texturefetches,thefetchedvaluen is given
by:

n = å
i; j ;k= 0;1

L(a ; i)L (b ; j)L (g;k)ti jk (4.16)

L (x; i) � (1� i)(1� x) + ix

wherea ;b ;g aretheinterpolationtermsfor thelookup,andti jk arethescalarvaluesat texelsi jk
selectedassamples,asdescribedin [SA03], §3.8.8.For therestof thissectiontherangesfor the
summationindiceswill beomittedfor clarity of presentation,they alwaysrunbetween0 and1.

For pre-classi�cationwith a transferfunctionFc(x), thisbecomes:

nc
pre = å

i; j ;k
L(a ; i)L (b ; j)L (g;k)Fc(ti jk) (4.17)

For post-classi�cationon theotherhand:

nc
post= å

l
L(a 0; l )Fc

l (n) (4.18)

WhereFl denotesthe l -th samplein the transferfunction. The additionallinear interpolation
comesfrom thefactthatpost-classi�cationis implementedasatexturelookup.If thea multipli-
cationgetsdonein thetransferfunction,de�ning F̃c(x) � Fa (x)Fc(x), theseequationsbecome:

ñc
pre = å

i; j ;k
L(a ; i)L (b ; j)L (g;k)F̃c(ti jk) (4.19)

and

ñc
post= å

l
L(a 0; l )F̃c

l (n) (4.20)

On theotherhand,if themultiplicationis doneat theblendingstage,oneobtains:

na
pren

c
pre = å

i; j ;k;l ;m;n
L(a ; i)L (b ; j)L (g;k)L (a ; l )L (b ;m)L (g;n)Fa (ti jk)F

c(tlmn) (4.21)

and

na
postn

c
post= å

l ;m
L(a 0; l )L (a 0;m)Fa

l (n)Fc
m(n) (4.22)

In orderfor theseequationsto bepairwiseequivalent(4.19and4.21;4.20and4.22),the terms
Fa (ti jk)Fc(tlmn) andFa

l (n)Fc
m(n) needto reduceto F̃c(ti jk) andF̃c

l (n) respectively. Thismeans
thatL (a ; i)L (a ; j) needsto be0 for i 6= j andL(a ; i) for i = j, which is in generalnot thecase.
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Furthermore,it is necessaryto point out whathappensin thecaseof pre-classi�cationat the
blendingstage:

C0
dst = Csrc+ (1� asrc)Cdst

= ñc
pre+ (1� ña

pre)Cdst

= å
i; j ;k

L(a ; i)L (b ; j)L (g;k)Fa (ti jk)F
c(ti jk)

+

 

1� å
i; j ;k

L(a ; i)L (b ; j)L (g;k)Fa (ti jk)

!

Cdst

(4.23)

This meansthe opacityvaluethat is beingusedin the �rst term is not the sameopacityvalue
usedin thesecondterm.Thesamehappenswith post-classi�cationschemes,whichgive:

C0
dst = Csrc+ (1� asrc)Cdst

= ñpost+ (1� ña
post)Cdst

= å
l

L(a 0; l )Fa
l (n)Fc

l (n) +

 

1� å
l

L(a 0; l )Fa
l (n)

!

Cdst

(4.24)

By performingthemultiplicationafter theapplicationof the transferfunction, it is assured
that the opacityvaluebeingusedis consistentwith the assumptionthat the underlyingscalar
�eld is continuous,thatis, theopacityis derivedfrom theinterpolatedscalarvalue.

4.4.2 Pre-multiplying in the data itself

This methodfollows thesuggestionof Blinn andotherauthorsof working in a -pre-multiplied
spaceandis themoststraightforward. Thepre-multiplicationis a preprocessingstepanddoes
nothave to beconstantlyrepeated.Thedisadvantageis thattheresulthasto bestoredasRGBa
quadruplesin thegraphicscard,thereforeincreasingtherequiredtexturememory. It alsohasa
lower precision,asWittenbrink et al [WMG98] argue. The methodprecludesthe useof post-
classi�cationof thescalar�eld, sincethetransferfunctionneedsto beappliedbeforetheinterpo-
lation takesplace.It alsorequiresthatthetexturedatabeuploadedanew every time thetransfer
functionis modi�ed.

4.4.3 GL_EXT_blend_func_separate

In standardOPENGL and up to version1.3, it is only possibleto specify a single blending
functionwhich is usedfor RGB- anda -components,that is, the samefunctionhasto be used
for both factors. It is necessaryto notice in table 4.1, that thereis no single blend function
that speci�es the blendingfactorsas(As;As;As;1). This OPENGL extensionallows to specify
separateblendingfunctionsfor theRGB-anda -components.Thisoptionhastheadvantagethat
thepre-multiplicationis performedafterthefragmenthasbeenshaded(�gures 2.4and2.5)and
insidethededicatedblendingunit on thegraphicscard,which is likely to beableto performthis
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Figure4.3: Registercombinersetupfor multiplying thealphacomponentinto thecolor compo-
nentsbeforetheblendingstage

operationwithout lossof precissionsinceit is a dedicatedunit. The disadvantageis that this
extensionis rarely supportedby consumergradegraphicshardware(for example,only recent
versionsof the Radeonchip from ATI supportthe functionality). This functionality hasbeen
incorporatedinto thecoreAPI startingwith OPENGL 1.4([SA03], §G.9)soawidersupportfor
it is likely to beseenin thefuture.

4.4.4 GL_NV_r egister_combiners

Heretheideais to multiply thea componentof thevoxel into its RGB valuesafterperforming
per-fragmentshadingoperationsbut just beforepassingthe datato the blendingstage(�gure
2.4).Thecombinerarrangementin �gure 4.3 is setupby thefollowing code:

1 /* A[r ,g, b] = T[0][ a] */
2 glCombinerInputNV (
3 GL_COMBINER0_NV, GL_RGB, GL_VARIABLE_A_NV,
4 GL_TEXTURE0, GL_UNSIGNED_IDENTITY_NV, GL_ALPHA);
5
6 /* A[a ] = (1-0)[ a] */
7 glCombinerInputNV (
8 GL_COMBINER0_NV, GL_ALPHA, GL_VARIABLE_A_NV,
9 GL_ZERO, GL_UNSIGNED_INVERT_NV, GL_ALPHA);

10
11 /* B[r ,g, b] = T[0][ r ,g,b ] */
12 glCombinerInputNV (
13 GL_COMBINER0_NV, GL_RGB, GL_VARIABLE_B_NV,
14 GL_TEXTURE0, GL_UNSIGNED_IDENTITY_NV, GL_RGB);
15
16 /* B[a ] = T[0][ a] */



4.4. PRE-MULTIPLICATION WITH OPENGL 59

17 glCombinerInputNV (
18 GL_COMBINER0_NV, GL_ALPHA, GL_VARIABLE_B_NV,
19 GL_TEXTURE0, GL_UNSIGNED_IDENTITY_NV, GL_ALPHA);
20
21 /* T[0][ r ,g,b ] = A[r ,g,b ] * B[r ,g,b ] == T[0][ a] * T[0][ r ,g,b ] */
22 glCombinerOutputNV (
23 GL_COMBINER0_NV, GL_RGB, GL_TEXTURE0,
24 GL_DISCARD_NV, GL_DISCARD_NV,
25 GL_NONE, GL_NONE,
26 GL_FALSE, GL_FALSE, GL_FALSE);
27
28 /* A[r ,g, b] = (1, 1, 1) */
29 glFinalCombinerInputNV (
30 GL_VARIABLE_A_NV, GL_ZERO, GL_UNSIGNED_INVERT_NV, GL_RGB);
31
32 /* B[r ,g, b] = T[0][ r ,g,b ] */
33 glFinalCombinerInputNV (
34 GL_VARIABLE_B_NV, GL_TEXTURE0, GL_UNSIGNED_IDENTITY_NV, GL_RGB);

The advantageof this option is that it is supportedby a wide rangeof hardwarewhich is
commonlyavailable.Thedisadvantageis thatthis extensionis complex to work with, theoper-
ationshave very limited precision(commonly10-bits)andit is NVIDIA proprietary. No other
company hasshown interestin implementingthis extensioninto their hardware,andgiven the
currentmove towards�e xible fragmentprogrammability, it is unlikely that this will happenin
thefuture.Thedifferencesin the�nal imageintroducedby thismethodareshown in �gure 4.4.

4.4.5 GL_ARB_fragment_program

This is thesameideaasbefore:multiply thea -valueof eachfragmentinto thecolorcomponents
justbeforepassingto theblendingstage.Thisoptionhastheadvantagethatfragmentoperations
arecarriedat a high precisionon currentimplementations.Thedisadvantageis that it is limited
to very recenthardwarewhich hasnot beenwidely deployed, and imposesa performancehit
whencomparedto thetraditionalmethod.It is verysimpleto implement:

1 !! ARBfp1 .0
2 TEMP coord , color ;
3 TEX coord , fragment . texcoord [0], texture [0], 3D;
4 TEX color , coord , texture [1], 2D;
5 MUL result .color , color , color . a;
6 MOVresult .color . a, color .a ;
7 END

The availability problemwill likely disappearin the future, sincethis extensionis of�cially
sanctionedby theOPENGL ArchitectureReview Boardandis expectedto beincorporatedinto
a futurerevisionof theOPENGL standard.
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Figure 4.4: Comparisonbetweenthe usualnon-pre-multipliedblendingoperations(left) and
the a -multiplication performedusingregistercombiners(middle). On the right the difference
betweenthetwo of themis presentedusingapalettedimage.Theinsetscorrespondto theregion
of maximumdifference.(See�gure A.1 on thecolorplatessection).



Chapter 5

Software inter-brick compositing

5.1 Moti vation

It is technicallypossibleto performthecompositingoperationof theseveralsubvolumesin the
graphicshardware.To achieve this, theimageshave to bereadfromtheframebuffer, savedin a
temporarylocationandthenwrittenbackto theframebuffer. If thetemporarylocationis in main
memory, asit mustbethecasewhentherenderersareinstalledonphysicallydifferentcomputers,
the easiestand most naturalway of doing this is to usethe functionsglReadPixels and
glWritePixels . This would exploit the implicit parallelizationin the graphicshardware,
but thereis an overheadassociatedwith this operation,andon currentgraphicshardware,this
is not to be neglected,astable5.1 shows. Compositingin hardwarewould amountto reading
backthedatain the framebuffer, which cananddoeshappenin parallel,andthensequentially
uploadingtheimagesto asingledisplayadapter, andeventuallyreadingbackthedataagain. As
anexample,for a16nodecon�guration,thiswouldmean19+ 16� 16+ 19 = 294msperframe
(reading,writing 16images,readingback),andthisdoesnottakeinto accountthetimeit takesto
collecttheimagesfrom thedifferentrenderers.If all thecompositorstake part in this operation
andignoringany overhead,the time could be reducedto 19+ 16� 16

16 + 19
16 = 36 ms (reading,

writing 1
16 of animage16 times,reading 1

16 of animage).

Thequotednumbersimposeanupperlimit of about2-3 Hz on therefreshrateat which the
applicationcould run if performingthe compositingin a sequentialfashion,which is still too
far away from any de�nition of interactiverendering. Performingthecompositingin a parallel
fashionputsanupperlimit of 27 Hz on therefreshratewhich is acceptable,but this is ignoring
thetransfertimesandoverhead.

As analternative, insteadof usingtheglDrawPixels function,it is possibleto uploadthe
datato a textureandthenrendera largepolygonto theframebuffer to performthecompositing
operation. The texture uploadpath is likely to be moreoptimizedthanthe glDrawPixels
one,sincethe former is anoperationmorecommonlyusedby computergames,but this is not
necessarilythecase,astable5.2shows.

Becauseof this,analternativeCPU-basedapproachhasbeenexplored.
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colorbuffer
rgb rgba bgra abgr

draw? 18 17 16 17
read? 21 20 19 20
draw� 49 33 22 31
read� 34 37 27 29
draw† 19 19 16 18
read† 22 22 21 22
draw‡ 39 31 20 25
read‡ 30 30 25 24

Table 5.1: Readand write times for color and depthbuffers without blendingor depth test
enabled. The quoted number is time required to read or write a 1024� 768 region (in
ms). The GPU, chipset,CPU andOS kernelspeci�cationsfollow: ?GeForceTi 4600/AMD-
MP 760/Athlon MP 2000+/Linux 2.4.19; � GeForce/Intel440BX/PIII 500 MHz/Linux 2.4.1;
†GeForce2/VIA Apollo KT133/Athlon900MHz/Linux 2.4.1;‡GeForce2/Intel440BX/PIII 650
MHz/Linux 2.2.16.

Operation Texture DrawPixels
Clear � 1 � 1
Textureupload 36
Textureupload 36
Renderquad � 1
Renderquad � 1
DrawPixels 16
DrawPixels 18
ReadPixels 42 41
Total 114 75

Table5.2: Comparisonbetweentwo alternativepathsfor performingimagecompositionin hard-
ware(the�nal imagesareidentical).ThepathusingtheglDrawPixels functionis 34%faster
for this particularcon�guration. The imagesare1024� 1024pixels in sizeandcontainRGBA
data. Both measurementswere performedon the samecon�guration: GeForce3Ti 500/VIA
KT133/Athlon XP 1600+/Linux2.6.0-test10.All measurementshave a standarddeviation of
lessthan 2% of the indicatedvalue and the operationshave beenperformedin the sequence
shown to avoid maskingthe effect of statechangesandpipelinestalls. It is interestingto note
that the secondcall to glDrawPixels is consistentlyslower thanthe �rst even if the same
amountof datais being transfered. Along the sameline, the glReadPixels operationin
the texture path is consistentlyslower thanthe sameoperationin the drawpixels path,but the
differenceis notstatisticallysigni�cant.
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5.2 Compositing imagesin software

Given two pixels A andB, whenworking with colorsrepresentedwith 8 bits per channel,the
operation

Ac + (1� Aa )Bc

translatesto

Ac +
(255� Aa )Bc

255
(5.1)

wherethesubscriptc denotesthecolorcomponentof thepixel. If x is a16bit value,theoperation
x

255 canbecomputedas:

x
255

=
x

256
�
256
255

=
x

256
�
255+ 1

255

=
x+ x=255

256

=
x+ x=256+ x=(255� 256)

256

(5.2)

The termx=(255� 256) canbeneglectedsinceit is zerofor any valuex 2 [0;65025] whenper-
forming integerdivision. To accountfor roundingup, 128needsto beaddedto thenumerator,
thus:

x
255

=
x+ (x+ 128)=256+ 128

256
(5.3)

Thisexpressiononly needs16-bitoperandsto becomputed,andyieldscorrectresultsfor any x in
[0;65025] whencomparedto thesameoperationperformedin �oating point andthentruncated
to 8 bits. This is straightforward to implementasC code.As seenin �gure 5.1 this introduces
novisualartifacts.

5.3 Compositing imagesin assembly

Modernprocessorsareableto carryout thissortof operationsin aSIMD fashion.Thefollowing
codeexploits Intel's MMX extensionto the386 instructionsetin orderto performalphacom-
positingof two imageson the CPU.Thereis someroom for improvementwith regard to data
prefetchingandprocessor-speci�c optimizations(seefor example[Adv02]). Nevertheless,this
codecompositesin excessof 56 1024� 1024imagepairspersecond(117megapixelspersec-
ond,lessthan18 msperimagepair) on anAthlon MP 2000+CPU,which is equivalentto circa
28CPUcyclesperpixel in the�nal image.Returningto theexamplecomputationin section5.1,
thismeans19+ 15� 18 = 289msfor thatcase(readback,blendin software16 images).It also
comparesfavorablywith respectto thenumbersquotedin table5.2.Underidealconditions,this
canscalelinearlywith thenumberof CPUs.

In the following listing, %1containsA, %2containsB and%0is the destinationaddress.
AT&T syntaxis usedfor theoperands.
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Figure5.1: Comparisonof imagescompositedin hardwareusingthetraditionalsingle-brickpath
(left) andin softwareusingmultiplebricks(right). (See�gure A in thecolorplates)

1 pxor %mm2, %mm2 /* clear mm2 */
2
3 mov $128 , %eax
4 movd %eax, %mm4
5 pshufw $0, %mm4, %mm4 /* copy 128 to all words */
6
7 movd (%1), %mm0 /* copy a to mm0 */
8
9 movd (%2), %mm3 /* copy b to mm3 */

10 punpcklbw %mm2, %mm3 /* 16- bit expand b */
11
12 pcmpeqb %mm1, %mm1 /* fill mm1 with 1' s */
13 pxor %mm0, %mm1 /* 1 - aalpha */
14 punpcklbw %mm2, %mm1 /* 16- bit expand 1- aa */
15 pshufw $0, %mm1, %mm1 /* copy 1-aa to all words */
16
17 pmullw %mm1, %mm3 /* x = (1- aalpha )* b */
18 paddusw %mm4, %mm3 /* x += 128 */
19 movq %mm3, %mm1 /* y = x */
20 psrlw $8, %mm1 /* y /= 256 */
21 paddusw %mm3, %mm1 /* y = y + x */
22 psrlw $8, %mm1 /* y /= 256 */
23
24 packuswb %mm1, %mm1 /* pack result */
25
26 paddusb %mm1, %mm0 /* add a and (1- aalpha )b */
27 movd %mm0, (%0) /* copy result to memory */
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The AMD64 architectureextendsIntel's x86 architectureto usea 64-bit addresssizeand
someregisterextensions,including thesocalled128-bitmediainstructions, which use128-bit
XMM registersandis acombinationof theSSEandSSE2instructionsets([Adv03a], [Adv03b]).
In orderto takeadvantageof thesethecodepresentedpreviouslyneedsto bemodi�ed asfollows:

1 rex64 movd (%1), %xmm0 /* x0 = aa' */
2 rex64 movd (%2), %xmm1 /* x1 = bb' */
3
4 mov $0x00800080 , %rax
5 movd %rax, %xmm2
6 pshufd $0, %xmm2, %xmm2 /* x2 = 00 80 x 8 */
7
8 pxor %xmm3, %xmm3 /* clear xmm3 */
9 pxor %xmm4, %xmm4 /* clear xmm4 */

10
11 punpcklbw %xmm3, %xmm0 /* put a pixels in place */
12 punpcklbw %xmm3, %xmm1 /* put b pixels in place */
13
14 pcmpeqd %xmm3, %xmm3 /* fill xmm3 with 1' s */
15 punpcklbw %xmm4, %xmm3 /* construct 16- bit 255 */
16 pxor %xmm0, %xmm3 /* xmm3 = 1 - alpha */
17 pshufhw $0, %xmm3, %xmm3 /* put 1 - alpha on all */
18 pshuflw $0, %xmm3, %xmm3 /* words */
19
20 pmullw %xmm3, %xmm1 /* x1 = (1- a)*b */
21 paddusw %xmm2, %xmm1 /* x1 += 128 */
22 movdqa %xmm1, %xmm2 /* x2 = x1 */
23 psrlw $8, %xmm2 /* x2 /= 256 */
24 paddusw %xmm2, %xmm1 /* x1 += x1 /256 */
25 psrlw $8, %xmm1 /* x1 /= 256 */
26 packuswb %xmm1, %xmm1 /* saturate & pack result */
27 $
28 packuswb %xmm0, %xmm0 /* XXX: pack a again */
29
30 paddusb %xmm1, %xmm0 /* x0 += x1 */
31 rex64 movd %xmm0, (%0) /* copy result to memory */

Thisversionis ableto compositeimagesatarateof 115imagepairspersecondwhenrunning
onanOpteronsystemclockedat1.8GHz. Thisgives,for theexamplecase19+ 15� 9 = 154ms.
Figure5.2showsacomparisonbetweenbothimplementationsrunningondifferenthardware.

If multiple CPUsareavailableon a singlesystem,it is possibleto performthecompositing
operationin parallelacrossthem. Thereis someoverheadassociatedwith threadmanagement
aswell asmemory-bandwidthcontention.Nevertheless,a dual Athlon MP systemrunningat
1.7GHz composites91 imagepairspersecond,anda dualOpteronsystemrunningat 1.8GHz
composites193imagepairspersecondgiving 96mstotal time for theexamplecase.
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Figure5.2: Performancecomparisonfor softwareblendingacrossdifferentsystems.Thenum-
bersrepresentimagepairsper second,for imageswith size1024� 1024pixels. The “double
LUT” datais includedfor reference;this is a look-up table implementationthat is �lled with
256� 256� 256valuescomputedusingdoubleprecision�oating point arithmetic. “int” is a C
implementationof thealgorithmasdiscussedin thetext. “mmx” is eitherof theimplementations
quotedin the text. It is interestingto notethat the LUT-basedmethodis fasterthanthe MMX
codeon thePentium4, which is probablydueto thehighermemorybandwidthavailableon that
architecture.
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5.4 Discussion

Sincereadingimagesfrom theframebuffer takesof theorderof 20ms,any softwarepathwhich
is ableto compositeimagesfasterthanthat, that is, any pathcompositingmorethan50 pairs
per second,turnsthe processof obtainingthe datafrom the framebuffer into the application's
bottleneck.As shown in �gure 5.2 this is alreadythecasefor CPUswhich have beenavailable
on themarket for almosttwo years.RecentlyavailableCPUs,like AMD' s Opteron,arecapable
of rateswell in excessof that. The bottleneckhereis the connectionbetweenthe host's main
memoryandthegraphicscard.Uploadingdatato thecardis averycommonoperationandboth
driversandhardwareareheavily optimizedfor it. On the otherhand,readingdatabackfrom
the graphicscardinto the host's memoryis not so commonandvendorsusuallydo not invest
muchtimeoptimizingthispath.Until recently, it wasnotusualto seeaperformanceincreaseby
just upgradingdrivers. A very immatureimplementationof NVIDIA's videodriversfor Linux
achieved lessthan60 MB/s for this operation,while a later releaseusedon thesamehardware
reachedover 120 MB/s. Nevertheless,it is not realistic to hopefor signi�cant improvements
without moving from AGP connectionsto a different architecture,for examplePCI Express
parts,whichshouldtheoreticallybeableto achievetransferratesfromthegraphicscard,atarate
of 1 GB/s.Until suchachangehappens,in-CPUcompositingshouldstill beanattractiveoption.
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Chapter 6

Systemarchitecture

6.1 Message-PassingInterface

TheMessage-PassingInterface(MPI) is thede-factoAPI for message-passingsoftwareusedfor
developinghigh-performanceportableparallel applications[GLS94]. It is de�ned by a stan-
dard[SOHL+ 98] andimplementationsfor speci�c hardwareplatformsareprovided by the re-
spective vendors.It is not tied to a particularoperatingsystem(implementationsareavailable
for several UNIX variantsaswell asthe Microsoft Windows family of operatingsystems)nor
hardwarearchitectures(e.g.,Cray's C90andT3E,SGI's Origin andOnyx, IBM' s SP1andSP2,
Intel's Paragon)nor sharedmemorymodels(besidesthearchitecturesalreadymentioned,mul-
tiple implementationsareavailablefor NOWs with severalkindsof interconnects).Particularly
notoriousis theMPICH implementation,developedby ArgonneNationalLaboratoryandMis-
sissippiStateUniversity[GLSD96]. This implementationis thebasisfor many of theimplemen-
tationsby thepreviouslymentionedvendors,whichhasearnedits reputationfor goodportability
acrossplatformsandits goodmessagepassingperformance.Thesetwo reasonsarethe main
motivationfor choosingMPI asthecommunicationlayeronwhich therestof theparallelization
framework rests.

6.2 Network performance

MPICH usesa layeredsoftwarearchitecture,asshown in �gure 6.1. This architectureallows
vendorsto implementdifferentlow-level deviceswithout having to worry aboutthe high-level
MPI implementation.For example,Myricom1, producersof the Myrinet PC-interconnection
hardware,distribute their own MPI implementation,MPICH-GM, which usestheGM Myrinet
driversfor the low-level device communication.The PC ClusterConsortium2 (andpreviously
the“Real World ComputingPartership”)providestheSCore ClusterSystemSoftware, “a high-
performanceparallelprogrammingenvironment” for networksof workstations.SCoreincludes

1http://www.myri.com/
2http://www.pccluster.org/
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Abstract Device Interface
(ADI)

Low-level Device

Communication Device

Channel Device Interface

Physical connection

MPI Application

Figure6.1: MPICH layeredarchitecture.

low-level Myrinet drivers(PM) aswell asanMPICH-basedMPI implementationworkingontop
of thesedrivers.An interestingaspectof SCoreis that it makesseveralcommunicationdevices
available to the applications.The sharedmemorydevice is automaticallyusedfor communi-
cation acrosstasksrunning on the samephysical node. For the communicationacrosstasks
runningon differentphysical nodestherearetwo devicesavailable: ch_score (the default)
andch_score2 . The later makesoptimizationsthat aremuchmoreagressive, but early im-
plementationsof SCorehadstability problemswhenusingit. In recentversionsof SCorethe
ch_score device hasincorporatedmany of theseoptimizationsand ch_score2 hasbeen
discontinued.Theeffect of switchingbetweendevicescanbeseenin �gure 6.2. For largemes-
sages,theoptimizeddevicecanachievedata-transmissionratesin excessof 150MB/s.

MPICH usesdifferent communicationprotocolsaccordingto the size of the messagebe-
ing transmittedacrossnodes.Theboundariesbetweentheregionswhereeachprotocolis used
aredeterminedbasedon the system's limitations (communicationmedia,buffering space)and
average-caseoptimizationcriteria. Generallytheseprotocolsare: short,eager(long messages)
andrendezvous(very longmessages).Theeffectof crossingtheboundariesacrossprotocolscan
beclearlyseenin �gure 6.3 assharpdiscontinuitiesin the transferspeed.In this casethe ren-
dezvousprotocolachievescirca100MB=s. Theperformancemeasurementwasdoneby having
the testprogramexchangemessagesof the given sizeacrosstwo nodesin a concurrentfash-
ion (usingMPI_Sendrecv ), which reproducestheactualconditionsunderwhich theparallel
renderingcodeworks.
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Figure6.2: Measurednetwork bandwidthasa function of the messagesize for two different
devices. In bothcasesthesamefull duplex Myrinet network is usedfor thephysicaldatatrans-
mission.In orderto measureperformance,thetestprogramsendsmessagesof thegivesizefrom
onenodeto anotherandthenback.
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6.3 Multithr eadingsupport

As mentionedbefore,theactualimplementationof thesystemis moreconvolutedthandesired,
oneof thereasonsbeingthefactthattheMPI implementationusedat themaintestingsitedoes
not allow the applicationto usemultiple executionthreads. It is commonfor MPICH-based
implementationsto lack supportfor threadsin theprogramandSCoreis no exception. This is
duein part becausethe original MPICH implementationdoesnot supportit (sincethereis no
platform-independentthreadingAPI, or in generalaportablemethodfor threadedprogramming)
and in part becauseit is a dif�cult aspectto implement(the MPI standardleavessomeroom
for implementation-speci�cbehaviour). Protopopov andSkjellum [PS01]provide an in-depth
discussionof thedif�culties involvedin thedesignandimplementationof a multithreadedMPI
architectureaswell asthereasonsfor thede�cienciesin theMPICH design.

With respectto multithreadingsupport,theMPI standard(p. 8) hasthefollowing to say:

MPI doesnot specify the excecutionmodel for eachprocess. A processcan be
sequential,or canbemulti-threaded,with threadspossiblyexcecutingconcurrently.
Carehasbeentakento makeMPI “thread-safe”,by avoidingtheuseof implicit state.
Thedesiredinteractionof MPI with threadsis thatconcurrentthreadsbeall allowed
to excecuteMPI call, andcalls be reentrant;a blocking MPI call blocksonly the
invoking thread,allowing theschedulingof anotherthread.

TheMPI 2 standardexpandsthis languageto read([HL97], p. 193):

[...] This sectionlists minimal requirementsfor thr eadcompliant MPI implemen-
tationsandde�nesfunctionsthatcanbeusedfor initializing thethreadenvironment.
MPI maybe implementedin environmentswherethreadsarenot supportedor per-
form poorly. Therefore,it is not requiredthatall MPI implementationsful�ll all the
requirementsspeci�edin thissection.

A distinctionis madebetweena threadcompliantimplementationandan applicationprogram
usingthreads.This meansthateven if theMPI implementationis not thread-safe,anMPI pro-
gramcould usethreads,as long asthe communicationis restrictedto onesinglethread. This
programmingmodelis whattheMPI 2 standardcallsfunneled:

MPI_THREAD_FUNNELED The processmay be multi-threaded,but only the
mainthreadwill makeMPI calls(all MPI callsare“funneled” to themainthread).

This wouldallow theprogramto overlapcommunicationandcomputationin a simpleway. Un-
fortunately, dueto animplementationissue,SCoredoesnotallow eventhisprogrammingmodel.
SinceMyrinet hardwareis capableof asynchronouscommunicationandthe driverssupportit,
the problemis somewhat alleviated,but the useof multiple CPUsper nodeto speedup some
operationsis precluded.This couldbeworkedaroundby spawning N taskspernode(whereN
is thenumberof CPUspernode,2 for theparticularcaseof the testingfacility), but this could
introducesomeunnecessaryandmeasurableoverheadbecauseof theextra memorycopy oper-
ationsthat would be needed.Yet this aloneis no reasonfor disregardingthis implementation
alternativecompletely.
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6.4 OpenGL integration

The“implementationissue”in SCorethatpreventsprogramsfrom usingthe“funneled” thread-
ing model also preventsthe direct useof the OpenGLAPI in MPI programsrunning on the
SCoreenvironment.A designdecisionin SCore[Ish01] preventsprogramsfrom beingdynam-
ically linkedagainstlibraries.On onehand,SCorefavorsstaticallylinkedprogramsfor perfor-
mancereasons.It is generallyagreedthatprogramsmakinguseof dynamicallylinkedsymbols
run measurably(albeitnot signi�cantly) slower andhave (in thegeneralcase)a largermemory
footprint thantheir statically linked counterpartsbecauseof relocationoverhead,but this is in
thegeneralcaseamortizedby the time the functionspendsdoingusefulwork. A gooddiscus-
sionaboutdynamiclinking hasbeenpresentedby Franz[Fra97]. On theotherhand,in orderto
implementa singlesystemimagemodelSCoreprovidesits own versionsof somefunctionsin
thestandardC library. TheseconsiderationstakentogethermadetheSCoredevelopersbanthe
useof sharedlibrariesin theSCoreenvironment.As a resultit is not possibleto useeitherthe
POSIXthreadslibrary (libpthread ) becauseit is usuallytightly coupledto internalmecha-
nismsof theC library, nor theOpenGLlibrary (libGL ) becauseit is usuallyavailableonly as
adynamicallysharedobject(in OpenGL'scase,relocationoverheadis insigni�cant comparedto
otherfactorswhichneedto betakeninto accountinto thedesignof ahigh-performanceOpenGL
implementation[KBH95]).

Thesolutionemployed to work aroundthis problemis to split eachMPI taskinto two pro-
cesses:one of them in charge of the communicationover the network and the other one in
chargeof theactualrenderingoperations.Thetwo processescommunicatewith eachotherover
two channels:synchronizationmessages(short)aresentoverasocketor pipeanddatamessages
(large)areexchangedoverasharedmemoryarea(standardSystemV functionality).

This implementationhasonede�ciency whichcannotbeeasilyavoided,namely, thelatency
of theoperationsis determinedby thelatency of theslowestdevice. Assumingtheimplementa-
tion is fair in termsof polling devices,theaveragelatency is equalto half thesumof thelatencies
of thedevicesbeingpolled,whichis ontheorderof magnitudeof thelargestlatency in thegroup.
The devicesto be consideredarethe input devicesin the system,the network devicesandthe
sharedmemorylink acrossprocesses.Pollinglocally attachedinputdevicesfor eventavailability
hasalatency ontheorderof magnitudeof 10� 5 sandthesamecanbesaidof thesharedmemory
link. The Myrinet network device has,theoretically, a latency on the orderof 10� 6 s. For the
caseof accessingtheservicefrom aremotelocation,in themannerdescribedby Stegmaieratal
[SME02], thelatency of theinputdevicesincreasesto theorderof 100 s� 10� 3 s.

6.5 Accessto the hardware

Oneof the �rst issuesto beresolvedwasgrantingaccessto theX server. UndertheusualX11
model,accessis grantedto the usersitting at the console,that is, to the userdirectly interact-
ing with the X server. Sincethe environmentprecludesthe existenceof “an usersitting at the
console”at �rst accesscontrol wascompletelydisabled. This meansthat any userloggedon
the machinecanget accessto the X server by pointing the X client to the local display. In a
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Figure6.4: Architectureof theinterprocesscommunication.

controlledenvironment,this might bea non-issue,but sincethereis no controlover theusersof
thesystem,someform of accesscontrolwasdesired.

A customPAM modulewaswrittenfor thispurpose,whichwasattachedto thelogin service.
PAM standsfor “PluggableAuthenticationModules”andis asuiteof sharedlibrariesthatenable
the local systemadministratorto choosehow applicationsauthenticateusers.This is achieved
withouthaving to modify theactualapplications.ThisparticularPAM modulegrantsa lock (and
accessalongwith it) if nootheruseris loggedin at themoment.It usestheX SecurityExtension
API to asktheX server for a “MIT magiccookie” andinstallsit on theuser's .Xauthority
�le. This enablestheX clientsto authenticatethemselveswith theX server. Oncetheuserlogs
out, the cookie is invalidatedin the X server and the lock is removed. By using this method
exclusiveresourceallocationis ensuredandotherusersarepreventedfrom snoopingthedisplay.
It is worth nothingthatusingtheNVIDIA driversfor Linux, it' s possibleto readthecontentsof
the framebuffer by opening/dev/nvidiaN andmappingcertainpartsof it into theprocess'
addressspace.
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Chapter 7

Application developmentwith OpenGL

7.1 Moti vation

Working with OPENGL canat timesannoying. It is sometimesdif�cult to understandwhy the
expectedoutputdoesnot show up or even worse,why nothingat all shows up on the display.
Over the years,every OPENGL programmerdevelopsa toolbox of macrosand functionsto
deal with this situation. Even so, many programmersprefer OPENGL over the alternatives,
perhapsfor two basicreasons:1. It is platformindependent,andtherearegoodimplementations
for a myriad of platforms; 2. The natureof its developmentprocessleaves plenty of room
for hardware manufacturersto experimentwith new ideasin a way that allows programmers
to tinker with the hardwareassoonasit becomesavailablethanksto the so called“OPENGL
extensionmechanism”. Thereare neverthelesstwo issuesthat are a commoncauseof grief
amongprogrammers:

� Usingextensionscanbecumbersomeandhardto maintainfrom a softwaredevelopment
pointof view.

� DebuggingOPENGL applicationscanleadto time-consuming“printf debugging” cy-
cle.

Two answersto theseproblemswill bedescribedin therestof thissection.

7.2 Debugging OPENGL applications

The IRIX operatingsystemshipsa utility calledogldebug which allows the programmerto
placebreakpointsat thoseplacesin theprogramwhereOPENGL callsaremade.Reimplement-
ing this utility canbe doneeasily: a customizedOPENGL dynamiclibrary is installedon the
system,and it is usedinsteadof the native OPENGL library. In this customizedversion,the
OPENGL API entrypointsareexportedto theapplication,but insteadof performingtheir usual
tasks,they provide thedesiredtracingandbreakpointingfunctionality. Taking for examplethe
caseof theglBegin entrypoint,its new implementationmight look like this:

77
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1 GLvoid glBegin (GLenum mode)
2 {
3 trace (GLBEGIN, mode);
4 break_if ( GLBEGIN);
5 return ;
6 }

In this hypoteticalimplementation,trace performsall the necessarytasksfor tracingthe
calls,includingconvertingnumericconstantsbackto their human-readablerepresentations(the
consequencesof this conversionwill bediscussedlater). Theproblemwith this implementation
is that theoriginal functionalityof theentrypointhasbeenlost. As explainedin moredetail in
chapter8, theaddressesof theentrypointsin theoriginal library canberecoveredeasily. With
thoseathand,thenew implementationmight look like:

1 GLvoid glBegin (GLenum mode)
2 {
3 trace (GLBEGIN, mode);
4 break_if ( GLBEGIN, PRE_CALL);
5 real_glBegin ( mode);
6 break_if ( GLBEGIN, POST_CALL);
7 return ;
8 }

Regardingthemaintainabilityof this idea,theOPENGL SampleImplementation1 from SGI
includesa machine-readabledescriptionof the whole OPENGL API. This descriptionis used
amongotherthingsto generatetheheader�les for theC languageandthedispatchtablesfor the
entrypointsthatany OPENGL implementationhasto provide. This meansthis descriptionis an
idealstartingpoint for automaticallygeneratingthecoderequiredby adebuggingfacility similar
to ogldebug .

Theactualimplementationof this ideahasbeencalledspyGLass andis availablefor down-
load from http://spyglass.sf.net/ . Thecommandline versionprovidesonly tracing
facilities,for example:

$ spyglass ./spyglass_demo
glXChooseVisual(0x804a260, 0, attriblist);
glXCreateContext(0x804a260, 0x804be18, (nil), 1);
glXIsDirect(0x804a260, 0x804f790);
glXMakeCurrent(0x804a260, 23068673, 0x804f790);
glClearColor(0.5, 0.5, 0.5, 1);
glXMakeCurrent(0x804a260, 23068673, 0x804f790);
glViewport(0, 0, 400, 400);
glMatrixMode(GL_PROJECTION);
glLoadIdentity();

1http://oss.sgi.com/projects/ogl-sample/ , visited2/12/2004
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glOrtho(-1, 1, -1, 1, -1, 1);
glXMakeCurrent(0x804a260, 23068673, 0x804f790);
glClear(GL_COLOR_BUFFER_BIT);
glBegin(GL_POINTS);
glVertex2d(-0.5, -0.5);
glVertex2d(0.5, -0.5);
glVertex2d(0.5, 0.5);
glVertex2d(-0.5, 0.5);
glEnd();
glEnable(GL_NO_ERROR);
Error: GL_INVALID_ENUM [ 0x8048a63 0x400a706d 0x400a72c5 ... ]
glGetError();
glXSwapBuffers(0x804a260, 23068673);
glXMakeCurrent(0x804a260, 23068673, 0x804f790);

Notice how the programcalls glEnable with GL_NO_ERRORasparameterandthe debug-
ger automaticallyreportsthe error. Looking at this more closely, it is necessaryto notice
that the programis making a call equivalentto glEnable(GL_NO_ERROR) . The enumer-
ant GL_NO_ERRORhasthe value0x0 , andso do the enumerantsGL_FALSE, GL_POINTS,
GL_ZEROandGL_NONE. This meansthat whenconverting the value0x0 backto a human-
readablerepresentation,it is necessaryto pick oneout of at least� ve possibilities.spyGLass
is not, by design,a sourcecodedebugger, thereforeit is not possibleto referto thesourcecode
in orderto �nd theactualline that is producingtheerror in question.For the largemajority of
enumerantsthis is not a problemin practicesincethey have differentvaluesandnew valuesare
assignedin sucha way that they do not collide with existing ones. Only bitmasksneedto be
handledin aspecialway.

The informationreportedafter the error areaddresseswhich canbe usedasinput for, e.g.,
theaddr2line(1) program(partof theGNU binutils package)to obtainthe locationin the
sourcecodewheretheerroris happening.

A graphicaluserinterfaceisalsoavailable.Thisprovidesbreakpointingand�ltering facilities
(see�gure 7.1).

7.3 Managing OPENGL extensions

7.3.1 Moti vation

TheotherproblemmentionedbeforewasmanagingOPENGL extensions.As thenameimplies,
theseareextensionsto the coreOPENGL functionality. Usually theseareintroducedby hard-
warevendorsasvendorspeci�c extensions(e.g. GL_NV_vertex_program ). In somecases,
if thedeveloperbasedemonstratesenoughinterest,they arepromotedto multi-vendor(denoted
by the string EXT in their name,e.g. GL_EXT_texture3D ) or ARB-approved status(e.g.
GL_ARB_vertex_program ). An extensionspeci�cationconsistsof, amongotherinforma-
tion, a name, oneor morenamestrings, anda list of new proceduresand functionsandnew
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Figure7.1: Graphicaluserinterfacefor spyGLass .
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tokenswhich areintroducedby the extension. All this informationis kept currentin a central
locationcalled“the OPENGL extensionregistry”2.

Theproblemis not actuallycopingwith extensions,but themany misconceptionsthathave
found their way into the commonknowledgeduring the years. For example,at the OPENGL
website3 thefollowing text is found:

With the isExtensionSupportedroutine,you cancheckif thecurrentOPENGL ren-
deringcontext supportsagivenOPENGL extension.TomakesurethattheEXT_bgra
extensionis supportedbeforeusingit, youcando thefollowing:

/* At context initialization. */
int hasBGRA = isExtensionSupported("GL_EXT_bgra");

/* When trying to use EXT_bgra extension. */
#ifdef GL_EXT_bgra

if (hasBGRA) {
glDrawPixels(width, height,

GL_BGRA_EXT, GL_UNSIGNED_BYTE,
pixels);

} else
#endif

{
/* No EXT_bgra so bail (or implement

* software workaround). */
fprintf(stderr, "Needs EXT_bgra extension!\n");
exit(1);

}

Notice that if the EXT_bgra extensionis lacking at either run-time or compile-
time, thecodeabove will detectthelack of EXT_bgra support.Surethecodeis a
bit messy, but thecodeaboveworks.Youcanskipthecompile-timecheck if youknow
whatdevelopmentenvironmentyouareusingandyoudonotexpectto evercompile
with a <GL/gl.h> thatdoesnot supporttheextensionsthatyour applicationuses.
But therun-timecheckreallyshouldbeperformedsincewhoknowsonwhatsystem
yourprogramendsupgettingrunon. (emphasisby theauthor)

Theproblemwith theproposedidiom is exactly theoneexplainedby the text following it: the
extensionhasto bepresentat compiletime in orderto beableto useit. Theoriginal software
developermight have control over this, but oncethe softwarestartsto be distributedin source

2http://oss.sgi.com/projects/ogl-sample/registry/ , visited2/12/2004
3http://opengl.org/developers/code/features/OGLextensions/OGLextensi ons.html ,

visited2/12/2004.
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codeform, thatcontrolis lost. Thereis nothingthatguaranteesor evenrequiresthattheextension
de�nitions arepresenton a randomlyselecteddevelopmentenvironment.With thecodequoted
above, this meansthat compiling the sourceon differentdevelopmentenvironmentsproduces
differentprograms.

Theproposedidiom suffersfrom yet anotherproblem,which is betterillustratedby thefol-
lowing codefragment:

1 #ifdef GL_NV_register_combiners
2 if (hasRegisterCombiners )
3 {
4 glEnable ( GL_REGISTER_COMBINERS_NV);
5 glCombinerParameteriNV ( GL_NUM_GENERAL_COMBINERS_NV, 1);
6 // ...
7 glDisable (GL_REGISTER_COMBINERS_NV);
8 }
9 #endif

This codeis conditionallycompiledif themacroGL_NV_register_combiners is de�ned
(line 1), which guardsagainsttheextensiontokensandentry-pointdeclarationsnot beingavail-
able at compile time. It testsfor the extensionbeing available at runtime (line 2) and then
proceedsto usethetokensandfunctionsde�ned by theextension.Theproblemis thatthis code
requirestheextensionentry-points(glCombinerParameteriNV ) to beavailableto thepro-
gramat startuptime. This meansthat if the extensionis not availableat startup, the program
might fail to startup at all. To avoid that problem,OPENGL de�nes a mechanismto retrieve
pointersto entry-pointsat runtime. This mechanismis itself de�ned asanextensionto thesev-
eral windowing systemdependentbindings(e.g.,AGL, GLX andWGL). The reasonsfor this
dependency areoutof thescopeof thisdiscussion,but it suf�ces to saythatit existsandhinders
portability. Obviously it is possiblefor theprogrammerto haveanabstractionlayerontopof the
differentwindowing systemsin orderto copewith thisproblembut thisaddsyetanotherpieceof
codewhich hasto beactively maintained.Most of themaintainancework would beassociated
with the extensioninformationitself. Whenusingthis mechanism,the previous listing might
look like:

1 struct opengl_extension_table glext ;
2 // ...
3 #ifdef GL_NV_register_combiners
4 if (glext .hasRegisterCombiners )
5 {
6 glEnable ( GL_REGISTER_COMBINERS_NV);
7 glext .CombinerParameteriNV ( GL_NUM_GENERAL_COMBINERS_NV, 1);
8 // ...
9 glDisable (GL_REGISTER_COMBINERS_NV);

10 }
11 #endif

In thiscase,theopengl_extension_table structurewouldcontainalist of �ags indicating
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if a given extensionis availableor not, andpointersto the correspondingentry-points,if any.
Somethingakin to:

1 struct opengl_extension_table
2 {
3 int hasRegisterCombiners ;
4
5 PFNCOMBINERINPUTNVCombinerInputNV ;
6 PFNCOMBINEROUTPUTNVCombinerOutputNV ;
7 PFNCOMBINERPARAMETERFNVCombinerParameterfNV ;
8 PFNCOMBINERPARAMETERFVNVCombinerParameterfvNV ;
9 PFNCOMBINERPARAMETERINVCombinerParameteriNV ;

10 PFNCOMBINERPARAMETERIVNVCombinerParameterivNV ;
11 PFNFINALCOMBINERINPUTNVFinalCombinerInputNV ;
12 PFNGETCOMBINERINPUTPARAMETERFVNVGetCombinerInputParameterfvNV ;
13 PFNGETCOMBINERINPUTPARAMETERIVNVGetCombinerInputParameterivNV ;
14 PFNGETCOMBINEROUTPUTPARAMETERFVNVGetCombinerOutputParameterfvNV ;
15 PFNGETCOMBINEROUTPUTPARAMETERIVNVGetCombinerOutputParameterivNV ;
16 PFNGETFINALCOMBINERINPUTPARAMETERFVNV
17 GetFinalCombinerInputParameterfvNV ;
18 PFNGETFINALCOMBINERINPUTPARAMETERIVNV
19 GetFinalCombinerInputParameterivNV ;
20 };

The“has” �ags areinitializedusinge.g.theisExtensionSupported functionfoundat the
OPENGL website,andthefunctionpointersareinitialized by callsto theappropriatefacility of
thewindowing system.Maintainingthissortof codefor a largenumberof extensionsby handis
error-proneandquickly becomestedious.

7.3.2 GLEW: The OPENGL ExtensionWrangler

Facedwith theseproblemsa solutionwasdevelopedduring this thesis. Milan Ikits developed
independentlya similar solution. Thesetwo efforts werelater joined in a library calledGLEW.
Thegoalsof thisprojectare:

� To besimpleto use

� To beportable

� To besimpleto maintain

� To guaranteeforwardsbinary-compatibility

Simplicity of useis achievedin two ways:on onehand,thereis a singlefunctionthatneeds
to becalledin orderto initialize the library (glewInit() ). After this, all the functionality is
readlyavailable to the programmer. On the otherhand,the API is suchthat the programmer
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only needsto readthedesiredextension'sspeci�cationto beableto usethecorrespondingfunc-
tionality via GLEW. Thecompile-timeproblemmentionedbeforedoesnotexist anymore,since
GLEW itself providesthe tokensfor all the extensionsit knows about. The run-timeproblem
doesnot exist either, sinceall theknown entry-pointsareavailableto theprogramat link-time.
After a successfulinitializationof thelibrary, variablesof theform GLEW_extension_name
indicatethe runtime availability of the extension(or lack thereof). This meansthe previous
examplecanbesimpli�ed andrewrittenas:

1 glewInit ();
2 // ...
3 if (GLEW_NV_register_combiners )
4 {
5 glEnable ( GL_REGISTER_COMBINERS_NV);
6 glCombinerParameteriNV ( GL_NUM_GENERAL_COMBINERS_NV, 1);
7 // ...
8 glDisable (GL_REGISTER_COMBINERS_NV);
9 }

Portability is achieved by abstractingthe differencesbetweensystemsin the library itself.
Theonly system-dependency that is exposedto theprogrammeris theonehealreadyhasto be
awareof: windowing systemspeci�c extensions.Thelibrary hasbeenusedsucessfullywith sev-
eral OPENGL implementationson differentoperatingsystems,including Microsoft Windows,
severalLinux distributions,Silicon Graphics'IRIX (bothold andnew generationsystems)and
Apple's MacOSX.

The effort requiredto keepthe library up to dateis minimal, sincethe bulk of the codeis
automaticallygeneratedfrom the extensionspeci�cation�les foundat the OPENGL extension
registry. This is donein a two stepprocess:�rst the text of the speci�cationsis parsed,nor-
malizedandstoredin an intermediatedatabaseandthenthenormalizedform is convertedto C
sourcecodefor distribution. Thisallowsthedevelopersto manuallyaddextensionsfor whichno
speci�cationis availablein asuitableformat.Usingtheinformationavailablefrom theOPENGL
SampleImplementationmentionedbeforecouldhavebeenanoption,but observationalevidence
suggeststhis is not keptasup-to-dateastheextensionregistry.

Becausethedynamicnatureof this library (thebasicAPI changeslittle, but the list of sup-
portedextensionsis alwaysgrowing), guaranteeingforwardbinarycompatibilitywasanimpor-
tantdesignconsideration.This meansthata binarylinkedagainstanolderversionof thelibrary
shouldwork withoutproblemswith anewerversionof thelibrary. Thetwo consequencesof this
are:

� No extensionswill be removed,even if they aredeprecatedby otherextensionsor incor-
poratedinto thecoreof OPENGL.

� Entry-pointsand�ags areexportedasfreestandingvariablesinsteadof beingpackedinside
of a structure. This pollutesthe global namespace,but is necessaryto avoid (implicit)
dependencieson thesizeof thestructuresin question.



Chapter 8

Remoteaccessof visualization facilities

8.1 Moti vation

During thedevelopmentof this work, theneedto beableto accessremotevisualizationfacili-
tiesin agenericfashionbecameobvious.Thecommongenericapproachfor remotevisualization
employstheOpenGLremoterenderingfacilities. In thisapproachtheapplicationis runremotely
while thelocalhostdoestheactualrendering.Thissolutionis application-independentandthere-
fore very popular, but it doesnot bene�t from specialfacilitiesor hardwarefeaturesavailableat
theremotehost.For thisreason,thesecondmostpopularsolutionis to embedenoughfunctional-
ity into theapplicationfor it to beableto shift someof theworkloadfrom thelocalsystemto the
remoteone(e.g.,Bethel[Bet00],Engel[EHT+ 00, ESE00, EE99], Ma [MC00], amongothers).
Beingapplication-speci�c,thissolutioncanexploit theknowledgeaboutapplicationbehavior to
achieve a higherdegreeof interactivity or to betterbalancetheworkloadbetweentheclient and
theserver. Thedisadvantageof thesolutionlies alsothere:beingapplication-speci�c(or in the
bestcase,toolkit-speci�c), applicationsneedto bemodi�ed to takeadvantageof this. In thecase
of toolkit-speci�c solutions,it might bepossibleto comeup with an implementationthatdoes
not requiremodi�cationsat theapplicationlevel, but specialversionsof thetoolkit librariesare
neverthelessneeded.

In thegeneralcase,agenericsolutionwill performworsethanspeci�c solutionsfor thesame
problem,so why shouldonecareaboutapplicationindependence?Rapidprototypingis one
reason.Justbeingableto testexistingapplicationsunderdifferentoperatingconditionsis enough
reasonto strive for applicationindependence.Anotherreasonis shifting applicationsfrom their
originaloperatingenvironmentto new ones,probablyunforeseenin theoriginaldesign.A good
exampleof this is beingableto embedapplicationsoriginally written to berun in a desktopor
workstationenvironmentto a web-servicestype of platform. The disadvantageof the generic
solutionis that,by nature,it hasto beimplementedatavery low level andhasto work with low
level primitives. The simplestmostgenericapproachinvolvesletting the applicationrenderto
theframebuffer in theusualfashionandintroducesomemechanismto copythecontentsof the
framebuffer to a remotelocation. This meanspixelsaretheprimitivesthat thesolutionwill be
working with, andthenecessarymodi�cationsareto beintroducedat thebasicgraphicsAPI or

85
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windowing systemlevel.
In thisparticularimplementationof theideathewell knownconceptof dynamiclinking[HO91]

andcertaincharacteristicsof the X Window Systemareexploited to achieve the desiredresult.
OpenGLrenderingrequestsareredirectedto thehardwarewheretheprogramis runninginstead
of beingsentto thehardwarewheretheprogramis beingdisplayed. Oncetherenderingis done,
theresultingimageis readfrom theframebuffer andsentoverthenetwork to thedisplaytogether
with all otherGUI elements.Sinceall theOpenGLrenderinghappenson theremotedisplay, it
is possibleto usean existing OpenGL-basedapplicationwithout requiring the availability of
OpenGL-capablehardwarelocally, while takingadvantageof advancedgraphicsfeaturesaswell
ashardwareaccelerationby theremotehardware.By leveragingalreadyexisting remote-access
applicationsthis solutionalsomakesit possibleto accessremotevisualizationresourcesfrom
operatingenvironmentsthatdonotprovide implementationsfor therequiredprotocols.

Someothersolutionswith varyingdegreesof genericityor �e xibility are:

� Silicon Graphics,Inc. providesa commercialsolutioncalledOpenGLVizServer [Sil01],
thatenableslightweightclientssuchasSGIO2 andPCworkstationstoaccesstherendering
capabilitiesof SGI Onyx servers.Becauseof designdecisions,otherarchitecturescannot
beusedasserversfor thisapplication.TheVizServersoftwarereliesondynamicallylinked
executablesin orderto beableto implementits functionalitywithoutmodifying thetarget
application.

� Ma andCamp[MC00] developeda solutionfor remotevisualizationof time-varyingdata
overwideareanetworks.It involvesadedicateddisplaydaemonanddisplayinterface.The
�rst receivesdatafrom a renderprocess,compressesit andpassesit to thesecond,which
in turn decompressesthe dataandpresentsit to the user. By usinga customtransport
method,they areableto employ arbitrarycompressiontechniques.

� Bethel [Bet00] presentedVisapult,a prototypesystemdevelopedat LawrenceBerkeley
NationalLaboratorythatcombinesminimizeddatatransfersandworkstation-accelerated
rendering.Visapultalsorequiresmodi�cationsof theapplicationin orderto make it “net-
work aware” andreliesto someextent on the existenceof hardwareaccelerationon the
localdisplay.

� EngelandErtl [EE99] developeda solutionfor remotecollaborative volumevisualization
which exploits the characteristicsof the applicationdomainto reducelatency aswell as
requirednetwork bandwidth.Engelet al [EHT+ 00] furtherdevelopedthis approachand
implementedahybrid renderingmechanismto obtainbetterframerates.

Therestof thischapterisanextendedversionof theideasanddiscussionpublishedin [SME02].

8.2 OpenGL Graphics with the X Window System

GLX[WL98] is an extensionto the X protocol[Nye95] that allows clientsto createa so-called
“GLX context” which canbe usedto issueOpenGLcalls that canbe executedusingeithera
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Figure8.1: GLXarchitectureaspresentedby Kilgard[Kil96]

hardware-acceleratedrenderingengineor asoftware-basedone.By sittingon topof X, network
transparency is obtainedfor free.A GLXcontext canoperatein eitherdirector indirectmode.In
indirectmode,theclient sendsrequeststo theX server which propagatesthemto thehardware.
In directmode,theX server only functionsasa marshalmakingsurethat theOpenGLstateof
eachclientis keptconsistent.SincetheX protocolisbypassedin directmode,OpenGLrendering
canachieve themaximumperformanceof thehardware[KBH95]. Direct renderingimpliesthat
theprocessis runningonthesamemachineastheX serverandnotover thenetwork. In thecase
of remoterendering,only indirectmodeis possible,if at all. Figure8.1 illustratesbothcases.

8.3 Dynamic Linking

In modernsystems,programmershave thechoiceof staticallyor dynamicallylinking programs
duringcompilation.In staticlinking, all theobjectreferencesof a programareresolvedduring
thelink phaseof thecompilation.In contrast,with dynamiclinking, theexecutable�le contains
referencesto, but not the actualcodeof the requiredlibrary functions. In this case,symbol
resolutionis carriedout during load-time. The dynamic linker is in charge of �nding these
referencesin the executableandresolvingthemusinga list of shared objectnames(libraries)
that the executablecontains. One of the advantagesof load-timelinking is that it facilitates
codereuse,it simpli�es the taskof �xing bugsandreducesthememoryrequirementsimposed
on systems,sincecodepagescanbe sharedamongunrelatedprocesses.By its very nature,it
also enablesusersto replacelibraries with customversionsdesignedto modify the behavior
of a program. The only requirementin this caseis to keepthe applicationbinary interfaces
unmodi�ed. A typicaldynamiclinker implementationmapslibrariesinto memorysearchingfor
the symbolsthe applicationrequires,andfor every requiredsymbol it usesthe �rst de�nition
thatit �nds. This meanstheprocessof resolvingsymbolsis dependenton theorderthelibraries
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areloadedinto memory, andin generalthereis no way to ensurethat any given orderwill be
used. In order to allow for the selective overwriting of symbolswithout forcing the userto
modify theapplicationin any way, someoperatingsystemsoffer amechanismsometimescalled
library preloading1. Theusercanspecifyanarbitrarylist of sharedobjectsthatareloadedinto
memorybefore the libraries requiredby the application. This meansthe dynamiclinker will
usethesymbolsde�ned by these“preloadedlibraries” for resolvingthesymbolsrequiredby the
application.

In additionto load-timelinking, it is alsopossibleto performruntimelinking, as �rst de-
scribedby Ho andOlsson[HO91] andlaterexplainedin theLinux/GCCcaseby Lu [Lu95]. In
thisapproach,additionalobjectscanbeopenedatrun-timeandsymbolscanbeselectively added
to therunningprogram.Themostwidely usedinterfacefor this purposeis dlopen(3) , avail-
ableonsystemssuchasIRIX, Linux, andSolaris,amongothers.Thiscanbeusedin cooperation
with thepreloadingmechanismmentionedbeforeto wrapcodearoundtheoriginal library func-
tions: �rst thefunctionis overriddenusingpreloading,thenits original codeis recoveredusing
dynamiclinking andit is usedby thecustomizedversionof thefunctionto provide theoriginal
behavior if necessary. This sort of trickery is not that unusual:a goodexampleis JoostWit-
teven's fakeroot package2, which is widely usedto providea fake “root environment”where
non-privilegeduserscanmanipulate�lesystemattributesasif they wereindeedtheroot user.

An implementationthat takesadvantageof facilitiesavailableon operatingsystemssuchas
Linux andSolarismight look like this:

1 for_each (symbol_name in symbols_to_be_loaded )
2 {
3 *( symbol_pointer ) = dlsym (RTLD_NEXT, symbol_name );
4 if (dlerror () != NULL)
5 /* error handling */
6 }

A moregeneralimplementationwouldbe:

1 void *handle ;
2 handle = dlopen ( library_name , RTLD_NOW| RTLD_LOCAL);
3 /* Error handling : handle should not be NULL */
4
5 for_each (symbol_name in symbols_to_be_loaded )
6 {
7 *( symbol_pointer ) = dlsym (handle , symbol_name );
8 /* Error handling : the return value of dlerror ()
9 should not be NULL at this point . */

10 }

1Thereis not a standardizedterm for this operation,but the term ªpreloadingºis usedat leaston Linux's and
Solaris' documentation.IRIX doesnot really have sucha facility, but its dynamiclinker allows the userto over-
write thecompletelist of librariesto beusedby theapplication,achieving thesameeffect, even if it is not really
ªpreloadingºanything.

2http://fakeroot.alioth.debian.org/ , visited2/12/2004
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Figure8.2: Systemarchitecture.(1) Theapplicationissuesa GLX requestwhich is sentto the
renderserver. (2) TheapplicationissuesOpenGLcalls,which arehandledby therenderdevice.
(3)Thelibrary readsthecontentsof theframebufferand(4)sendsit to theinteractionserverusing
anXPutImage request.(5) XEvent saresentfrom theinteractionserver to theapplication.

Compareline 3 in the �rst listing with line 7 in the second. The parameterRTLD_NEXT
is an extensionwhich allows the programto obtain the addressof the “next” symbol named
symbol_name in theprocess'symboltable.On theotherhand,themoregenerallyapplicable
codeaddressesa speci�c library �le via a previously obtainedhandle.Thedisadvantageof this
is that the namesof the relevant librarieshave to be madeavailablein the code,i.e. a system
dependency hasto beintroduced.

8.4 Implementation

By takingadvantageof thedynamiclinking facilitiesexplainedabove, it is possibleto modify
thebehavior of any givenprogramfor theX Window Systemwithout changingits sourcecode
or thatof thelibrariesit uses.In this implementationtherearetwo X serversinvolved: onethat
supportsGLXanda secondone,which takescareof the userinteraction,andwhich doesnot
have to supportGLX. In thefollowing discussion,the�rst X server will becalledrenderserver
andthesecondonetheinteractionserver. Displaywill beusedin thesameway theX Window
Systemde�nesit.

Theapplicationis startedlocally to therenderserverbut its environmentis con�guredto have
it displayedon the interactionserver. It is loadedin sucha way thata customversionof every
GLXfunctionis used,whosejob is to redirectGLXrequeststo therenderserver. Sincethedisplay
is partof theGLXcontext's properties,OpenGLcallsareautomaticallyredirectedto therender
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glXChooseVisual returnavisualthatmatchesthespeci�edattributes
glXCreateContext createanew GLXrenderingcontext
glXMakeCurrent attachaGLXcontext to awindow or GLXpixmap
glXSwapBuffers exchangefront andbackbuffers

Table8.1: Modi�ed GLXfunctions

server. In a sense,a new library is insertedbetweenthe applicationandthe system's OpenGL
library, asdepictedin �gure 8.2.Oncetheapplicationrequestsabuffer swap,thecontentsof the
framebuffer is readandwritten to anXImage structure,which is sentto theinteractiondisplay
via a XPutImage request.User interactionworks transparentlysinceeventsare transported
betweentheinteractionX serverandtherenderserverwithoutmodi�cation.

For mostGLXfunctionstheonly requiredchangeis redirectingtherequestfrom theinterac-
tion server to therenderserver. Only a few functions,listed in table8.1,have to betreatedin a
specialway. In this discussion,it is assumedthat theclient is usingGLX1.2. For laterversions
asimilar implementationapplies.

glXChooseVisual is usedto selectavisual3 thatmatchestheattributesetspeci�edby the
application.Theapplicationis neitherrequiredto usethevisualreturnedby glXChooseVisu-
al , noris it preventedfromcallingit multipletimes.ThevisualreturnedbyglXChooseVisual
hasto bevalid on theinteractionserver, sinceit will beusedto createa widgetthere.Thecus-
tom versionof thefunctionmatchesvisualsacrossthetwo X serversandreturnsthebestvisual
thatis compatiblewith thegivenattributeset.In thegeneralcasethismetricis notwell de�ned:
considerfor examplethecaseof a renderingserver runningat a color depthof 24 bits perpixel,
and an interactionserver runningat 15 bpp. In this caseit would be possibleto presentthe
applicationwith a visual with color componentsthat have 32 bits per pixel (RGBA), a 24-bit
depthbuffer anda 8-bit stencilbuffer, which is impossibleto obtainon a server runningat 15
bpp.Dependingonhow theapplicationis coded,it mightor mightnotbeableto copewith this.
Theotherproblemat this point is that theapplicationis not requiredto actuallyusethevisual
returnedby glXChooseVisual . It is alsoallowedto call thefunctionmultiple timesor none
atall (glXChooseVisual is ultimatelyajustconveniencefunction).For thisreasons,theonly
way to ensuretheimplementationwill work with thelargestnumberof applicationsis to makea
per-applicationcon�gurationpossible.Thosedetailsarebeyondthescopeof thisdiscussion.

Whenthelibrary createsa drawablefor rendering,it triesto usein-hardwareoff-screenpre-
servedbuffers(calledpreservedPBuffers) andfallsbackto regularon-screenwindowsif thefor-
merarenot available. PBuffersarepreferredbecausethey arenot obscuredby otherwindows.
The useof PBuffers hasto be speci�ed upon context creationusing glXCreateContext
but the sizeof the PBuffer is speci�ed later with a call to glXCreatePBuffer . This later
call might fail becauseof insuf�cient resources.Sincethe library cannotobtainthesizeof the
drawable preferredby the applicationuntil glXMakeCurrent is called, a situationis pos-
sible wherea PBuffer context is createdbut is later unusable.This situationcan be avoided

3A visualin X11 is anstructurethatdescribesthedisplayattributesusedby agivenwindow, e.g.thecolordepth
andcolormasks
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by noticing that the value returnedby glXCreateContext is a pointer to an opaquedata
type. This allows the wrapperfunction to generateits own value when the applicationcalls
glXCreateContext and defer the actualcreationof the context to the momentwhen the
applicationcallsglXMakeCurrent .

WhentheapplicationcallsglXSwapBuffers buffersareswapped,therenderedimageis
readfrom theframebuffer andtransmittedto the interactionserver asanXImage . Thenormal
imagetransportmethod,XPutImage , incursa high overheadbecausethe datais readfrom
the client's memoryspaceandis copiedto the X server memoryspacewhich hindersperfor-
mancesigni�cantly. If the MIT SharedMemory Extensionis available, XShmPutImage is
usedinstead. The XShm extensioncannotbe usedif sharedmemoryis not available,as it is
the casewhen the client and the server run on differenthosts. The caseof clients not using
double-bufferedvisualscanbehandledheuristically, for exampleby trappingcallsto glFlush
(sincetheclientwishesto ensuretheOpenGLbuffer is emptiedandthescreenis updated),with
a rate-limitingalgorithm(clientsthat issuetoo many synchronizationcalls,at ratesin excessof
hundredspersecond,have beenfound). This bringsanotherissueto attention:theimplementa-
tion hasto bevery carefulaboutspawning threads,installingsignalhandlersandmanipulating
�le descriptorsandstreamsin generalsinceapplicationshave beencodedagainsta well de�ned
standard,andthe kind of sideeffectsof the modi�ed function calls might introducehave not
beenconsideredinto thedesignof theseapplications.

8.5 Discussion

Readingtherenderedimagesfrom theframebuffer andsendingthemoverthenetwork areexpen-
sive operationsandreducethemaximumachievableframeratesof theapplicationsthatusethe
library. Readingtheframebuffer canbeconsideredanatomicoperationthatcannotbeoptimized,
thereforeoptimizationshave to occurat theimagetransmissionlevel.

The coreX protocoldoesnot includeany form of imagecompression.This hasbeenim-
plementedvia anextensionorientedtowardslow bandwidthenvironmentscalledLBX [FK93].
By using LBX on a local areanetwork reducednetwork traf�c was observed but little per-
formancegainswereobtained. Anotherway of obtainingstreamcompressionon top of X is
VNC [RSFWH98].VNC is a freemulti-platformclient-serverapplicationfor displayingandin-
teractingwith remotedesktops.TheprotocolunderlyingVNC, theRemoteFramebuffer Protocol
(RFB) is only capableof sendingrectangularframebuffer updatesto theclient. VNC providesa
varietyof customtailoredcompressionalgorithmsto increasetheef�ciency of imagetransmis-
sion. TheUnix variantof theVNC server is basedupona standardX server (usinga software
renderer)which hasbeenextendedto communicatewith RFB clients. Figure8.3 shows how
VNC canbeintegratedinto this solution.Usingthis alternative,signi�cant improvementsin the
interactivity of theapplicationshavebeenobserved.
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Figure8.3: SystemarchitecturewhenVNC is included

8.5.1 Results

Theupperdiagramin Figure8.4comparesthelibrary'sperformancewith BrianPaul'sGLX port
of gears(glxgears ) overaFastEthernetconnection.In thetestcon�guration,thisapplication
is mostlyboundedby thespeedat which theCPUcantransfercommandsto thegraphicscard.
Theresultsareshown asa functionof window dimensions(all windowshadthesamewidth and
height)for differenttransportmechanisms(X displayredirectionandVNC). The application's
frameratein thelocal caseis providedfor comparison.

Thelowerdiagramshowstheresultsof thesamemeasurementsusingatexture-basedvolume
renderer[RSEB+ 00] anda 256� 256� 128volumedatasetof ananeurysm.Again the frame
ratesareshown for differenttransportmechanismsandseveralwindow dimensions.

As can be seenframeratesusing our framework are quite acceptablefor interface-bound
applications(sincethey aregoing to be ableto renderat the maximumspeedthat the network
connectioncanhandle)but drop sharplywhenappliedto applicationsthat areboundedby the
speedof thehardwarerenderer. Readingthe framebuffer is a blockingoperation:thegraphics
hardwarecannotstartto work onthenext frameuntil thereadingoperationis done,whichmeans
theapplicationcannot issuecommandsto renderthenext framebeforetheframebuffer hasbeen
duplicatedin thehost's mainmemory. It shouldbepossibleto maskthecostof sendingthedata
to thedisplayserver by splitting this operationoff to a secondthread,but asmentionedbefore
theimplementationin thegeneralcasewouldnotbetrivial.

The systemas describedcan be usedwith any OPENGL application,but for the speci�c
caseof volumerenderingon PC clusters,thereis an optimizationopportunity. In �gure 8.2,
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Figure8.4: Measuredframeratesfor “gears”(upperplot) andavolumerenderer(lowerone).The
renderserver thatwasusedfor all measurementswasequippedwith a 900MHz AMD Athlon
CPU,256MB RAM anda GeForce2 from NVIDIA. Theinteractionserver wasequippedwith
a 1.2GHz AMD Athlon CPU,but sincetheinteractionserver wasrarelyoperatedat morethan
half capacitya muchslower processorwould alsohave suf�ced. Both systemswererunninga
Linux 2.4.10Kernelandwereconnectedusing100MbpsFastEthernet.
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steps3 and4 canbe eliminated: thereis no needto uploadthe �nal compositedimageto the
framebuffer to readit backimmediately. Lookingat theproblemmoreclosely, it is notnecessary
to useOPENGL for thedisplayatall. It suf�ces to createanXWindow anduseXPutImage to
uploadthedatato theX server. For this purpose,it is enoughto follow theschemepreviously
described,and preload the call to glDrawPixels (and similar ones)to copy the datato a
pixmapinsteadof uploadingit to theframebuffer. Alternatively, a dedicatedviewer application,
basedpurelyon Xlib, canbewritten,which allows for bettereventhandling.Suchanapproach
hasbeenusedduringthedevelopmentof thiswork with success.



Chapter 9

Resultsand futur eperspectives

9.1 Implementation envir onment

For theimplementationof this system,anexisting volumerendererwasusedasa startingpoint.
It wasmodi�ed only to conformto therequirementsexplainedin chapter4, namelycalculating
the opacitycontributionsaccordingto equation(4.7) usingoneof the possibilitiesoutlinedin
section4.4. The testbedusedfor performancemeasurementswasthe alreadyexisting Kepler
cluster. Thisclusteris installedat theUniversityof Tübingen,Germany, andit is usedmainlyfor
astrophysicalsimulations.It consistsof 128SMPsystemsrunningLinux 2.4.19.96of thenodes
have Intel PentiumIII processorsrunningat 650 MHz and1 GB of main memoryeach. The
other32nodeswereaddedata laterpoint in time,andhaveAMD Athlon MP 2000+processors
and2 GB of mainmemoryeach.Theinterconnectionis a full-duplex Myrinet 1.2Gb/snetwork.
Thehighbandwidth,thefully switchednatureandthelow latency characteristicsof theMyrinet
technologywasadriving point for usingthisclusterasavisualizationplatform.TheSCoresuite,
discussedin chapter6, providesthesoftwareanddriversfor thecommunicationlayer.

Whenthiswork wasstarted,four NVIDIA GeForce2 cardswereinstalledontheclusterin or-
derto assessthefeasibilityof theideaof usingaPCclusterfor distributedhardware-accelerated
volumerendering.The�rst problemthatwasencounteredwasactuallygettingthegraphicscards
to work on thenodes.Therewereincompatibilitiesbetweenthegraphicscards,theirdrivers,the
Myrinet cardsandthechipsetusedon thenodes.Sincetheoriginal installation,thesituationhas
improvedgreatly, but the lessonlearnedwasto stick to well known, widely availablechipsets.
Accordingto experience,chipsetsfrom Intel, like the440BX andits later siblings,representa
goodchoicefor this task,bothin termsof stability, supportandperformance.Thenewer nodes
usingAthlon processorshaveanAMD-760 chipsetandNVIDIA GeForceTi4600graphicscards.
After someinitial trouble,thesehave shown to bestable.More recentchipsetsfrom Intel, like
theE7205andlatermodelshave a betterfeatureset,with supportfor newer standardinterfaces
like AGP3.0; this chipsethasbeenfoundto work reliably with NVIDIA GeForceTi4600parts,
too.

Most of theproblemsmentionedweresolvedby softwarerecon�gurationor upgrades.This
highlightsoneof the downsidesof usingcommoditypartsfor this purpose,namely, the �nal
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systemhasnot beenput togetherby a single company, as it would be the casewith e.g. an
In�niteReality 4, but it hasbeenassembled“in place”. This meanssomeof thepartsaregoing
to beusedin environmentsor con�gurationsthat thevendorhasnot tested.For example,when
installing a newly acquiredsetof Pentium4 workstations(Intel E7205chipset)with NVIDIA
Ti4200cardsit wasfoundthatthey couldnotoperatein AGPmode.After someinvestigationthe
problemwastracedto a bug in theAGPdriver of theLinux 2.4 kernel. Thebug wastriggered
only on systemswith 4 GB of mainmemory, a con�guration thathadprobablynot beentested
by thedriverauthorbecauseit wasnotavailableto him1.

Anotheraspectthat causessomegrief is the generalsupportfor the Linux kernelby hard-
warevendors,andin particularby graphicshardwarevendors.Thelastestgenerationof graphics
hardwareis not supportedby driversfor which sourcecodeis freely available. The reasonbe-
hind this is that vendorsarenot willing to provide enoughtechnicaldocumentationaboutthe
programminginterfacesfor their hardwarein anopenfashion.ATI providespartialdocumenta-
tion for their hardwareup to the secondgenerationof the Radeonchip undera non-disclosure
agreementthat allows to freely releasethe resultingsource,but this hasmet with limited suc-
cess.Both NVIDIA andATI do releasebinary-onlydriversthatsupporttheir latestgeneration
hardware. NVIDIA hasestablished,after someinitial trouble,a goodrecordof supportingthe
Linux kernelthisway, while theresponsefrom ATI still generatesmixedreactionsamongusers.
Even if this approachsatis�esa large fraction of the user-base,it still takesaway someof the
bene�tsassociatedwith theotherwisenormaldevelopmentstrategy of theLinux kernelandthe
surroundingoperatingsystem.In particular, it makesit harderor impossibleto �x even trivial
bugsandexcludesaltogetherthepossibilityof portingthedriversto new architecturesunlessthe
vendoritself hasanintereston thetask(in this regardNVIDIA doesprovide supportfor Linux
on the Intel x86, Intel ItaniumandAMD64 architectures,aswell asFreeBSDon the Intel x86
architecture).

Nevertheless,the advantagesoutlinedin chapter1 (betterperformance,fasterdevelopment
cycle,easierto replaceparts,easierupgrades)have beenfoundto hold true. It is theopinionof
theauthorthattheseadvantagesstill weightout thedisadvantagesmentionedabove.

9.2 Performancemeasurements

Thevisible“femaledataset”,partof the“visible humanproject”,wasusedfor benchmarkingthe
application(�gure A). Thevisible humanproject,carriedout by theUnitedStatesNationalLi-
braryof Medicine,hasthegoalof creatingacomplete,anatomicallydetailed,three-dimensional
representationsof thenormalmaleandfemalehumanbodies.Acquisitionof transverseCT, MR
andcryosectionimagesof representative maleandfemalecadavershasbeencompleted.The
malewassectionedat onemillimeter intervals,thefemaleat one-thirdof a millimeter intervals.
Thedatasetusedconsistsof a volume512� 512� 1734in size,with 8-bit densitydataat each
voxel. This amountsto 443 MB of texture data. This hasbeensplit to 16 bricks,eachwith a

1Even if thenatureandreasonswhy thebug existedin the®rst placeareout of thescopeof this discussion,it
is necessaryto remarkthatis waspossibleto ®nd and®x this bug becauseof theavailability of sourcecodefor the
AGPdriver.
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dimensionof 256� 256� 512for a2� 2� 4 con�guration.Eachnodeis ableto renderits brick
in a buffer with 1024� 1024pixels with a framerateof circa 10 Hz (100 ms per frame). At
this resolution,dependingon theon-screenorientationof thevolume,insteadof having multiple
neighbouringvoxelscontributeto a singlepixel, singlevoxelscontributeto only a few pixelsof
the�nal image,thusavoidingmaskingfeaturesbecauseof aliasingeffects.Readingthedataout
of theframebuffer takes19ms.Compositingthe16 imagestakescirca5 msonaverage,with an
additionaloverheadof 15 msfor transmittingthedataover thenetwork, andanother15 msfor
collectingthecompositeddataon a singlenode.On averagetheapplicationupdatesthedisplay
with a rateof circa6 Hz. In this casethebottleneckis not network but therenderingof thedata
itself. A singlenodecanrenderthis datasetwith an updaterateof circa 4 secondsper frame
(0.25Hz), giving aspeedupof 24whencomparedto theparallelcase.Thesuper-linearspeedup
comesfrom thefactthattheserialapplicationneedsto updatethetextures8 timesfor eachframe
thatis renderedwhile theparallelversiondoesnotperformtextureupdatesatall.

A seconddatasetwasusedfor performancemeasurements,theso-called“jet streamdataset”
(�gure A). This is a time-dependentdatasetwhich comesfrom a turbulent �o w simulation. It
consistsof 89 time steps,eachof which correspondsto a volumeof 256� 256� 256 voxels.
This wassplit in 128� 128� 64 bricks(1 MB of texturedata),for a 2� 2� 4 con�guration. In
this caseeachnoderendersits brick in about37 ms,andtheothertimesaresimilar to thoseof
thevisible femaledataset.Thedifferencehereis thattexturesareswappedin andout of texture
memoryastime goesby in the visualization. Eachtime stepcanbe uploadedto the graphics
cardin 4 ms. Whenreproducingthe animationat a rateof 1 time stepper second,this means
thereis anoverheadof 4 msonceeachsecond.This givesa meanrefreshrateof 8 Hz. A single
nodecanrenderthisdatasetata rateof circa1 Hz.

Looking at table9.1, it is easyto seewhy thespeedupin thecaseof thejet streamdatasetis
lower thanin thevisible femalecase:thecompositingstepstartsto play a moresigni�cant role:
therenderingof thedataamountsto only 31%of thetotal time,while compositing(readingback
dataandthensendingit over the network, blendingandcollectingit) amountsto 69 % of the
total time. Ignoringoptimizations,thecompositingstagerunsin constanttime of circa80 ms,
whichgivesanupperlimit for theframerateof 12Hz.

Transportingthe imagesto theuserhasnot beentaken into accountin this discussion.The
mostsimplesolutionis connectinga displaydevice to oneof thenodesin thecluster, andwork
in situ. As explainedin chapter8, this posespracticabilityproblems. Nevertheless,thereare
scenarioswherethisis desirable,for example,whenusingthiskindof applicationtodrivedisplay
walls. As discussedin thesamechapter, it is possibleto leveragecommoditysoftwaresuchas
VNC for this purposeandprovide accessover public networksusinginfrastructuresuchasthe
world wideweb. In thatcasetherefreshratesfor userinteractionaredecoupledfrom therefresh
ratestheapplicationcandeliver.

9.3 Conclusions

During the developmentof this work, many technologiesevolved driven by massmarket dy-
namics:astherasterizationperformanceof graphicscardsincreases,it becomesmoreef�cient
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Operation Visible female Jetstream
Render 100 37
Readback 19 14
Transport 15 15
Blend 5 5
Collect 15 15
Total 154 86

Table9.1: Timeto renderasingleframeof thevisible femaleandjet streamdatasets.Thediffer-
encesin renderingtime aredueto thesizeof thebricksrenderedon eachnode.Thedifferences
in the readbacktimesaredueto the fact that only drawn portionsof the imageareread. This
datadoesnot take into accountthesynchronizationoverhead,whichaddscirca10msto thetotal
times.

to allocatelargerbricksasworkloadfor eachnodeon theclusterreducingthenumberof nodes
thathave to participatein the renderingof a singledatasetin orderto achieve a predetermined
framerate.Second,astheon-boardmemoryon thegraphicscardsincreases,it becomespossible
to renderlarger datasetsusingthe samenumberof nodes.Third, asthe availableCPU power
increases,thecompositingbottlenecklessens.As new network technologiesemergeandbecome
morewidespread,this bottleneckis further reduced.As discussedabove, the network perfor-
manceis at this momentoneof the limiting factorsin this approach,yet this is thecomponent
thatmostslowly evolves.Thereasonfor thatis clear:datawarehousesarethelargestcustomers
of high-bandwidthnetworks. Becauseof the hardwarevolumemanagedat theseinstallations
andthehigh costof downtime, they have a slow hardwareupgradecycle, which in turn makes
the market lesspro�table whencomparedto generalpurposeprocessorsandto a lesserextent
to dedicatedgraphicsprocessors.A secondfactor is that this customershave traditionally fa-
voredtheuseof proprietaryhardwarearchitectures,preciselybecauseof theavailability of better
inter-processortechnologies.As theprice/performancegapbetweenproprietarysupercomputers
andCOTS clusterswidens,theneedfor higherbandwidthnetworksfor thelaterbecomesmore
pressing.Theeffect of this is theappearancein recentyearsof technologiessuchasIn�niBand,
whichcurrentlydeliverspoint-to-pointtransferratesof 10Gb/s,andpromisestheavailability of
30 Gb/sgeneralpurposenetworks in thenearfuture. Theserepresentaneight-foldand25-fold
performanceincreaseswith respectto current1.2+1.2Gb/sMyrinet technologies,andstill com-
parefavorably with respectto dual 4+4 Gb/sMyrinet technologies.The developmentof these
technologiesis in partsloweddown by thefactthatthefastestbuseswidely availablearenotable
to copewith muchhighertransferspeeds.For example,64-bit133MHz PCI-X delivers8.5Gb/s
of bandwidth. PCI-X 266 could extendthis to 17 Gb/s,andPCI-X 533 could deliver another
two-fold increase.A differentapproachis PCI Express,which usesa serial interfaceinstead
of the traditionalparallel one. This enablesthe existenceof high-performancepoint-to-point
connectionsbetweendevices,which in turnprovidesdeterministiclow-latency.

Thetopic of hardware-accelerateddirectvolumerenderingtechniquesis vastandactive. In
this work only a basicintroductionis provided in chapter2, andthe focusof the work lies at
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direct volumerenderingin uniform meshes.The ideaspresentedlater on areneverthelessnot
constrainedin any way to any speci�c technique.For example,theresultsareextensibleto non-
uniform meshesby �tting the non-uniformmeshinto a larger uniform meshandperforminga
remeshingalongthebordersof thesubvolumes.As explainedin chapter4 theonly requirement
is to satisfytheassociativity of theoperationby usingtheappropriateblendingequation,whichis
in turnguaranteedby usinga -premultiplication.In thesamechapterseveralalternativesarepre-
sentedin orderto implementthisoperationwith old andnew generationsof commoditygraphics
hardware.In chapter5, it hasbeenshown thattheoptionof performingthecompositingof partial
resultsof thesubvolumesusingthegraphicshardwarefor thetaskdoesnot yield a performance
gain on modernarchitectures.Even if the compositingoperationitself canbe executedfaster
on the graphicscard,uploadinganddownloadingthe datais a slow process.In this casethe
busbetweentheCPUandthededicatedgraphicsmemoryrepresentsabottleneck.Again,newer
technologiessuchasPCI Expressmight changethis situation.In orderfor this pathto befaster
thana software-basedone,the interconnectionbusneedsto offer a bandwidthin excessof 5.3
Gb/s. This is within the peakbandwidthofferedby AGP 4x, but actualmeasurementsdo not
supportthisstatement.In orderto achieve interactiverefreshrates,thecompositingof thepartial
resultsof therenderingprocesshasbeenoptimizedusingassemblercode.As shown in chapter5
this implementationdeliverscompositingratesthatmake theinteractivevisualizationpossible.

In thiswork solutionsfor anotherthreedifferentproblemsweredeveloped:

� Remoteaccessingof visualizationfacilities.Thishasbeenimplementedusingabig-server
thin-clientmodelandis applicationindependent.This allows to have minimal or no extra
requirementson the client side (e.g. a VNC client or an X11 server) and accessthese
facilitiesevenfrom deviceswith comparatively smallCPUslikePDAs.

� Debugging of OPENGL applicationsand managementof OPENGL extensions. These
have beendevelopedin sucha mannerthat it is easyto keepthemup to datewith current
standards.
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FigureA.1: Colorversionof �gure 4.4onpage60

FigureA.2: Colorversionof �gure 5.1onpage64
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FigureA.3: Subsetof thevisible femaledataset
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FigureA.4: Jetstreamdataset
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