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Abstract and chapter summaries

Chapter 1: Intr oduction

The primarygoal of this chapteris to motivatethe subjectin this thesis.The parallelizatiornpos-
sibilitiesonthevisualizationpipelineareexplained,andhow someof this possibilitieshave been
exploited. The evolution of commoditygraphicshardwareis alsodiscussedandsenesasmo-
tivation for working on the parallelizationof the last stepof the visualizationpipeline,namely
the renderingof images. A comparisorbetween‘high end” proprietaryvisualizationsystems
andcommodityhardwareis providedandsenesasmotivationfor working onthe parallelization
of the renderingusingclustersof PCsequippedwith commoditygraphicshardware. The char
acteristicsof visualizationapplicationsareanalyzedn the contet of clusterbasedcomputing,
paying specialattentionto the compositionof partial resultsfor its displayon a single device.
The differentapproacheso this problemarediscussedndit is aguedthat usinggeneralpur-
poseprocessorsnsteadof specialpurposehardwareis a viable alternatve, evenif distributed
memoryarchitecturehave high inter-processotatenciesandslow inter-connections Finally a
shortsummaryof the contributionsof thiswork is provided.

Chapter 2: Dir ectvolume visualization

This chapterprovidesa brief introductionto volumevisualizationin generalanddirectvolume
visualizationin particular Firstareview of basiccomputergraphicsconceptss provided,along
with anintroductionto the OPENGL graphicsAPI. In particularthe OPENGL pipelineis dis-
cussed paying specialattentionto the rasterizationand perfragmentoperationsstages. This
providesthe groundsfor discussinghe visualizationof volumetric datasetaising parallelren-
deringalgorithms.Existingwork in threedifferentareads reviewed: software-basedendering,
hardware-acceleratetenderingusing dedicatedhardware and hardware-acceleratetendering
usingcommodityhardware.

A derwation of the essentiablgorithmfor direct volume renderingusing texture mapping
hardwareis provided, startingfrom physicalconcepts After explainingthe conceptof transfer
functionsandclassi cation, the hardware-acceleratedolumerenderingtechniqueusingtexture
mappings explainedandits bottlenecksrediscussedandits parallelizations introduced After
this, the currentstateof theartin hardware-acceleratedolumerenderings 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. The parallelizationof the volumerenderingalgorithmis presentedandspecialat-
tentionis paid to the parallelizationof the compositingstage:two well known algorithmsfor

parallelcompositing direct sendandbinary swap, are discussec&nd comparedanda justi ca-

tion for choosingoneover theotheris provided.

Chapter 4: Image compositingand volume rendering

This chapterdiscusses moredetailimagecompositionin the contet of parallelvolumeren-
dering. In particularthe requirementor storingthe opacityinformationalongwith color infor-

mationis discussedThemanneiin whichtheopacityinformationhasto becomputedn orderto

ful Il theassociatiity requiremenof theparallelizations discussedandthis senesto introduce
the conceptof alpha pre-multiplication Differentpre-multiplicationmethodsn the context of

OPENGL arediscussedlt is alsoshavn why performingthe pre-multiplicationin the transfer
functionis not correct.

Chapter 5: Softwareinter-brick compositing

This chaptepresents software-basedmplementatiorfor compositingpartialresultsof thedis-
tributedvolumerendering.First, a justi cation for not performingthe compositionin hardware
is given. Thensomebasicremarksregarding in-software compositingare made. After this,
assemblemplementation®f the compositingoperationaregiven,onefor theIntel's x86 archi-
tecture,andonefor AMD's AMD64. The performancecharacteristic®f this implementations
arediscussed.

Chapter 6: Systemarchitecture

This chapterdiscusse# moredetailthe architectureof the systemdevelopedduringthis work.

First,ajusti cation for thechoiceof MPI asacommunicatiormediumis provided,andthecon-
sequencesf this choiceareexamined. Thenthe performancecharacteristic®f the underlying
network arediscussedSomelow-level implementatiordetailsarediscusseaincethe problems
facedaswell asthedecisionsandsolutionstakenarenon-evident,in particularhow to integrate
OPENGL applicationsnto theclusterervironment.Finally adiscussiorof theactualimplemen-
tationaswell asremotelyaccessinghefacility is provided.
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Chapter 7: Application developmentwith OpenGL

This chapterfocuseson a topic thatwasalwayspresenduringthe courseof this work: applica-
tion developmentusingOPENGL, in particulardebuggingapplicationsatthe OPENGL level as
well asaccessingnon-standarizetunctionality.

Chapter 8: Remoteaccesf visualization facilities

In this chapterremoteaccesf genericvisualizationfacilities is presented.First a review of
other solutionsis provided, andthen a detaileddescriptionof a genericmethodfor remotely
accessingisualizationapplicationsis provided. The only assumptiorthatis madeis thatthe
applicationusesOPENGL andthatit usesthe X11 protocolfor communicatiorwith therender
ing hardware. After discussinghe genericimplementationsomeoptimizationsspeci c to the
distributedvolumevisualizationarepresented.

Chapter 9: Resultsand futur e perspectves

This chaptempresentghe resultsof this work, andmakesan attemptto look into the future with
respecto scalabilityof thedevelopedsolution. Attentionis paidagainto the compositingstepof
the distributedvisualizationprocessandhow this might becomdessof anissuein the coming
years.
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Zusammenfassungind Kapiteltberblick

Kapitel 1: Einfihrung

DasprimareZiel dieseKapitelsist es,dasThemadieserArbeit zu motivieren.Sovohl die Paral-
lelisierungsmoglich&itenderVisualisierungspipelinalsauchdie Methodenwie siebisheraus-
genutztwordensind, werdenerlautert.Die zeitliche Entwicklungder gebrauchlicherstandard-
Graphikhardwrewird besprochemnddie Motivationfur die ParallelisierunglesletztenSchrit-
tesder Visualisierungspipelinavird eingefuhrt,namlichdasErzeugenvon Bilder (Rendering,.
Ein Vergleichzwischert'hochleistendenproprietarerVisualisierungssystemeamd gebrauchli-
cherHardwarewird dagestellt,und dientals Motivation,um mit der ParallelisierungdesRen-
deringsauf mit Graphikhardware ausgestatteteRC-Clusternzu arbeiten.Die Merkmalevon
Visualisierungsanwendung@n Kontext von ClusterbasiertenrAlgorithmenmit Betonungauf
dasCompositing(Zusammerdssung)on Zwischenegebnisseverdenanalysiert.Verschiede-
ne Ansatzefur die LosungdiesesProblemswerdenerértertund eswird argumentiert,dasses
einepraktikableMdglichkeit ist, handelstiblich®rozessoreanstatdedizierteHardwareeinzu-
setzenpbwohl distributedmemory(verteilte Speicher)Architekturengré3ereLatenzzeiterund
langsamer&/erbindungerzwischenProzessorehabenSchliel3lichwird einekurzeZusammen-
fassunglerBeitragedieserArbeit gegeben.

Kapitel 2: Dir ekte Volumenvisualisierung

DiesesKapitel fuhrt kurz in die allgemeineund direkte Volumervisualisierungein. Zuerstwird
ein Uberblick ibergrundlegendeComputegraphik-Konzeptegegeben gbensaeine Einfiihrung
in das OPENGL Graphik-API.Die OPENGL Pipeline wird dagestellt,wobei besondersauf
die Rasterisierunginddie pro-FragmentOperationereingegangenwird. Diesbildet die Grund-
lage, um Uber die Visualisierungvon volumetrischerDatensatzemnter Verwendungparalle-
ler Rendering-Algorithmernzu diskutieren VorherigeArbeitenauf drei verschiedeneebieten
werdenbesprocherSoftware-basierteRendernhardware-unterstitzteRendermmit dedizierter
Hardwareundhardware-unterstiitzteRendermmit handelstblicheHardware.

Ausgehendvon physikalischenKonzepterwird eine HerleitungdesgrundlegendenAlgo-
rithmus zum direktenVolumenrendermit Texture-mappingHardware gegeben.Das Konzept
der Transferfunktionerund die Klassi erung wird erklart, anschlieRendavird die Technikdes
hardware-unterstitzteMolumenrendernmit Texture-mappingerlautert,desserGrenzerdaige-
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legt undin desserParallelisierungeingefihrt.Schlie3lichwird deraktuelleStanddeshardware-
unterstutztevolumenrenderndagelegt.

Kapitel 3: Parallele Visualisierung

DiesesKapitel fihrtin Konzepteein, die alle parallelenVisualisierungsalgorithmegemeinsam
habenund gibt einenUberblick tiber die aktuellenallgemeintiblichenAlgorithmen zur paral-
lelen Visualisierung.Die Parallelisierungdes Algorithmus zum Rendernvon Volumina wird
vorgestellt. BesondereBeachtungndet dabeidie Parallelisierungdes Compositing zwei all-
gemeinbekannteAlgorithmenzumparallelenCompositingdirectsendundbinary swapwerden
besprochemnindvemlichen,undeineBegriindungr die getrofeneWahlwird gegeben.

Kapitel 4: Bild- Compositingund Volumenrendem

In diesenKapitelwird einedetalliertereErdrterungdesBild-Compositingm Kontext parallelen
Volumenrenderngiegeben.Insbesonderavird die Notwendigleit die Opazitatzusammermit

derFarbinformatiorzu speichernerlautert Die Methode um die Opazitatsozu berechnengass
die notwendigeAssoziatvitat der Parallelisierunggegebenist, wird vorgestellt.Diesdientdazu,
dasKonzeptdesvormultiplizierten Alphawerteseinzufiihren.UnterschiedlicheMethodenzur
Vormultiplikation mit OPENGL werdenerlautert.Ebensowird gezeigt,warumesnicht korrekt
ist, die Wertein der Transferfunktionvorzumultiplizieren.

Kapitel 5: Software inter-brick compositing

DiesesKapitel stellt eine software-basiertémplementierungzum Compositingvon Zwischen-
ergebnissemesverteiltenVolumenrenderngor. Zuerstwird eineBegriindunggegebenwarum
die DurchfihrungdesCompositingnicht in Hardware statt ndet. Anschliel3endverdeneinige
grundsatzlichdemerkungerbeziiglichdesCompositingn Softwaregemachtund Assembler
ImplementierungedesCompositingvorgestellt:Eineflr die Intel x86 Architekturundeineflr
die AMD AMDG64 Architektur Die Performanzmerkmal@iesedimplementierungewerdendis-
kutiert.

Kapitel 6: Systemachitektur

Die Architektur desin dieserArbeit entwickelten Systemswird in diesemKapitel genauetbe-
schriebenZuerstwird eineBegrindungdafiirgegebenwarumMPI alsKommunikationsschnitt-
stelleausg&vahltwurde,unddie KonsequenzediesetWahlwerdenuntersuchtDie Performanz-
merkmaledesdarunterligendenNetzwerleswerdenbeschriebenEinige Implementierungsde-
tails werdengenaueerlautert,da sonvohl die aufgevorfenenProblemeebensawie die getrofe-
nenEntscheidungealsauchderenLdsungnichtoffensichtlichsind;inbesonderélie Integration
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von OPENGL-Anwendungerin die ClusterUmgelung. Schliel3lichfolgt eine Erlauterungder
tatsachlichenmplementierungind desentfernterzugangszum Cluster

Kapitel 7: Anwendungsentwicklungmit OPENGL

DiesesKapitel hatals SchwerpunktienEntwicklungsprozesgon OPENGL -Anwendungenin-
besondergasDeluggingauf OPENGL -EbeneunddenZugriff auf nicht-standarisiert€unktio-
nalitat.

Kapitel 8: Entfernter Zugang zu Visualisierungsmadglichleiten

DiesesKapitel stellt einegenerischaMethodefiir denentferntenZugangzu Visualisierungsan-
wendungewor. Zuerstwird ein Uberblickiiberexistierendd_dsungergegeberundanschlieRend
wird eine generischeMethodegenauerbeschriebenmit der auf Visualisierungsanwendungen
entferntzugariffen werdenkann.Die einzigeAnnahmedie gemachtwird ist, dassdie Anwen-
dung auf OPENGL basiertund das X11-Protololl fir die Kommunikationmit der Hardware
verwendetvird. AnschlieRendverdenOptimierungengie spezielldie verteilteVolumervisuali-
sierungbetrefen, vorgestellt.

Kapitel 9: Ergebnissaund Ausblick

In diesemKapitel werdendie Ergebnissaler Arbeit vorgestellt,und ein Ausblick im Hinblick

aufdie Skalierbarlit derentwickeltenLésungwird gegebenBesondersvird auf denComposi-
ting-SchrittdesProzessezgur verteiltenVisualisierungeingeggangenund daraufwie diesin den
nachsterdahrenvenigerkritisch seinwird.
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Chapter 1

Intr oduction

1.1 Motivation

Researcherand engineersthatis, the end-userf visualizationtechniquesstrive for better
fasterandeasiewaysof undestandingtheirdata.Visualizationis notabout‘pretty pictures”,its
ultimate purposeis comprehensionWhetherthis comprehensioarrivesfrom simplediagrams
or comple interactize simulationsis only an “implementationdetail”, it is not a goal per se
Thus, visualizationspecialistsare facedwith the problemthat their usersare producing,on a
daily basis largerdatasetsvhich they wish to visualize. The visualizationcommunitys answer
to that problemis interactive visualization,and the commonlyacceptedde nition is that the
useris ableto directly manipulatehe subjectunderstudy with therepresentationnthedisplay
systembeing updatedat a rate of at least10 times a second. Whenthe size of the datasets
exceedghe processingapabilitiesof the availablehardware,oneway of achieving this goalis
to employ multiple processingelementsn parallel. Looking atthe visualizationpipeline( gure
1.1), onecanrecognizemultiple pointswhereparallelizationmight yield bene ts: going from
raw datato “visualizationdata”is a Itering processwhich is at leastdirectly proportionalto
the size of the input data,and in generalwell paralellizable;the mappingof datastructures
to visualizationstructurescanalsobe subjectto parallel processingandthis wasthe focus of
mary researctpapersof the last decadewhich dealtwith reductionof the datasetsn orderto
make themmoreamenabldo treatmeniwvith interactve computergraphicstechniquesThelast
stepin the pipeline,the renderingof the data,hasbeenalsoapproachedvith parallelizationin
mind. Textbook examplesof this areraytracingandradiosity-base@lgorithms with processors
working in unisonin orderto generate single nal imageor working in aninterlearedfashion
in orderto generatalifferentframesof a singleanimation.In this casescalabilityin two areas
is beingsoughtafter: scalabilityon the size of theinput dataandscalabilityon the updaterates
of the renderingitself. An orthogonalapproachis to distribute the renderingprocessacross
processinggroups,with eachgroupgeneratingmagesfor a singledisplaydevice, which when
obsened all togethermalke for a single coherentvisualizationof the data. Here scalability on
the nal imageresolutionis beingtargeted. In this regard, hardware acceleratediisualization
techniquesirealsoaform of parallelization:by recognizingheimplicitly parallelnatureof the
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Figurel.l: Thevisualizationpipeline

rasterizatiorprocesshardwaredesignersreableto improve on the designandperformanceof
the graphicschips, to the point wherethesehave becomehighly-pipelinedhighly-specialized
SIMD processors.

Commoditygraphicshardwareis of particularinterest.lts developmenthasbeenpushedor-
wardoverthelastfew yearsby the PCgamingindustry As aresult,today'scommoditygraphics
hardware hasreachedandin mary aspectsurpassedhe capabilitiesof so-calledhigh-endso-
lutions. Theinitial efforts were gearedowardsimproving performancelone,with little or no
advancein the areaof programmabilityof the hardware. During along periodof time, graphics
cardmakersconcentratedhemseleson providing hardware implementation®f functionsex-
posedvy thegraphicsAPIs suchasOPENGL, thatis, they implemented x ed-functionpipeline
in hardware. NVIDIA wasoneof the rst hardwarevendorsto develop andimplementexten-
sionsto the basicAPIs which introducedsmall amountsof programmabilityinto them. This

e xibility waswelcomedby the programmeicommunity which startedto usethe featuresand
thereforeimplicitly or explicitly recommenaertainhardwarevendorsover others,giving them
reasorto researclanddevelop even moreextensions- proprietaryin mostcases- to the x ed-
function pipeline. This trendhascontinueduntil today whenalmostfully programmablé&sPUs
areavailableonthemarket. Thanksto standardizatioefforts from severalparties thesefeatures
arenow accessiblen hardware-and platform-independerfiashions. The evolving complexity
of thesecomponentse ects itself asan exponentialincreasan the numberof on-chiptransis-
tors. This exponentialbehaiour is dubbedVioore's law in referenceo a 1965paperby Gordon
Moore[Moo065], in which he providedargumentsasto why thereduceccostsof integratedelec-
tronicswould continueto provide advantagesandthusfuel the developmentof largerandmore
complex components.The wide-spreadormulationof Moore's law statesthat the numberof
transistorson a CPU doublesevery 18 months. As seenin gure 1.2, the developmentpaceof
GPUsseemgdo befasterthanthatof CPUs.

The adwvantagedroughtby this kind of e xibility have not remainedn the gamingrealm.
By exploiting thecapabilitiesof e xible graphicipelinesresearcherm differentareasuchas
volumerenderingphotorealistiandnon-photorealisticenderinghave beenableto improve not
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Figurel.2: Numberof transistorsisedin consumeigradeGPUs. Thedashecturwe is anexpo-

nentialt N = 4:25 25 1999 j e aduplicationof thenumberof transistorsvery 10 months.
This t doesnottake into accounttheintroductionof productstargetedtowardslowerendmar

kets, suchasthe NV34. R100,R200, R250, R300 and R350 are several generation®of the

Radeorchip producedby ATI. Chipslabeledwith thelettersNV areseveralgeneration®f the

GeForceproductline by NVIDIA, aswell astheRiva128(R128)chip. P512is theParhelia-512
productfrom Matrox. VP900is the Wildcat VP productfrom 3Dlabs. Source:Productpress
release$rom therespectie vendors.
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only the performancebut alsothe quality of the imagesthey produce(someexemplarypapers
are[EKEO1], [SWO0]], [FMS02]).

Lookingatthelatestgeneratiorof consumeiorientedgraphicshardware, it is remarkablehat
it notonly providesa muchlargerdegreeof programmabilitybut alsobetteraccurag andmore
on-boardmemory makingthe comparisoragainst“high-end” hardwarehardto avoid. Looking
atthe speci cationsof SGI's In niteReality4 (IR4 for short),it is easyto spottwo areaswhere
it still holds an adwvantage. The rst of themis the amountof on-boardmemorythat canbe
dedicatedo textures:the R4 canmanagaup to 1 GB of RAM per pipe,whilst currentofferings
from ATI andNVIDIA arestill limited to 256 MB of on-boardmemory with 64 and128 MB
con gurationsbeingcommonplaceThereasorfor this limitation is clear:addingmorememory
wouldnotonly increasehepowerrequirementsf theboardbut alsoits streefpriceandtherefore
its visibly. Thereis alsoanarchitecturaproblemto considertheseboardsarestill designeadvith
Intel x86 classhardwarein mind, wherememoryaddresseare limited to 32 bits. Becauseof
the architecturedesign,the graphicsmemoryis usuallymappednto the normal 32 bit address
spacé, thuslimiting the amountof systemmemoryusableby individual processesThe other
interestingaspecbf the IR4 is thatit candrive displaysof up to 133 million pixels,in contrast
to PChardware,whichis still limited to resolutionsoneorderof magnitudesmaller A question
posestself naturallythen: how canwe take advantageof the muchfasterdevelopmentaceand
muchmore e xible architectureof consumeigradegraphicboardswhile keepingthe desirable
characteristicef systemdike theIR4?

SGl's answerto that questionis to integratecommoditygraphicshardware into their own
systemsas seenin their “UltimateVision” productline. The problemis that SGI is limiting
consumerg$o comparatrely small con gurations,andthe vendorlock-in effect is still present.
Facedwith this, the mostnaturalway of achiezing the desiredresultis usingsmall clustersof
PCsandinstall graphicsadaptersn eachnode. Theideaof clusteringcommodityoff the shelf
(COTS) componentsn orderto achieve supercomputelik e performanceook off afterit was
initially demonstratect the Centerof Excellencein SpaceData and Information Sciencesat
NASA GoddardSpaceFlight Centerandsubsequentlpublishedby Becler etal [BSS' 95]. At
thattime, PC-classhardware had not only fallen down to pricesthat madethe ideaattractve,
but their performancehadrisenup to levels that balancedout the lateng introducedby using
low speednetworks asintercommunicatiomedium. This con gurationis knowvn asa network
of workstationgNOW) or a Beawulf-lik e cluster(in referenceo the namethat Becker andhis
teamgave to their system).NowadaysPC clustersarewidely acceptedasa goodalternatve to
moreexpensve proprietarysupercomputefs Their applicationdomainsoverlap,but scalability

LFor example,on a x86 Linux systemwith NVIDIA hardware andthe vendorsupplieddrivers, the graphics
card memoryis mappedinto the sameregion wheresharedmemorysegmentsand sharedlibrariesreside. This
region startsat addres$x40000000 andendssomevherebelowv Oxbffff0000 . Thisis the sameregion used
for allocatinglarge chunksof contiguousmemory This meanghat, in effect, installinga graphicscardwith 1 GB
of on-boardmemoryreduceshe total systemmemoryusableby a graphicsapplicationas dataspaceby 1 GB.
Becausef thedesignof the Linux kernelon this architecturethis leaveslessthan2 GB usablefor the application.
For practicalpurposesthis problemvanisheson 64-bit architectures.

2http://www.top500.org/ and http://clusters.top500.org/ contain performanceand con-
®gurationdatafor existing installationstheformerincludingalsosupercomputershelaterbeingdedicatednly to
clusters.
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of clusterbasedsolutionss still anissuebecausef thelimited communicatiorbandwidthacross
nodes.Neverthelesssystemswvith morethanathousanchodeshave beendemonstratedndare
in use. With the adwent of 64-bit computingon the desktop,muchmore powerful systemsare
being built aroundarchitecturedike Intel's Itanium and AMD' s Opteron. Even vendorslike

SGI are shifting towardsthe useof commodityprocessordor their systems. Their Altix line

usesltanium CPUsalongwith their proprietaryCray-hus for interconnectionwhich, beingan

specializedsolution,still offersbettercommunicatiorperformancendscalability

Visualizationapplicationsare uniquein the contet of clusterbasedcomputing. First and
foremost,asarguedbefore,visualizationis aninteractivetask,it cannotbe performedoff-line,
in batchmode.It hasasarule higherl/O demandshannumericalsimulationsthetypical appli-
cationdomainof PC clusters.It alsohasdifferentaccesgatterns:while numericalsimulations
tendto have a high degreeof locality, visualizationapplicationspy nature needto accessnore
widespreaddata. Data partitioningis alsoin generalof a differentnature,sincemary of the
algorithmsareview-dependenta componenhot presenin simulations.In generala high CPU
load exists, becausgraphicsprimitivesneedto be recomputedn a frame-pefframebasis.Ex-
ceptin a subsebf casespartialimagesneedto be aggrgated,which meanghe computational
costis proportionalto the imagesize,which is a factorthat cannotbe ignored,sinceeffective
visualizationsn this context call for millions of pixelsperframe.Ontop of thatliestheproblem
of imagetransport:sinceit is oftenimpracticalor evenimpossibleto performthe visualization
taskattheinstallationplaceof thecluster thereis aneedfor transportingmagesover adistance,
whilst still keepinginteractvity.

Theproblemsderving from thesmallamountsf texture memoryavailableon COTS graph-
ics hardware canbe overcomeby developingtechniquego performadequatelatapartitioning
anddistribution acrossprocessinglements.Theimplication of the datapartitioningis, assev-
eral authors[SFLS0Q MHEO1, HHN™* 02] have discussedthat renderingon PC clusterscalls
for hybrid sort- rst sort-lastalgorithms. In turn, the postrenderingsorting calls for high per
formanceimage compositingmethods. Somegroups,e.g. Heirich and Moll [HM99], Stoll et
al [SEP 01], have developedcustomhardwaresolutionswhich addresshis necessityThe prob-
lem with this kind of solutionis thatit falls out of the category “commodity hardware”: these
are custom-madeartswhich are expensve andcomples to produceanddeploy, andgenerally
not found on the market. Every othercomponenin this approachhasbecomea commaodity:
CPUs,in the broadestsenseof the word, are mass-mar&tedand nowvadaysit is easyto nd
“desktop” PCsthatsurpasghe performancef the “high-end” workstationsof the 90sfor justa
fraction of the price. Thelast ve yearsarewitnessto anexplosive developmentin the areaof
PC-basedantertainmenttaking somemarket-sharesven from the morematuregamingconsole
sector Thisgrowth re ectsitself ashigh-performancgraphicgprocessorbecomingacommaod-
ity, too. Thethird componenwhich is alsoa commoditypartis the interconnectiometwork:
high-speedow-lateny networksarestill muchmoreexpensve thantheir low-endcounterparts,
but theincreasingdemandor higherdatatransferrates particularlyin the contet of distributed
computinganddatawarehouservironments hashada two-fold effect: On onehand,high-end
interconnectiorsolutionssuchasMyrinet andQuadricsarebecomingasterandatthesametime
lessexpensve, andsolutionsbasedon In niband are gaining momentumtheir performances
gettingcomparabldo that of proprietarytechnologiedCoh03 andthey arelikely to become
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more affordable; on the otherhand,the low-costalternatves, basedaroundthe Ethernetstan-
dard, are becomingfaster morewidespreacand morereliable. By usingcommoditypartsfor
thesecomponentsi is possibleto take advantageof the massmarketbene ts: opencompetition
amongvendordeadsto fastey featurefulandmorereliableproductsjf a partgoesbad,it is pos-
sibleto replacet with anew onewhichis likely to beeasyto nd, thusminimizing downtime;it
is alsopossibleto planfor piecavise upgradesat a pacedictatedby the consumeinsteadof the
producerof the hardware;reusingpartsalsobecomegossible pncestate-of-the-artomponents
in the visualizationclustercan be relocatedfor otheruses,which might not requirehigh-end
hardware,but canbene t from it. With this in mind, a software-base@pproacho imagecom-
positinghasbeenconsiderednamelyusingthe available CPU power of the clusterto perform
this task. The advantageof a softwareapproachs thatit is more e xible andreduceghe main-
tenancecost. The downsideis the higher CPU and network utilization. As CPUsandnetwork
technologie®volve, this problemdiminishes.

1.2 Contributions of this work

Insteadof trying to develop a generalparallelizationframework for visualizationapplications,
thiswork focusesontheparallelizatiorof directvolumevisualizationon uniformmeshesDirect
volumevisualizationallows theuserto have aglobalperceptiorof thedatawhile still beingable
to focuson speci ¢ features. This is achieved by assigningopacity valuesto all datapoints.
It is a very versatilealgorithm that allows for examplefor the extraction of isosurbcesfrom
the data, working with multimodal datasetsand interactve clipping and slicing of the data,
while maintainingconstanor almostconstandisplayframerateslts majordisadwantages that
implementationshatexploit hardwareacceleratiomequirelarge amountsof texture memory It
alsodemandsrery high rasterizatiorratesand high memorybandwidth,dueto the complexity
of thealgorithmbeingproportionalto the numberof datapoints. It hasalreadybeenshowvn that
theseeffectscanbe counteractedby usingmultiple rasterizeron sharedmemoryarchitectures
(e.g.Li etal [LWMT97]). Thedownsideto this solutionis thatthe costof suchhardwareis at
leasttwentytimesmoreexpensve whencomparedo the price of a clusterof PCswith thesame
aggrgatedcomputingpower. In additionto the betterprice-to-performanceatio, usingclusters
of PCsis alsoattractve becausef a lower total costof ownership,bettertechnologytracking,
bettermodularityand e xibility andhigherscalabilityasdiscussedbefore.

Moving from shared-memorgrchitectureso PC clustersshifts the performanceéottleneck
from the renderingitself to the compositingstep. The “binary swap” algorithm as presented
by Ma et al [MPHK94] hasbeenusedtraditionally for this purposeevenif it is theoretically
lessefcient thanthealternatve “direct swap” algorithmpresentedy NeumannNeu93. The
reasorfor thisis thatthe binaryswapalgorithmputsa lower loadon network topologieshatare
not fully switched. With fully-switchedfull-duplex networks the direct sendalgorithmcanbe
implementedn moreef cient fashion.Orthogonallyto this, by exploiting the SIMD operations
availableon modernCPUs,thiswork shavs how to achieve compositingratesthatsurpasshose
imposedby the needfor aninteractve visualizationsystem.Additionally, the problemsarising
from partitioningthe volumerenderingoperatioracrossseveralnodesandthencompositingthe
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intermediateesultsarediscussed.

During the courseof this work, otherproblemswereattacled. The rst andforemostgoalis
gaining remoteaccesgo high performancevisualizationfacilities and eventually providing ac-
cessvia web-basedervices A secondoroblemwasdealingwith thefactthathigh-performance
graphicgprogrammingAPIsin generalandOPENGL in particular arein astateof constanevo-
lution, which introducesproblemsrelatedto writing truly portableapplicationsbasedon them.
Theseproblemsandtheir solutionsaredescribedn thelaterchapters.
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Chapter 2

Dir ectvolume visualization

Kaufmanetal de ne [KHKS94] volumevisualizationas:

“[. ..] a methodof extracting meaningfulinformation from volumetric datasets
throughthe useof interactve graphicsandimaging. It addresseshe representa-
tion, manipulationandrenderingof volumetricdatasets providing mechanisms$or
peeringinto structuresandunderstandingheir compleity anddynamics.Typically,
the datasetis representecsa 3D regular grid of volume elements(voxels) and
storedin a volume buffer (also called cubic frameluffer), which is a large 3D ar
ray of voxels. However, datais oftende ned at scatteredr irregularlocationsthat
requireusingalternatve representationandrenderingalgorithms.

Thisde nition encompasseall theimportantaspect®f moderntheoryandpracticein the eld.
First andforemost,volumevisualizationpractitionerscontinuouslystrive for higherinteractv-
ity. Over the yearsthe working de nition of “interative framerates’hasevolved alongwith the
renderingalgorithms.

Krausamguesregardingtheacceptancef thealgorithm[Kra03]:

“While volumegraphicsj.e., therenderingof volumetricobjects hasfoundits way
into movie andvideo gameproductionsyolumevisualizationhasonly foundsome
niches althoughit hasbeensuccessfullyappliedin almostall scienceg. . .]

However, volume visualizationis by far lesspopularthan one might expectfrom

the large rangeof potentialapplications.In particular direct volumevisualization
is frequentlyrejectedfor quantitatve analysesdecauseof the fuzzy natureof the
resultingimages.In thesecasesjsosurbicesareoftenstronglypreferred.Thus,the
visualizationof medicalscansge.g.,CT (computertomograply) or MR (magnetic
resonancegcansjs still by farthe mostimportant eld of applicationof directvol-

umevisualization.

Therearemary reasongor thislimited popularityof volumevisualizationapartfrom
the mentioned‘fuzziness”: the insufcient supportby standardyraphicshardware,
a lack of non-commercialsic) tools, uncomfortableand inef cient interfacesof

29
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Figure2.2: Fromthree-dimensionalbjectsto pixels. An objectis describedn termsof vertices
andtheir connecwity which arethenpassedsprimitivesto the graphicsAPI. Theseprimitives
arethenrasterizedandplacedon theframeluffer asimages.

existing tools, the rare use of volume visualizationfor publicationsoutsideof the
visualizationcommunity andthe lack of educationaboutvolumevisualization,to
namejustafew. Unfortunately someof thesereasonseinforceeachother”

Neverthelessyolumevisualizationhasproveditself asaneffective techniqudor theexploration
of largeandcomplex datasets,evenif its mainapplicationdomainis still medicalvisualization.

2.1 Visualization and computer graphics fundamentals

Working with “3D graphics”on a two-dimensionaldisplay meansmappingthree-dimensional
representationsf objectsto two-dimensionakasterimages. Looking at gure 2.1, onestarts
with a digital representationf the world, which consistsof objectsmadeup of points, curves,
surfacesand volumeswith associatednaterial properties,which is then corvertedto a geo-
metricalrepresentatiomoreappropriatdor the underlyinggraphicssubsysteme.g.usingonly
primitive objectssuchaspoints,linesandtrianglesasillustratedin gure 2.2. Working with this
representatiorthe geometricsubsystenappliesgeometrictransformationsandclips the results
to the visible imageareain orderto obtain primitives describedn normalizeddevice coordi-
nates At this stage,verticesare assignedcolors accordingto the illumination modelin use.
Thesetransformedandlighted primitivesarethenhandedo the rasterizatiorsubsystemHere
“fragments”aregeneratedrom the primitives,which arethenshadedandlater storedaspixels
of the nal image.
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Figure2.3: OPENGL pipeline. Thisis anoverviewn of the OPENGL statemachineaspresented
in [Kil96].

2.1.1 OPENGL fundamentals

The OPENGL graphicssystemis a software interfaceto graphicshardware. The API andbe-
haviour is de ned by a standardyhich s in turn regulatedby a multi-vendorgroupof graphics
hardware manugcturerscalled the architecture review board (ARB). In this sensethe devel-
opmentof OPENGL itself is open: vendorsarefree to researclanddevelop new functionality,
integrateit into their hardwareand proposemodi cations to the standardn orderto supportit,
which canthenbe adoptedoy othervendors.The OPENGL API providesaccesgo 2D and3D
operationsandhasbeenimplementedn a wide rangeof platformsandit is independentf the
underlyingwindowing system.

In the speci c caseof OPENGL thetransformatiorandrasterizatiorpipelinefrom gure 2.1
hastheform depictedin gure 2.3. Of particularinterestfor hardwareacceleratedrolumeren-
deringaretherasterizatior{ gure 2.4)andperfragmentoperationg gure 2.5) stages.

In the rasterizationstageis wheretexture applicationoccurs. Texturing mapsa portion of
one(single-texturing) or more (multi-texturing) imagesonto eachprimitive for which texturing
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is enabled.This mappingis accomplishedy usingthe color of animageat the locationindi-

catedby a fragments texture coordinatesto modify the fragments primary RGBA color. These
coordinatesare speci ed on a pervertex basisandareinterpolatedfor eachfragment. The di-

mensionalityof theimagesusedfor texturingis notdirectly constrainedy the standardbput only

theone-,two- andthree-dimensionatasesarede ned. Textureimagedatacanbespeci edin a

varietyof formats,whichis thencorvertedto RGBA databeforeapplication.Theactualmanner
in which texturesareappliedto fragmentscanbe controlledvia a x ed setof texture functions
indicatedby thetexture ervironment For example,the fragments RGBA valuecanbereplaced
by thatof thetexture,or it canbe modulatedoy it. Thisis alsousedto specifytheway in which

texturesinteractwith eachotherfor the multi-texturing case.

In theperfragmentprocessingtage( gure 2.5)is whereseveralteststake place all of which
canbeenabledor disabledon anindividual basis.If afragmentdoesnot passa giventest,it is
discardedandtheframeluffer's andauxiliary buffers' contentgemainunchangedFor example,
a fragmentcanbe discardedbasedon its depth,alphaor stencilvalues. This is alsothe stage
whereblendingof incoming dataand frameluffer datais performedaccordingto the current
blendequationandblendfactors, selectedbut of a x edset. Theblendequationdetermineshe
operationgperformedbetweenthe two operandsandthe factorsdeterminewhich components
areusedandhow.

OPENGL de nes anextensionmedianismwhich allows hardware manufcturerso support
functionalitynotforeseeratthetime the speci cationwaswritten. Extensionslo notchangehe
default stateof the statemachinethatis, a programrunningon a platformthatdoesnot support
aspeci c extensionwill runthesameon anothemplatformthatdoessupportit. Programseedto
bemodi ed in orderto take advantageof thenew functionality In gure 2.4somemodi cations
to the statemachineintroducedby extensionsaredepicted:

TheNV_register_combiners extensionreplacegartof therasterizatiorstagewith
amore e xible — yet still prede ned- setof operationscarriedat the fragmentlevel by
so-calledcombines. Theoperandsareasetof registers whichcanbe lled with incoming
color data,texture dataor userspeci 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.
Dependingonthe operationthe mappingfrom texture coordinateso anRGBA color may
dependbonthe giventexture unit's stateor the resultsof previousoperationsThis enables
dependentexture lookups thatis, usingtheresultof a texturefetch operationasinput for
asubsequentexturelookup.

The ARB_fragment_program  extensionreplacegartof therasterizatiorstagewith a
fully programmableinit. For this purposeanassembletik e languageas used.It provides
vectoroperationgSIMD instructionsoperatingon 4-componentlata),scalaroperations,
texture-fetchingoperationsand an operationto kill fragments. The maximum program
lengthis implementation-dependerandthe speci cationprovidesthe minimumnumber
of instructionof differenttypesthat have to be supportedoy ary implementation. The
programscanoutputRGBA anddepthinformation.
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2.1.2 Datarepresentation

Volumetric datasetsassociate value with eachpoint on a 3D mesh,thatis, a scalar eld is
de ned on the volume. Multi-modal datasetscontaindataobtainedusing differentacquisition
techniquesandthereforeassociateavith differentmeshesn thegenerakase.n time-dependent
datasetsall the pointsin thevolumearede ned for multiple pointsin time.

The mostgeneralclassi cation for meshess in two groups: structued and unstructued
For structuredmesheghe connectvity is givenimplicitly, while for unstructurednesit needs
to be givenexplicitly. Structuredmeshesanbe further classi ed into uniform, rectilinearand
curvilinear meshes. Uniform mesheshave cells of uniform shapeand size. For the caseof
volumevisualization,it is customaryto useuniform mesheswvith orthogonalaxes,thatis, with
cubic cells. Rectilinearmeshesare more generalsincethe sizesof the cells might dependon
their relative positionwith respecto somearbitrarypoint, thatis the coordinategx;y; 2) of the
verticesarea functionof theirindices(i; j; k) in themesh like (x(i);y(j); z(k)). For curvilinear
mesheghe positionof the verticesin the meshis notrestrictedn the sameway.

Since unstructuredmesheshave no prede ned connectity, this information needsto be
storedalong with the values,thereforerequiring larger datastructures. Their advantageis a
greater e xibility andadaptability Unstructuredmeshesanbe usedto discretizedomainsof
ary shapeandtopology andtheir resolutioncanbe adaptedocally. The shapeof the cellsin
unstructuredneshess not necessarilyconstrainedput oneof the mostimportantkinds arethe
simplical meshesi.e., meshesvherecells are simplices(e.g. trianglesin two dimensionsand
tetrahedran threedimensions).

2.2 Volume visualization

Visualizationof volumetricdatais a challengingasksinceit is necessaryo dealwith occlusions
in orderto deliver effective visualizations.Oneway of achieving this goal is the extraction of
a subsebf thevolumein orderto minimize occlusions.The mostsimpleexampleis the useof
slicing planes thatis, intersectingthe volume with a planeandrenderingonly the intersected
voxels. Anotherpossibility is to extractandrenderonly oneisosurficefrom the volume. The
disadwantageof thesemethodds thatalarge partof thevolumeis eliminatedandthe useris not
givenenoughcontetual informationto understandhe displayedmage.
Directvolumerenderingis a differentapproacho this problem: a continuoustrade-of be-
tweenocclusionanddatavisibility is made by assigningopacitieso all datapoints. Pointswith
high opacitiesaremore prominentin the nal imagebut they occludeotherpoints. Pointswith
low opacitiesarelessprominentout atthe sametime lessoccluding. This providesthe userwith
enoughcontet informationto identify featureson the imagemore easily Anotherimportant
featureof thealgorithmis thatits performances usuallyindependentf theviewing parameters,
i.e.it is possibleto deliver visualizationsat constanor almostconstantefreshrates.
Therearemary volumerenderingalgorithmsput they canbeclassi edinto two largegroups:
image-ordeandobject-orderlgorithms.iImage-orderlgorithmsbuild the nal imageonapixel
by pixel basis,by castingraysthroughthe volume and computingthe contritution of the data
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alongtheserays. Oneof the earliestof this sortof algorithmwaspresentedy Levoy [Lev88].
Object-orderalgorithmson the other handprocesgshe dataon a sampleby samplebasis,and
researchasfocusedon ef cient waysof computingthe contrikution of eachof themto mary
imagepixelsatonce.

Therearethreemainapproacheto volumerendering:software-basedenderinghardware-
acceleratedenderingusingdedicatechardware; hardware-accelerationsingcommaodityhard-
ware.

2.2.1 Software-basedvolumerendering

Early researclon volume renderingfocusedon how to achieve interactve frameratesvithout
visible image quality degradation. For this purposemassvely parallel architecturesvere re-
searche@dnddeveloped.For example Elvins [EIVI2] presente@dnimplementatiorrunningona
64-processonCubemachine.Thisimplementatiomequired94 secondgo rendera singleframe
of a200 180 91 dataset.Interprocessocommunicatiornrepresentshe largestbottleneckin
this implementation.Elvins discussedeveral kinds of optimizationsto reducecommunication
requirementstrackingboundingboxesin theimageplane,splitting the compositingtaskacross
two processorandgroupingslicesin asingleprocessaor

WittenbrinkandHarrington[WH94] presente@ scalablearchitectureunningonthe Proteus
system(basedn thei860 processor)This achievedratesof 2 secondgperframerunningon 32
processordor a 256° datasetanda 256 256 image. Their implementationusesan explicit
partitioning of the input volume, a permutationwarp of the dataanda communicatiorpattern
thatavoids saturatinghe underlyingcommunicatiometwork.

Wilhelms et al  WGTG96 presented software multi-resolutionrenderetthatworkson ir-
regulargrids. By working on a hierarchicakepresentatioof the data,a potentiallyvisible setis
determined.The authorshada purely software-basedendererasa goal dueto the wide avail-
ability of generalpurposeprocessorandthe unavailable of dedicatedgraphicshardware. The
authorsreportaspeedup of 3.25whenthealgorithmrunson 4 processors.

Palmeretal [PTT97] presente@ray castingalgorithmto take advantageof thedeepmemory
hierarcty onthePaver ChallengeéArray. By exploiting thememoryaccesgharacteristicsf this
proprietaryplatform,from theprocessocacheto theinterconnectiometwork, they implemented
alogical globaladdresspaceor volumeblockswith caching.They demonstratethis renderer
usinga 7.1 GB datasetenderedising64 processorsThey achiavedrefreshratesof 3-4 seconds
perframe.

2.2.2 Hardware-accelerationusing dedicatedhardware

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

The VOGUE architecturdKni95] wasdevelopedat the University of Ttbingen,Germa.
Onerenderingengineprovideshigh-quality volume-renderednageswith multiple light sources
usingfour customVLSI chips. The maingoalsof VOGUE are e xibility andcompactnessilt
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operatesn threedifferentmodesthat offer a trade-of betweerperformanceandimagequality.
Multiple boardscanbe connectedo oneanotherin orderto increasenteractvity.

TheVIRIM architecturdGPR" 95] hasbeendevelopedandassembledt the University of
Mannheim. It aimsat delivering high imagequality. It consistsof a geometryunit anda ray
castingunit. Thegeometryunit is responsibldor interpolationandgradientcalculation;theray
castingunitis responsibldor implementingheactualray castingalgorithm.lIt is possibleto use
multiple modulesn parallel,but the dataseheeddo bereplicatedamongthem.

VIZAR [Dog95, developedat the University of New SouthWales,is an objectorderray
castingarchitecture. This architectureconsistsof two parallel pipelinedarraysusedto rotate
the datasetandto castrays. Theserotationarraysare connectechetweenn memorymodules
and 1.5 n renderingpipelines,wheren is the resolutionof the dataset. In the secondarray
intersectionswith voxels are determinedoy usingnearesneighboror zeroorderinterpolation.
Eachrenderingpipeline performsshadingand compositionfor a given scanline. In addition,
the systemis composedf a double-lufferedinput memory(it is possibleto displayonedataset
while loadinganother) memoryswappingarray anda framehuffer.

The VIZARD Il [MKS98] architecturedevelopedat the University of Tubingen,aimsto-
wardsinteractve ray castingon desktopcomputerg33]. It is designedo interfaceto a standard
PCsystemusingthe PCl bus. Thedatasets storedin four interleared memorybanksalongwith
aprecomputedjradientindex, segmentatiorindex, andgradientmagnitudefor eachvoxel. The
combinatiorof precomputedradientscachingandearlyrayterminationreduceshebandwidth
requirement®f thememorysystem.

EM-Cubeis a commercialversionof the Cube-4architectureoriginally developedat the
StateUniversity of New York at Story Brook. The EM-Cubearchitecturded to the VolumePro
board[PHK™ 99]. Thelastgeneratiorof the VolumePrdboardshave 2-4 GB of on boardtexture
memoryin adualboardcon guration,andsupport8-, 16- and32-bitvoxels. It hashardwarefor
gradientestimationusingcentraldifferencesandclassi cationvia a 36-bit lookuptable (24 bits
for RGB, 12 bit for A). It performsPhongillumination usinga precomputede ectancemapfor
thediffuseandspeculaterms.

2.2.3 Hardware-acceleratedusingcommodity hardware

A cornerstonen volumevisualizationis the introductionby Cabralet al [CCF94],in 1994, of

anobject-ordetechniquewhich exploits texture-mappindghardware. Thistechniques thebasis
for mary hardware-acceleratedolumerenderingalgorithmswhich arebeingsuccessfullyused
today Thebasicideais to rendera numberof volumeslicing planes(slicesfor short)oneafter
theotherin aconsistentashion:startingwith the planethatis furthestaway from theviewerand
proceedingowardsthe closestone,or the otherway around.Uponrasterizatiorof theseslices,
the resultingfragmentsare shadedusinga texture or groupof textureswhich arederived from

theoriginal volumetricdataandthenthey arecompositedn a buffer with the datawhich results
of applyingthe sameprocedureo previousslices.For this purposeeither2D or 3D texturescan
be used.In the rst casethreestacksof 2D texturesare used,andthe slicing of the volumeis

donein an objectalignedfashion,while in the secondcasea single 3D textureis requiredand
theslicingis performedn aviewportalignedfashion( gure 2.6).
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Figure2.6: Alignmentof textureslicesfor 3D texturing ontheleft, and2D texturing ontheright
(imagefrom Rezk-Salamatal [RSEB' 00)).

2.3 Physicalbasisof the algorithm

Thephysicalmodelbehindthevolumerenderingalgorithmis basedn theabsorptiorandemis-
sion of radiationthat happensnsidea cloud of hot gas. Referringto gure 2.3, the changein
power dP thathappensvhena beamof radiationspanninga solid angledW passeshroughan
in nitesimal lengthds of materialwith areadA is givenby:

dP = emission absorption
= dl dAdW
= J(dAds)dW K(I dAdW)ds; (2.1)

wheredl dAdWis lostpower, dAdsis thevolumeof materialthroughwhichtheradiationpasses,
| dAdWis theincidentpower, | is theintensityof theradiationin emy=(cm? sterradians), J isthe
emissvity in eg=(cm® sterradians) andK is theextinction coefcient in cm ! whichaccounts
for absorptiorandscatteringeffects. Dividing (2.1) by dAdWds oneobtains:

dl
4 J KI: (2.2)
Thisdifferentialequations known astheradiativetransferequation It cannotbesolvedwithout
specifyingthe natureof J andK. A detaileddiscussionof its propertiesand solutionsunder
differentconditionscanbe foundin e.g.[GBR79. In therestof this sectiononly the aspects
relevantto volumerenderingwill bediscussed.
Beforeconsideringheformalsolutionof thisequationtherearetwo speciakcase®f interest:

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

1(s) = 1(sp) + "4 (2.3)
So

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

RS
I(s) = I(so)e oK%’ (2.4)
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Figure2.7: Physicalcon gurationfor thegeneraradiative transfermproblem

The quantityt de ned by dt  Kdsis commonlycalledoptical depth It is a measureof
how opagquea mediumis to radiationpassinghroughit. A mediumis opaque(or optically thick)
if t > 1 whenintegratedalonga typical path. A mediumis transpaent (or optically thin) if
t < 1. Consideringaslabof materiallimited by two parallelplanestheopticaldepthis normally
measuredsthe normaldistanceto the surface,sothatds is replacedoy dz andt = t(z). The
point g is arbitrary; it setsthe zeropoint for the optical depth. Introducingthis de nition into

(2.2), it canberewrittenas: g
I

= | 2.
T S (2.5)
whereS % is calledthe sourcefunction. (2.5) canbeintegratedto obtain:
Z t
I(t)=1(0)e T+  St9e (¢ 9q¢0 (2.6)
0

The rst termontheright-handsidedescribesheintensityemeging from theabsorbingnedium
correctedor absorptionThe seconds theintegratedsource diminishedby absorption.

Consideringan ensembleof particleswith a densitydistribution r (s), the extinction canbe
writtenaskor (s) andtheemissvity canbewrittenasqor (s). With theseconditions considering
athin sheetof material thelastequationcanbewritten as:

Z
l(so)e {9+ qor (De Do Iy
S

[(s)

I(so)e [(09) + B 1 ¢t
ko

()1 a(sp9)+ E—Ea(sO;sx 2.7)
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wherea(sp;s) 1 e (%9 jstheopacityandthe approximatioris valid for regionswhereqq
and ko areapproximatelyconstant. This equationsaysthat the intensityat s canbe computed
from theintensityat sy, thebackgroundntensity attenuatedby afactorl a(sp;s) plusthelocal
contributions attenuatedy a(sp;s). In computergraphicsterms,this is a linear interpolation
betweerthevaluesﬁ—g andl (sp).

Equation(2.7) provides an iterative methodfor computingthe intensity contritution to a
singleimageelement.Looking atthede nition of a(sg;9), it is possibleto derive anexpression
for computingthe nal opacityin aniterative fashionaswell:

1 e t(9
1 e t(SO;Sge t(ss)

1 (1 a(sos)( a(L9)
a(l9)+ (1 a(ls)a(sos) (2.8)

a(so;s)

This form canbe interpretedastherebeingtwo contributing elementsthe rst spanningirom
so to Landthe secondrom Lto s. The equatiorthensaysthatthe opacityat the foregroundis
computedrom the backgroundpacitya (so; &) attenuatedby afactorl a(s®s) plusthelocal
contritution a(s®s).

2.4 The transfer function

For visualizationof a continuousscalar eld expression(2.7)aloneis not usefulsincethe emis-
sion and absorptioncoefcients are not speci ed. For this reason,scalarvaluesare mapped
to physical quantitiesdescribingthe absorptiorand emissioncharacteristicait that point. This

mappingis calledclassi cation andis performedusingtransferfunctionswhich assigna color

emissiorandopacityvalueto eachpointin thedata.In the mostsimpleform, transferfunctions
usejust the scalarvaluesfor this mapping,but it is also possibleto usethe local derivatives
or depthinformationfor this purpose.The speci cationandgenerationjn automaticor semi-
automaticfashion,of thesefunctionsare part of the setof unsohed problemsin directvolume
visualization.

Sincethe scalar eld is not availablein a continuousrepresentationbut only in a discrete
form, it is necessaryo interpolatethe available dataat the sampledpoints. In the presencef
atransferfunction, it is necessaryo decideif this interpolationstepis donebefore or after the
applicationof thetransferfunction. Theformercaseis calledpre-classi cationandthelaterpost-
classi cation Given N samplepointswith valuest;, weightfactorsw; anda transferfunction
F(s), thevaluen producedoy pre-classi cationis:

n= g w; F(t) (2.9)
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andpost-classi catiorgives:
!

N
n=F é_Witi (2.10)

If thefunctionF(s) islinear, theseaxpressionsreequivalent. Thesecondexpressions “correct”
in the sensdhatvaluesin the underlyingcontinuousscalar eld arebeinginterpolatedandthen
classi ed.

2.5 Hardware-acceleratedvolumerendering

In orderto computethe contritutionsacrosdargevolumesusing(2.7), thatexpressions applied
in iterative fashion:the lastexpressionis discretizedandimplementedoy drawing the pixelsin
front-to-backor back-to-frontorder andcompositingthe slicesin the frameluffer. The process
is acceleratetyy renderingall therays“simultaneouslyfor eachslice of thevolume,thuscreat-
ing thestandardimplicitly parallel)texture-basedolumerenderingapproacHCCF94 WE98].
This is achieved by renderinglarge polygonsto the framehuffer, eachof themtexturedwith a
slice of thevolumedata.
In OPENGL terms,thecompositingoperations expresse@s

C = kG + kyCq (2.11)

Wherecg is the new valueto be storedin the destinatiorbuffer, Cs andCy arethe colorsof the
incominganddestinatiorfragmentgespectiely, ki andky aretheirassociate@veightingfactors.
Thesefactorscanbe constanbor they canbe derived from the fragmentdataitself. For the case
athand,thesefactorsarea; and1l a; in correspondenceith (2.7). Thistopic will befurther
discussedn chapter.

Therearetwo major factorsthat limit performanceusing this technique:the speedof the
pixel pipelineandtheamountof availabletexture memory:

For eachframeseverallarge polygonsarerenderedneafterthe other with adifferentpart
of atexture appliedto eachof them. This meangherasterizatiorunit needso accesshe
wholeareaof memorydedicatedo storethesdexturesin afrequenfashion.Forindividual
pixels, this canbe acceleratedising cachingand prefetching but oncethe renderingof a
particularpolygonis done alreadyaccessegartsof thetexturememorywill notbeneeded
again until the next frame. This meanghatin this casethe speedof the pixel pipelineis
limited by the availablememorybandwidthon thegraphicscard.

The speedof the pipelineis only a soft limit, asthe renderingtime scaleslinearly with
the datasetandimagesizes. On the otherhand,the available texture memoryimposes
a hardlimit: assoonasthe datasetdoesnot t completelyin it, the texture allocator
startsto swaptexturesto systemmemory nullifying the advantageof the higheravailable
memorybandwidthof the graphicscard. Its impacton the attainableframerateis much
morenoticeablehanthatof thelimited pixel pipelinespeed.
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Figure2.8: Sortingof volumebricks.

Sincetheselimits dependon the size of the datasetbeingrenderedpoth of them canbe
overcomeusingmultiple renderersn parallel,whereeachof themworkson a subsebf thedata.
It canbe seenfrom (2.6) thatthis processs explicitly parallelizable:the integral on the right-
handsidecanbebrokenupinto severalsggmentghatcanbeaddedogetheratalaterstage Asin
theserialcasethesesggmentshave to bekeptin aconsistenbrderwhile they arebeingblended.

If avolumedatasetioesnot t into theavailabletexturememory it is still possibleto render
it breakingthe datasetnto smallerchunkscommonlycalledbricks, andthenswappingtextures
in and out the texture memory Whendoing this it is necessaryo considertwo details: rst,
the bricks needto be renderedin an orderthatis consistentwith the renderingorder of the
non-bricled datasetj.e. front-to-backor back-to-front.It sufces to sortthe distancegrom the
midpointof the brick to the obserer ( gure 2.8). The seconds the needfor the bricksto share
informationattheinnerbordersn orderto beableto performa correctinterpolation.

2.6 Stateoftheart in hardware-acceleratedrolumerendering

The methodintroducedby Cabralwas expandedby Westermanrand Ertl [WE98] in orderto
storedensityvaluesandthe correspondinggradientsin texture memoryand exploit OPENGL
extensiondor unshadedolumerendering shadedsosurticerenderingandapplicationof clip-
ping geometry

Rezk-Salamat al [RSEB' 00] presentedh techniquethat signi cantly improved both per
formanceandimagequality of the 2D-texture basedapproachoy exploiting the multi-texturing
capabilitiesof consumeigradegraphicshardware. By exploiting the functionality exposedby
NVIDIA's NV_register_combiners [Kil02] andNV_texture_shader [KilO3] exten-
sions,they alsointroducedmethodshatimplementfastshadedsosurfices betterinterpolation
andvolumeshading.

Rottgeret al [RKEOQ] introducedthe ideaof pre-integratedclassi cation, which addresses
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the problemof visualartifactsintroducedby the useof non-linearhigh-frequeng transferfunc-
tions. Theideais to avoid highsamplingirequencie®y reconstructing pieceviselinear, contin-
uousscalarfunctionalongtheviewing ray, andevaluatingthevolumerenderingntegral between
eachpair of successte samplef thescalareld by tablelookups.This methodwasfurtherex-
pandedby Engelet al [EKEOQ1], providing high-qualityimagesevenfor low-resolutionvolume
databy exploiting multi-texturing, advancedtexture fetch and perfragmentshadingoperations
availableon currentprogrammableonsumegraphicshardware.

Knissetal [KKHO1] presentednimplementatiorthatusesmulti-dimensional2D and3D)
transferfunctionsbasedon scalarvaluesalongwith their rst andsecondderivativesin order
to extract speci ¢ materialboundariesand corvey surfacedetails. Kniss et al [KPI1* 03] later
appliedthesedeasto multivariatedataby restrictingthetypeof transferfunctionsto thosebased
on a sumof gaussiansBy doingthis, the contritutionsalongthe ray sggmentcanbe evaluated
directlyin hardwareinsteadof having to storethetransferfunctionsin largelookuptables.Kniss
et al [KPHEO2] usea simpli ed radiationscatteringmodelwhich capturessolumetriclight at-
tenuatioreffectsto producevolumetricshadavs andthe qualitatve appearancef transluceny.

In orderto tacklethe problemof renderingvolumetricdatasetshatdo not t into thetexture
memory of the graphicsadapter a numberof authorshave proposedcompressiorand level-
of-detailtechniquesLaMar et al [LHJ99] presented multiresolutiontechniquefor interactve
texture-basedolumevisualizationof large datasets.This methodusesanadaptve schemehat
rendersthe volumein a region-of-interestat a high resolutionandthe volume away from this
region at progressiely lower resolutions.The algorithmis basedn the segmentatiorof texture
spaceinto anoctree wherethe leavesof thetreede ne the original dataandthe internalnodes
de ne lower-resolutionversions.Weiler et al [WWH* 00] presentan adaptie approactto vol-
umerenderingvia 3D texturesat arbitrarylevelsof detail. This work is similar to thatof LaMar
etal, with the differencethatauthorsdevelopeda bricking techniquethatguaranteesonsistent
interpolationbetweerdifferentresolutionlevels. The authorspay specialattentionto the xing
of renderingartifactsthat areintroducedby non-correcteampacitiesat level transitions. Guthe
etal [GWGSO02]presentec wavelet-basedompressiompproachThey generate hierarchical
waveletrepresentatioin a preprocessingtep,whichis decompressednthe y duringrender
ing. Thelevel of detailusedfor renderings adaptedo thelocal frequeng spectrunof the data
andits positionrelative to theviewer.

All theseefforts have somethingn common:they strive for bettervisualquality andthey ex-
ploit the capabilitiesof the graphicshardwarethatwasavailableatthetime, sometimesvorking
aroundthe limits imposedby it. Evenif the original works make useof OPENGL extensions
availableonly on hardwarefrom speci ¢ vendorsthe samedeascanbeimplementedodayin a
moreportablefashionby usingthe ARB_fragment_program  [Lip03] extension.



Chapter 3

Parallel visualization

3.1 Stateof the art in parallel renderingwith PC clusters

Beforediscussinghe parallelizationof the volumerenderingalgorithm,it is necessaryo intro-
ducesomecommonconceptsn the eld of parallelrendering,aswell aspresenta review of
someof the currentresearclareasanddevelopments.

Molnar et al [MCEF94] seethe problemof parallelyrenderingmagesasa sorting problem
andhave developeda classi cationfor parallelrenderingalgorithmsbasedon the stageon the
renderingpipelineat which sortingis performed.“The essencef the renderingtaskis to cal-
culatethe effect of eachprimitive on eachpixel”, andsortingin this casemeansredistrituting
databetweemrocessinginits,in otherwords,redistrituting theresponsibilityfor primitivesand
pixels. Startingfrom the assumptiorthat geometryprocessingandrasterizatiorratesare high
enoughto beableto performthemin parallel,thusde ning afully parallel rendeer, threesorting
strat@iesarede ned: sort- rst, sort-middleandsort-last.

Sort- rst:  theimageis dividedinto disjointregions,andeachprocessinglemenis responsible
for renderingoneof thoseregions. Geometricaprimitivesarepartially transformede.g.,
by transformingonly their boundingboxes)andredistritutedto the processinglements
accordingto their on-screerocation.

Sort-middle: primitivesarefully transformedlightedandreadiedfor rasterizationThegeom-
etry processorglet arbitrary setsof primitivesassignedo themwhilst the rasterizerget
only thoseprimitiveswhichfall into their respectre screerregion.

Sort-last: rasterizerareassignedarbitrarysetsof primitives,independenthof their on-screen
location,andtheresultis passean to compositos for visibility resolution.

There have beenseveral approachego parallel graphicsover the last years. IRIS Per
former[RH94] is basedarounda scenegraphandis capableof using multiple rendererson a
single machinein orderto load-balancehe renderingtask. It presentsseveral “pipes” to the
applicationandrequireshe programmeto managehe parallelizationexplicitly. More recently
the OpenSQibrary usesa datareplicationandsynchronizatiorapproachn orderto achieve the

43
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sameeffect on a network of workstationgNOW) [VBRRO02], with focuson renderingto large
displays.

A secondapproachthathasbeenusedwith successs building acceleratorsvith alarge de-
greeof internalparallelism.Thisis the caseof SGI's RealityEngineandits successorfAke93.
The RealityEnginehasmultiple geometryandrasterizatiorunits which work in parallel. Here
the programmedoesnot have to be awareof the parallelizationin the graphicshardware. Since
it operatesn immediatemode,it is limited by the programs ability to provide dataat theinter-
facesfull speed.Thisis notoriouslyalsothe casefor modernPC graphicshardware. Hardware
manuhcturersfacingthedemandf computergamesfor a highergeometricatompleity anda
higherlevel of detailin thetexture data,arebuilding PCacceleratorsvith anincreasingiumber
of geometryand fragmentprocessingunits, andjust like with the RealityEnginearchitecture,
programmersare confrontedto the problemof sendingdatato the hardware at the maximum
speedallowedby theinterface.

MorerecentlyEldridgeatal have presente@proprietarysystencalledPomegranatd EIHO0],
whichis basedn point-to-pointcommunicatiorandfocusesn scalabilityattheinputinterface:
it allows multiple processeto submitcommandso thegraphicshardwaresimultaneouslylt has
very high bandwidthrequirementsywhich precludeits usein the context of a NOW.

Anotherapproachthat hasbeenexploredby differentauthorsin recentyearsis employing
specializeccompositinghardwarealongwith a linear pipelineof commodityrenderers Exam-
plesof suchsystemsarePixelFlow [MEP92], Sepia2 [HM99] andLighting-2[SEP" 01]. Herea
programmableompositortakesimagesfrom the applicationandanothercompositoy performs
asingleprede nedoperationon all the pixelsandsendgheresultto the next compositordovn
thechain.In thisfashion,a nal compositedmageis generateé@ndsentto thedisplay Modern
implementationsuchas Sepiaand Lighting-2 take the 24-bit RGB outputfrom the graphics
cards DVI interfaceand interpretit in an application-speci cmanner For example,in order
to be ableto performdepthcompositing the applicationcan setup a viewport which is twice
ashigh asthe nal image. On thetop half, the color datais sentto the compositinghardware,
while the bottomhalf containsthe depthinformation. All thesesystemsareproprietaryandnot
availableonthemarket. Justrecently aproductcalled“DVG” whichis basedaroundthisideais
beingcommercializedy thecompary ORAD [Ora03.

Humphres et al [HEB* 01] presentedh systemcalled WireGL. This is a sort- rst system,
built on top of the OPENGL API, which triesto be transparentor the application,andfocuses
on large tiled displays. WireGL's usageof multiple rendererss not intendedto speed-ughe
application,only to allow it to renderlargerimages.Samantaet al focuson scalablerendering
ratesby usinga cost-basednodelfor load-balancingacrossnodesin a cluster Their algorithm
is a hybrid sort- rst sort-lastone,which is ableto produceimagesfor a singledisplay Later,
Humphrers etal [HHN* 02] reworkedthe WireGL architectureéo produceChromium,a stream-
basedprocessofor the OPENGL API. Chromiumis basedaroundtheideaof stream lter s. By
rearrangingheselters it canoperatan eithersort- rst or sort-lastfashion.
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3.2 Parallel volumerenderingon clustersof PCs

Figure 3.1 depictsthe generalpipelineusedto parallelizethe renderingprocessand gure 3.2
depictsits integrationinto the clusterervironment. Sincethe aimeddatasetsizeis 512 MB
andlarger, a static partitioning in objectspacehasbeenoptedfor. This alleviatesthe needfor
constantlyre-uploadinghevolumetricdatato thegraphicscard. Thiskind of partitioningimplies
asort-lastalgorithm. As the rst stepof the processarenderingcon gurationis createdusing
thenumberof nodesastheinput parameterGivenn, renderinghodesthevolumeis partitioned
in X 'y zbricks,wherexyz= n, andeachrenderingnodeis assignedne of thesebricks.
Thefactorizationis selectedn a way thatmatcheghe dimensionsf the dataseto be rendered
as closeas possible,thatis, if the datasets larger along one of the axes, the corresponding
factoris selectedo belarger ( gure 3.3). This avoidsthe problemof having bricks which are
excessvely largein onedimensionthatis, the variationson projectedsizeof the brick because
of achangen theviewing directionarekeptto a minimum. Usingthis datapartitioning,careis
takenfor neighboringnodesto receve brickswhich overlapby onevoxel on the corresponding
borders. Oncethe datahasbeentransferedthe renderingloop is entered. For eachframe, a
projectionandmodelingmatrix is recomputecndtransferedasrequired. The modelingmatrix
for eachnodeis correctedsothatthe brick is renderedat the correctscreernposition. Any other
requiredrenderingparametefe.g. a transferfunction) is transferredaswell. As soonaseach
noderecevesthe renderingparametersit startsto renderits brick to the frameluffer usinga
preselectedrolume renderingalgorithm as describedn the previous chaptey andtaking care
of performingthe compositionin the way describedn chapter4. Oncea nodehas nished
renderingts own brick, it entersthe compositingstageof the process.

3.3 Parallel compositingalgorithm

AssumingpartialRGBa imagedatacomputedn thefashiondescribedn chapter is available,
compositingakesplacein thefollowing way: givenN differentnodes eachof themhaving one
outof N imagedo becompositedeachmageis splitinto N subimagesEachnodesenddN 1 of

thesdmagedo its neighborsandrecevesN 1 fromthem.Imagecompositions thenperformed
in the CPUandtheresultis sentto a previously de ned node.lIf t is the costof transmittingone
imageover the network andc the costof compositingtwo full imagestogethey this algorithm
hasatotal costof (2t + ¢) (N 1) =N (assuminga full-duplex network). This algorithmrequires
atotal of N> 1 messagesf size ﬁ, 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 higher communication
cost( 2:43N173A), but its adwantages thatit doesnot requiresendingmessage® every other
processoras might be the casewith the direct sendalgorithmin its original formulation by

Neumannlnsteadf that,atotalof N(log,N+ 1) 1 messagearesent.Whencomparinginary
swap anddirectsendin a PC clusterenvironmentwith a Myrinet interconnectit is necessaryo

remembethatthesendingandreceving operationcanoverlapandthatresourceontentiorcan

be preventedby implementinghe dataexchangein amannersimilar to:
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Figure3.1: Generalprogram o w for the controllingandrenderingprocesses.
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Figure3.2: Integrationof the volumerenderersnto a PC clusterervironment.“COMM” is the
inter-processcommunicatiorsubroutine;*VR” is the volumerenderingsubroutine;B” is the
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1|for (i=1; i < size ; ++i)
{
/[ fb contains the framebuffer data
/I cb is the compositing buffer
dst = rank * i
MPI_Isend (fb[ dst], size , MPI_UNSIGNED
dst , DATA comm &(req [0]));
MPI _Irecv (cb[ dst], size , MPI_UNSIGNED
dst , DATA comm &(req [1]));
MPI_Waitall (2, req, status );
}

Figure3.4 shavs thetotal time requiredfor sendingheimageinformationover the network,
compositinghedataandsendingheresultto a singlenodeasa functionof theimagesizeA for
the 16 nodecasewhenusingthe directsendandthe binary swap algorithms.It canbe seenthat
the direct sendalgorithmis slightly fasterthanbinary swap. The advantageof the direct send
algorithmis thatits implementations straightforvard.

Figure 3.5 shaws the total time requiredfor compositingN imagesusingN nodeswith the
direct sendand binary swap algorithms. It can be seenthat the direct sendalgorithm scales
slightly betterthanthe binary swapalgorithm.
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Chapter 4

Image compositingand volume rendering

4.1 Generalimagecompositing

Foley et al de ne “image compositing”’[FVYDFH96] as “combining imagesto createnew im-
ages”.Thecanonicawork in this areais the paper‘CompositingDigital Images”by Porterand
Duff [PD84. In this work, the authorsnotethatimagecompositingis a goodway to produce
imagesin generalsinceit is easyto do andit helpssaving time, sincethe regeneratiorof costly
imaginerycanbe avoidedor reducedlIn the papertheauthorsde ne analgebrafor imagecom-
positing. Giventwo imagesA andB, theresultof compositinghemcanin generabe expressed
as:

AopB waA+ wgB 4.1)

wherewa andwg are perpixel weightingfactorsassignedo A andB. Porterand Duff de ned
operatorssuchasA over B, A in B andA held out by B. In this contect, a so-calleda-value
is associateavith eachRGB triplet thatde nesthe colorsof the pixelsin theimageresultingin
anRGBa image.Fromhereon, it will beassumedhatthe valuesof eachcomponentie in the
range[0; 1] asperthe OPENGL speci cation([SA03], 82.14).This a-valuecanbeunderstoo@s
ameasuremertf the coverageof eachpixel in theimage.For example,consideringaredpixel,
RGB triplet (1; 0; 0), with a coverageof 50 percent,ts a valuewould be 0.5. A 50 percent
coveragemeansthanonly half of the pixel's “surface” actually hasa red color, which canbe
approximatedoy pixel fully coveredby the color (0.5; 0; 0) (gure 4.1). Thatis, the RGBa
value(R; G; B; a) representtheRGBvalue(aR; aG; aB).

Imagecompositionof this sorthasbeensupportedn hardwaresincethe early daysof com-
putergraphicsgevenif at rst it waslimited to chromakeying, whichis the proces®f assigninga
valuesto imagesbasedon the chromaticityof the pixels. Pixelswith a preselecte¢hromaticity
valuearehandledasfully translucen{a = 0) while therestarefully opaque(a = 1). For this
application,if A is theimagein the foregroundandB the onein the backgroundijt is enough
to setthe weightingfactorsto wa = aa andwg = 1  aa. With theseassignmentst is possi-
ble to superimpos@magesover arbitrarybackgroundsplacingfor examplea given subjecton
alocationof choice. Theonly requisiteis to capturethe foregroundsubjectin a locationwhich
backgroundesultsin awell de ned chromaticityvaluewhich doesnot shav up in the subject

51



52 CHAPTERA4. IMAGE COMPOSITINGAND VOLUME RENDERING

50% coverage RGB (0.5; 0.5; 0.5)

Figure4.1: Opacityvaluesinterpretedas“coverage”informationfor a grey valueof 0.5.

itself. This sortof compositings usedwidely in thetelevisionand Im industry

Moderngraphicsacceleratorsupportawide rangeof compositioroperationsThe OPENGL
API exposesthis functionality as a set of blending equationsand blendingfunctions The
OPENGL speci cationde nesblending([SA03], §4.1.8)as:

Blendingcombineghe incomingsource fragments R, G, B andA valueswith the
destinatiorR, G, B, andA valuesstoredin theframeluffer atthefragments (Xw; yw)
location.

Sourceanddestinatiorvaluesarecombinedaccordingo theblendequation quadru-
pletsof sourceanddestinationweightingfactorsaredeterminedoy the blendfunc-
tions anda constanblendcolor to obtaina new setof R, G, B, andA values|[. ..]
Theresultingfour valuesaresentto the next operation.

In OPENGL terms,the blendingequationcorrespondingo (4.1) is denotecby FUNC_ADDand
IS reexpresseas:
C=CsS+ CyD 4.2)

HereCs andCy arethe sourceanddestinationcolorsandS andD arequadrupletof weighting
factorsdeterminedy the blendfunctions.Someof the availableblendingfunctionsarelistedin
table4.1.

4.2 The compositingproblemin volumerendering

For volumerenderingapplicationsthe compositingoperationfor two fragmentsf; and fg with
colorcomponent€; andCy andalphacomponents; andagy is givenby:

Ci~Cy aCG+ (1 a)lqy .3)
ai~aqg ai+(l ajaq

Ci ~ C4 means‘apply C; ontop of Cy”. This expressionis congruentwith (2.7) andwith (2.8).

As it will bediscussedater; it is not possibleto implementthis expressiorwith someimplemen-

tationsof OPENGL. Usuallythis is not a problem,sinceback-to-frontcompositingin hardware
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Function | RGB blendfactors | Alphablendfactor
ZERO (0:0;0) 0
ONE (1:1:2) 1
SRC_COLOR (Rs; Gs; Bs) As
ONE_MINUS_SRC_COLOR1 Rl Ggl Bo) |1 As
DST_COLOR (Rg; Gy; Bq) Aq
ONE_MINUS_DST COLOR1 Ryl Ggil Bg) |1 Aqg
SRC_ALPHA (As: As As) A
ONE_MINUS_SRC_ALPHA(1 Asl Asl A) |1 Ag
DST_ALPHA (Ad;Ad; Ag) Ag
ONE_MINUS_DST ALPHA(L Agl Agl Ag) |1 Ag

Table4.1: Someof the blendingfunctionsavailablein OPENGL

Figure4.2: Threeslicesto be compositedogethelin associatie fashion

acceleratedolumerenderingdoesnotrequirethe nal opacityvaluesto be storedin the frame-
buffer.

The operationde ned by (4.3) is evidently non-commutatie. As statedbefore,the paral-
lelization of the volumerenderingalgorithmis basedon the factthatthe integral alongthe ray
canbe split into multiple integralsalongsegmentsof theray. Thatmeanghatthe compositing
operationneedsto be associatie. Is the operationas quotedabore associatie? Considering
threeslices,asin gure 4.2:

(Ci~C)~Cs= (a1~ a2)(Ci~Cx)+ (1 (a1~ a2))Cs (4.4)
Expanding(4.4) usingthede nition (4.3), thefollowing expressions obtained:

(C1~ C2) ~C3= afag( Ci+ Cz)
+af(C; Cp)+ aiax(C; 2C;+ Cg) (4.5)
+a1(C Cg)+ ax(C C3)+C3
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Now, performingthe compositingoperationin a differentorder:

Ci~ (Co~Cg) = a1C1+ (1 a1)(Ca~Cy)

(4.6)
= aiax(C C)+ ai(Ci+C; C3) axGz+GCs

Comparing(4.5) and(4.6) theseequationsaredifferent,thereforethe operationde ned by (4.3)
is notassociatie.
Consideringhe alternatve de nition:

G G G+ a)C

ai as ait(l a)ag *.7)

Performingthe compositionof 1 and2 andthenapplyingtheresultover 3:

C C) GC=(C1 C)+(1 (a1 az)Cs
=C+ (1 a)C+ (1 (a1t (1 ai)az))Cs (4.8)
=C+C+C3 aiC aCy axCy+ ajaCs

Ontheotherhand,performingthe compositionof 2 over 3, andthenaddingl ontop:

Ci (G C)=Ci+(1 a)(C GCy)
=Ci+ (1 ap(C+ (1 aylCy) (4.9)
=C+C+C a1l aC; axCz+ a;asCs

Comparing(4.8) and (4.9) theseequationsare identical, thereforethe operationde ned in
this way is associatie. The operationde ned by (4.7) is what Porterand Duff call the over
opeiator. For completenesssale, it is worth nothingthatthis operationhasanidentity element
ontheright:

A ii=A+(1 a)i=A, =0 (4.10)

andontheleft:
i A=+ (1 a)A=A, =0 (4.12)

That is, thereis a single identity element: 0. Furthermore,assumingthe addition of color

componentds saturatedthis operationis also closed. Thus the set of RGBa quadruplets
(r;g;b;a) 8r;9;b; a 2 [0; 1] togethemith this operatiorform amononoid.lt failsto beagroup

becauseheredoesnot exist aninverseelementfor eachmemberof the set.

4.3 Pre-multiplication

In orderto be ableto rendervolume elementsn parallel,the de nition (4.7) needsto be used
for the compositingoperationinsteadof (4.3). Comparingoothde nitions, the differenceis the
factora; in front of thetermC;. In orderto recover (4.3) for the compositiorof individual slices,
it sufces to changdahecolorcomponenof eachvoxel fromC, to a,C,, thatis, thea-component
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of thevoxel dataneeddo bepre-multipliedinto theRGB componentsTo seethis, consideragain
gure 4.2. Without lossof generality consideringa black backgroundandapplyingslice 3 over
it gives:

C3~ 0= asCs (4.12)

Then2 over this:
Co~C3= aCr+ (l ag)a3C3 (4.13)

Then1 overthis:
Ci~ (Co~C3) = a1C1+ (1 ag)(aCe+ (1 az)asCs) (4.14)

Making thetransformatioraC! CC® a! aC%ontheright-handside:

=C+ (1 aHE+ @ adch (4.15)

whichis exactlyC9 C§ CS.

The compositionof a-pre-multipliedimageshasbeendiscussedy Blinn in detail [Bli94].
Besidesthe associatie propertyalreadydiscussedthe techniqueis attractve becausef its el-
egance:while the equation(4.3) is asymmetridoetweerthe coloranda componentsequation
(4.7)is symmetric.This makesmary algorithmseasieito implementandeliminatessomeof the
booklkeepingassociateavith the non-pre-multipliedversion.

4.4 Pre-multiplication with OpenGL

Thereareseveral waysin which the pre-multiplicationeffect canbe achievedin the context of
OPENGL.:

Performthe pre-multiplicationin the dataitself.
UsetheGL_EXT_blend_func_separate OPENGL extension.

Usethe GL_NV_register_combiners OPENGL extension,and perform the pre-
multiplicationbeforethe blendingstage.

UsetheGL_ARB_fragment_program OPENGL extensionandperformthepre-mult-
iplication beforethe blendingstagelik e in the previouscase.

4.4.1 Pre-multiplying in the transfer function

Beforediscussinghe otheroptions,it is corvenientto look in moredetail at the possibility of
performingthe pre-multiplicationduring the applicationof the transferfunction, thatis, multi-
plying thea valuesde ned in thetransferfunctionwith the correspondingolor values.
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Consideringhecaseof tri-linearinterpolationfor texturefetchesthefetchedvaluen is given
by:
n= @ L(a:iL(b;j)L(gKtijK (4.16)
i;j;k=0;1
L(xi) (1 (1 x+ix

wherea; b; g aretheinterpolationtermsfor thelookup,andt;jx arethescalarvaluesattexelsi jk

selectechssamplesasdescribedn [SA03], 83.8.8.For therestof this sectiontherangedor the

summatiorindiceswill be omittedfor clarity of presentationthey alwaysrun betweerD and1.
For pre-classi cationwith atransferfunctionF¢(x), thisbecomes:

nSe= & L(a;i)L(b; j)L(gKF(tij) (4.17)
[

For post-classi catioron the otherhand:

NSest= @ L(a%1)RE(n) (4.18)
|

WhereFR denotegshe |-th samplein the transferfunction. The additionallinear interpolation
comesfrom thefactthatpost-classi catioris implementedasatexturelookup. If thea multipli-
cationgetsdonein thetransferfunction,de ning F¢(x) F2(x)F¢(x), theseequationdecome:

ASe= & L(a;i)L(b; j)L(gKF (L) (4.19)
i;j;k

and

ASost= & L(a%HR%(n) (4.20)
|

Ontheotherhand,if themultiplicationis doneattheblendingstage pneobtains:

Nee= @  L(aiL(b; HL(GKL(a;NL(b;mL(GNFA i) Fo(tim)  (4.21)

i;jklmn
and

N&siios= @ L(a%hL(a%mR3(n)Fa(n) (4.22)

I:m

In orderfor theseequationgo be pairwiseequivalent(4.19and4.21;4.20and4.22),theterms
F2(ti 1) F (timn) andFR2(n)Fq(n) needto reduceto F°(tix) andR°(n) respectiely. This means
thatL (a;i)L(a;j) needdobeOfori & jandL(a;i) fori= j, whichisin generahotthecase.
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Furthermoreit is necessaryo point out whathappensn the caseof pre-classi cationatthe
blendingstage:

CSSF Corct (1 asrg)Cast
= ﬁgre"' (1 ﬁgre)CdSt

& L(@L(b; HL(gKFA (tijoF (i) 4.23)
i;j:k ! .

+ 1 @ L@Lb;))L(gRF (i) Cast
i;j5k
This meansthe opacity valuethatis beingusedin the rst termis not the sameopacityvalue
usedin theseconderm. The samehappenwvith post-classi cationrschemeswhich give:

Cgst: Csrct (1 asrg)Cust
= Mpost* (1 ﬁgosf)cdst | (4.24)

= aL@DRAmRY )+ 1 ZL(@%)R3(n) Cast
| |

By performingthe multiplication after the applicationof the transferfunction, it is assured
that the opacity value being usedis consistentwith the assumptiorthat the underlyingscalar
eld is continuousthatis, the opacityis derivedfrom theinterpolatedscalarvalue.

4.4.2 Pre-multiplying in the data itself

This methodfollows the suggestiorof Blinn and otherauthorsof working in a-pre-multiplied
spaceandis the moststraightforvard. The pre-multiplicationis a preprocessingtepanddoes
not have to be constantlyrepeatedThedisadwantagds thattheresulthasto be storedasRGBa
qguadruplesn the graphicscard,thereforeincreasinghe requiredtexture memory It alsohasa
lower precision,as Wittenbrink et al WMG98] argue. The methodprecludeghe useof post-
classi cationof thescalareld, sincethetransferfunctionneedgo beappliedbeforetheinterpo-
lationtakesplace.It alsorequiresthatthetexture databe uploadedanev 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- and a-componentsthatis, the samefunction hasto be used
for both factors. It is necessaryo notice in table 4.1, that thereis no single blend function
that speci esthe blendingfactorsas (As; As; As; 1). This OPENGL extensionallows to specify
separatdlendingfunctionsfor the RGB-anda-componentsThis optionhastheadvantagehat
the pre-multiplicationis performedafterthe fragmenthasbeenshaded gures 2.4and2.5)and
insidethededicatedlendingunit onthegraphicscard,whichis likely to beableto performthis
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TO: r,g,b a

A:a,a,a 10 1\
I
I

—l Out: ar,ag,ab all

B:r,g,b all

Figure4.3: Registercombinersetupfor multiplying the alphacomponentnto the color compo-
nentsbeforethe blendingstage

operationwithout loss of precissionsinceit is a dedicatedunit. The disadwantageis that this
extensionis rarely supportedoy consumemgradegraphicshardware (for example,only recent
versionsof the Radeonchip from ATI supportthe functionality). This functionality hasbeen
incorporatednto the core API startingwith OPENGL 1.4 ([SA03], 8G.9)soawider supportfor
it is likely to beseenin thefuture.

4.4.4 GL_NV register_combiners

Heretheideais to multiply the a componenbf the voxel into its RGB valuesafter performing
perfragmentshadingoperationsout just before passingthe datato the blendingstage( gure
2.4). Thecombinerarrangemenin gure 4.3is setupby thefollowing code:

* Alr,g, b] = T[O][ a] *

glCombinerinputNV  (
GL_COMBINERO_NV GL_RGB GL_VARIABLE_A NV
GL_TEXTUREQ GL_UNSIGNED_IDENTITY_NV GL_ALPHA;

* Alal = (1-0)[ a] *

glCombinerinputNV  (
GL_COMBINERO_NV GL_ALPHA GL_VARIABLE_A_NV
GL_ZERQ GL_UNSIGNED_INVERT NV GL_ALPHA;

/* B[r,g, b] = TO][ r,gb ] *

glCombinerinputNV  (
GL_COMBINERO_NV GL_RGB GL_VARIABLE_B_NV
GL_TEXTUREQ GL_UNSIGNED_IDENTITY_NVY GL_RGBH;

 Bla] = TO] a *
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glCombinerinputNV  (
GL_COMBINERO_NV GL_ALPHA GL_VARIABLE_B_NV
GL_TEXTUREQ GL_UNSIGNED_IDENTITY_NV GL_ALPHA;

f~ TOIl rgb ] =Ar.,gb ] * Br,gb] ==TO[ a * TO][ r.gb ] *
glCombinerOutputNV  (

GL_COMBINERO_NV GL_RGB GL_TEXTUREQ

GL_DISCARD_NVY GL_DISCARD_NY

GL_NONE GL_NONE

GL_FALSE GL_FALSE GL_FALSB;

* Alr,g, bl =(, 1, 1) *
glFinalCombinerinputNV (
GL_VARIABLE_A_NV GL_ZERQ GL_UNSIGNED_INVERT_NV GL_RGBH;

* B[r,g, bl =T[O][ r.gb ] *
glFinalCombinerinputNV (
GL_VARIABLE_B_NV GL_TEXTUREQ GL_UNSIGNED_IDENTITY_NVY GL_RGBH;,

The adwvantageof this optionis thatit is supportedby a wide rangeof hardware which is
commonlyavailable. The disadwantagés thatthis extensionis complex to work with, the oper
ationshave very limited precision(commonly10-bits)andit is NVIDIA proprietary No other
compaly hasshavn interestin implementingthis extensioninto their hardware,andgiventhe
currentmove towards e xible fragmentprogrammability it is unlikely thatthis will happenin
thefuture. Thedifferencesn the nal imageintroducedby this methodareshavnin gure 4.4.

445 GL_ARB_fragment_program

Thisis thesamedeaasbefore:multiply the a -valueof eachfragmentinto thecolor components
justbeforepassingo theblendingstage.This optionhastheadwvantagehatfragmentoperations
arecarriedat a high precisionon currentimplementationsThe disadwantages thatit is limited
to very recenthardware which hasnot beenwidely deplgyed, andimposesa performancehit
whencomparedo thetraditionalmethod.lt is very simpleto implement:

Il ARBfpl1.0

TEMP coord , color ;

TEX coord , fragment .texcoord [0], texture [0], 3D;
TEX color , coord , texture [1], 2D;

MUL result .color , color , color . a;
MOVresult .color .a, color .a;
END

The availability problemwill likely disappeatin the future, sincethis extensionis of cially
sanctionedy the OPENGL ArchitectureReview Boardandis expectedto be incorporatednto
afuturerevision of the OPENGL standard.
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Figure 4.4. Comparisonbetweenthe usual non-pre-multipliedblending operations(left) and
the a-multiplication performedusingregistercombinerg(middle). On the right the difference
betweerthetwo of themis presentedisinga palettedmage.Theinsetscorrespondo theregion
of maximumdifference.(See gure A.1 onthecolor platessection).



Chapter 5

Software inter-brick compositing

5.1 Motivation

It is technicallypossibleto performthe compositingoperationof the several subvolumesin the
graphicshardware. To achieve this, theimageshave to be readfromthe frameluffer, savedin a
temporarylocationandthenwritten backto theframeluffer. If thetemporarylocationis in main
memory asit mustbethecasevhentherenderersreinstalledonphysically differentcomputers,
the easiestand most naturalway of doing this is to usethe functionsglReadPixels  and
glWritePixels . This would exploit the implicit parallelizationin the graphicshardware,
but thereis an overheadassociatedvith this operation,andon currentgraphicshardware, this
is notto be ngglected,astable 5.1 shavs. Compositingin hardware would amountto reading
backthe datain the framehuffer, which cananddoeshappenin parallel,andthensequentially
uploadingtheimagesto a singledisplayadapterandeventuallyreadingbackthe dataagain. As
anexample,for a16 nodecon guration,thiswould meanl9+ 16 16+ 19 = 294msperframe
(readingwriting 16imagesreadingback),andthis doesnottake into accounthetimeit takesto
collecttheimagesfrom the differentrenderersif all the compositordake partin this operation
andignoring ary overheadthetime could be reducedo 19+ 16 %—g + % = 36 ms(reading,
writing 1= of animagel16times,readingzx of animage).

The quotednumberamposean upperlimit of about2-3 Hz on therefreshrateat which the
applicationcould run if performingthe compositingin a sequentiafashion,which is still too
far away from ary de nition of interactiverendering Performingthe compositingin a parallel
fashionputsanupperlimit of 27 Hz ontherefreshratewhich is acceptablebut thisis ignoring
thetransfertimesandoverhead.

As analternatve, insteadof usingtheglDrawPixels  function,it is possibleto uploadthe
datato a texture andthenrendera large polygonto the frameluffer to performthe compositing
operation. The texture uploadpathis likely to be more optimizedthanthe glDrawPixels
one,sincethe formeris an operationmore commonlyusedby computergames,but this is not
necessarilghe case astable5.2 shaws.

Becausef this, analternatve CPU-basedpproachasbeenexplored.

61



62 CHAPTERS5. SOFTWARE INTER-BRICK COMPOSITING

color buffer

rgb | rgba| bgra| abgr
drav’ | 18 | 17 | 16 | 17
read | 21| 20 | 19 | 20
draw | 49 | 33 22 31
read | 34| 37 | 27 | 29
drav’ | 19| 19 | 16 | 18
read | 22| 22 | 21 | 22
dravF [ 39| 31 | 20 | 25
read | 30| 30 | 25 | 24

Table 5.1: Readand write times for color and depth buffers without blending or depthtest
enabled. The quoted numberis time requiredto read or write a 1024 768 region (in
ms). The GPU, chipset,CPU and OS kernel speci cationsfollow: “GeForce Ti 4600/AMD-
MP 760/Athlon MP 2000+/Linux 2.4.19; GefForce/Intel440BX/PIll 500 MHz/Linux 2.4.1;
TGeForce2/VIA Apollo KT133/Athlon900 MHz/Linux 2.4.1; *GeForce2/Intel440BX/PI11 650
MHz/Linux 2.2.16.

Operation | Texture | DrawPixels
Clear 1 1
Textureupload 36
Textureupload 36
Renderquad 1
Renderquad 1
DrawPixels 16
DrawPixels 18
ReadPirls 42 41
Total 114 75

Table5.2: Comparisorbetweertwo alternatve pathsfor performingimagecompositionn hard-
ware(the nal imagesareidentical). ThepathusingtheglDrawPixels  functionis 34%faster
for this particularcon guration. Theimagesare1024 1024pixelsin sizeandcontainRGBA
data. Both measurementaere performedon the samecon guration: GeForce3Ti 500/VIA
KT133/Athlon XP 1600+/Linux2.6.0-test10.All measurementbave a standarddeviation of
lessthan 2% of the indicatedvalue and the operationshave beenperformedin the sequence
shavn to avoid maskingthe effect of statechangesandpipelinestalls. It is interestingto note
that the secondcall to gIDrawPixels is consistentlyslower thanthe rst evenif the same
amountof datais being transfered. Along the sameline, the glReadPixels  operationin
the texture pathis consistentlyslower thanthe sameoperationin the dravpixels path, but the
differences not statisticallysigni cant.
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5.2 Compositingimagesin software

Given two pixels A and B, whenwaorking with colorsrepresentedvith 8 bits per channelthe
operation
Act (1 Al)Bc

translateso (255 A,)B

a C
A+ T (5.1)
wherethesubscript denoteshecolorcomponenof thepixel. If xis al6bit value,theoperation
55 canbecomputedas:

X X 256

255 256 255
X 255+ 1

256 255

_ X+ x=255

- 256

_ X+ x=256+ x=(255 256)

B 256
Thetermx=(255 256) canbe negglectedsinceit is zerofor ary valuex 2 [0;65023 whenper
forming integer division. To accountfor roundingup, 128 needsto be addedto the numerator
thus:

(5.2)

X X+ (x+ 128=256+ 128
255 256 3)
Thisexpressioronly needsl6-bitoperands$o becomputedandyieldscorrectresultsfor any x in
[0; 65029 whencomparedo the sameoperationperformedin oating pointandthentruncated
to 8 bits. This s straightforvard to implementasC code. As seenin gure 5.1thisintroduces
no visualartifacts.

5.3 Compositingimagesin assembly

Modernprocessorareableto carryoutthis sortof operationsn a SIMD fashion.Thefollowing
codeexploits Intel's MMX extensionto the 386 instructionsetin orderto performalphacom-
positing of two imageson the CPU. Thereis someroom for improvementwith regard to data
prefetchingand processospeci ¢ optimizations(seefor example[Adv02]). Neverthelessthis
codecompositesn excessof 56 1024 1024imagepairspersecond117 megapixels persec-
ond,lessthan18 msperimagepair) on an Athlon MP 2000+CPU,whichis equialentto circa
28 CPUcyclesperpixel in the nal image.Returningto the examplecomputationin section5.1,
thismeansl9+ 15 18 = 289msfor thatcase(readback,blendin softwarel6images).t also
comparegavorablywith respecto thenumbergjuotedin table5.2. Underideal conditions this
canscalelinearly with the numberof CPUs.

In the following listing, %1 containsA, %2 containsB and %0is the destinationaddress.
AT&T syntaxis usedfor theoperands.



64 CHAPTERS5. SOFTWARE INTER-BRICK COMPOSITING

Figure5.1: Comparisorof imagescompositedn hardwareusingthetraditionalsingle-brickpath
(left) andin softwareusingmultiple bricks (right). (See gure A in thecolor plates)
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pxor %mm2 %mm2 /* clear mm2 */
mov $128, %eax

movd %eax, %mm4

pshufw $0, %mm4 %mm4 /* copy 128 to all words */
movd (%1), %mmO0 /* copy a to mmO */
movd (%2), %mm3 /* copy b to mm3 */
punpcklbw %mm2 %mm3 /* 16-bit expand b *
pcmpegb %mml %mml /* fill mmlwith 1's *
pxor %mmO0 %mml /* 1 - aalpha */
punpcklbw %mm2 %mml /* 16- bit expand 1-aa */
pshufw $0, %mml %mml /* copy l-aa to all */
pmullw %mml %mm3 /* x = (1- aalpha )* b */
paddusw %mm4 %mm3 /* x += 128 */
movq %mm3 %mml /* y = X */
psriw $8, %mml /* y /= 256 */
paddusw %mm3 %mml /* y =y + X */
psriw $8, %mml /* y /= 256 */
packuswb %mml %mml /* pack result */
paddusb %mml %mmO0 /* add a and (1- aalpha )b */
movd %mmO (%0) /* copy result to memory *
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The AMDG64 architectureextendsintel's x86 architectureto usea 64-bit addresssize and
someregisterextensionsjncluding the so called 128-bit mediainstructions which use128-bit
XMM registersandis acombinatiorof the SSEandSSE2instructionsets([Adv034d], [Adv03h)).
In orderto take advantageof thesehecodepresentegreviously needso bemodi ed asfollows:

rex64 movd (%1), %xmmO /* x0 = aa' *
rex64 movd (%2), %xmml /* x1 = bb' */
mov $0x00800080 , %rax
movd %rax, %xmm2
pshufd $0, %xmm2 %xmm2 /* x2 = 00 80 x 8 */
pxor %xmmg3 %xmm3 /* clear xmm3 */
pxor %xmm4 %xmm4 /* clear xmm4 */
punpckibw %xmm3 %xmmO0 /* put a pixels in place */
punpcklbw %xmm3 %xmml /* put b pixels in place *
pcmpeqd %xmmg3 %xmm3 /* fill xmm3with 1's */
punpckibw %xmm4 %xmm3 /* construct 16- bit 255 */
pxor %xmmp %xmm3 /* xmm3= 1 - alpha *
pshufhw $0, %xmm3 %xmm3 /* put 1 - alpha on all */
pshuflw $0, %xmm3 %xmm3 /* words */
pmullw %xmmg3 %xmml /* x1 = (1- a)*b */
paddusw %xmm2 %xmml /* x1 += 128 */
movdga %xmml %xmm2 /* x2 = x1 */
psriw $8, %xmm2 /* x2 /= 256 */
paddusw %xmm2 %xmml /* x1 += x1/256 */
psriw $8, %xmml /* x1 /= 256 */
packuswb %xmml %xmml /* saturate & pack result */
$
packuswb %xmmp %xmm0 /* XXX pack a again */
paddusb %xmmL %xmm0 /* x0 += x1 */
rex64 movd %Xxmmp (%0) /* copy result to memory */

Thisversionis ableto compositemagesatarateof 115imagepairspersecondvhenrunning
onanOpterorsystenclockedat1.8 GHz. Thisgives,for theexamplecasel9+ 15 9 = 154ms.
Figure5.2 shavs a comparisorbetweerbothimplementationsunningon differenthardware.

If multiple CPUsareavailableon a singlesystemi|t is possibleto performthe compositing
operationin parallelacrosshem. Thereis someoverheadassociatedvith threadmanagement
aswell asmemory-bandwidtlcontention. Neverthelessa dual Athlon MP systemrunning at
1.7 GHz composite®1 imagepairspersecondanda dual Opteronsystemrunningat 1.8 GHz
composited 93imagepairspersecondyiving 96 mstotal time for the examplecase.
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Figure5.2: Performanceomparisorfor software blendingacrosdifferentsystems.The num-
bersrepresentmagepairs per secondfor imageswith size 1024 1024 pixels. The “double
LUT” datais includedfor referenceihis is a look-up table implementatiorthatis lled with
256 256 256valuescomputedusingdoubleprecision oating pointarithmetic.“int” isaC
implementatiorof thealgorithmasdiscussedh thetext. “mmx” is eitherof theimplementations
guotedin thetext. It is interestingto notethatthe LUT-basedmethodis fasterthanthe MMX
codeonthe Pentiumd, whichis probablydueto the highermemorybandwidthavailableon that
architecture.
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5.4 Discussion

Sincereadingimagedrom the frameluffer takesof the orderof 20 ms,ary softwarepathwhich
is ableto compositeimagesfasterthanthat, thatis, any path compositingmore than50 pairs
per secondturnsthe processof obtainingthe datafrom the framehuffer into the applications
bottleneck.As shavn in gure 5.2this is alreadythe casefor CPUswhich have beenavailable
onthe market for almosttwo years.Recentlyavailable CPUs, like AMD' s Opteron,arecapable
of rateswell in excessof that. The bottleneckhereis the connectionbetweenthe host's main
memoryandthe graphicscard. Uploadingdatato the cardis a very commonoperatiorandboth
driversand hardware are heavily optimizedfor it. On the otherhand,readingdatabackfrom
the graphicscardinto the hosts memoryis not so commonandvendorsusually do not invest
muchtime optimizingthis path.Until recently it wasnotusualto seea performancencreasey
just upgradingdrivers. A very immatureimplementatiorof NVIDIA's video driversfor Linux
achievedlessthan60 MB/s for this operationwhile a later releaseusedon the samehardware
reachedover 120 MB/s. Neverthelessit is not realisticto hopefor signi cant improvements
without moving from AGP connectiongo a differentarchitecture for example PCI Express
parts,which shouldtheoreticallybeableto achieve transferatesfromthegraphicscard,atarate
of 1 GB/s. Until suchachangéhappensin-CPUcompositingshouldstill beanattractie option.
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Chapter 6

Systemarchitecture

6.1 Message-Rssinginterface

TheMessage-&ssingnterface(MPI) is thede-factoAPI for message-passirspftwareusedfor

developing high-performanceortableparallel applications[GLS94]. It is de ned by a stan-
dard[SOHL" 98] andimplementationgor speci ¢ hardware platformsare provided by the re-

spectve vendors. It is not tied to a particularoperatingsystem(implementationsre available
for several UNIX variantsaswell asthe Microsoft Windows family of operatingsystemshor

hardwarearchitecturege.g.,Cray's C90andT3E, SGI's Origin andOnyx, IBM's SP1andSP2,
Intel's Paragon)nor sharednemorymodels(besideghe architectureslreadymentionedmul-

tiple implementationsreavailablefor NOWs with severalkinds of interconnects)Particularly
notoriousis the MPICH implementationdevelopedby ArgonneNational LaboratoryandMis-

sissippiStateUniversity[GLSD96]. Thisimplementations thebasisfor mary of theimplemen-
tationsby the previously mentionedrendorswhich hasearnedts reputatiorfor goodportability
acrossplatformsandits good messaggassingperformance.Thesetwo reasonsare the main
motivationfor choosingMPI asthe communicatioriayeron which therestof the parallelization
framework rests.

6.2 Network performance

MPICH usesa layeredsoftware architectureasshavn in gure 6.1. This architectureallows
vendorsto implementdifferentlow-level deviceswithout having to worry aboutthe high-level
MPI implementation. For example, Myricom!, producersof the Myrinet PC-interconnection
hardware, distribute their own MPI implementationMPICH-GM, which usesthe GM Myrinet
driversfor the low-level device communication.The PC Cluster Consortiunt (and previously
the “Real World ComputingPartership”)providesthe SCoe Cluster Systenoftwae, “a high-
performanceparallelprogrammingenvironment”for networks of workstations.SCoreincludes

http://www.myri.com/
2http://www.pccluster.org/
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Figure6.1: MPICH layeredarchitecture.

low-level Myrinet drivers(PM) aswell asanMPICH-basedMPI implementatiorworkingontop
of thesedrivers. An interestingaspecf SCoreis thatit makesseveralcommunicatiordevices
availableto the applications. The sharedmemorydevice is automaticallyusedfor communi-
cation acrosstasksrunning on the samephysical node. For the communicationacrosstasks
running on different physical nodestherearetwo devicesavailable: ch_score (the default)
andch_score2 . Thelater makesoptimizationsthat are muchmore agressie, but early im-
plementation®f SCorehad stability problemswhenusingit. In recentversionsof SCorethe
ch_score device hasincorporatedmary of theseoptimizationsandch_score2 hasbeen
discontinued.The effect of switchingbetweendevicescanbeseenin gure 6.2. For large mes-
sagestheoptimizeddevice canachiere data-transmissioratesin excessof 150 MB/s.

MPICH usesdifferentcommunicationprotocolsaccordingto the size of the messagée-
ing transmittedacrossnodes. The boundariedetweenthe regionswhereeachprotocolis used
aredeterminedoasedon the systems limitations (communicatiormedia, buffering space)and
average-caseptimizationcriteria. Generallytheseprotocolsare: short,eager(long messages)
andrendezwous(verylongmessages)lheeffectof crossingheboundariescrosgprotocolscan
be clearly seenin gure 6.3 assharpdiscontinuitiesin the transferspeed.In this casethe ren-
dezwusprotocolachiezescircal00MB=s. The performanceneasuremenvasdoneby having
the testprogramexchangemessagesf the given size acrosstwo nodesin a concurrentfash-
ion (usingMPI_Sendrecv ), which reproduceshe actualconditionsunderwhich the parallel
renderingcodeworks.
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Figure 6.2: Measurednetwork bandwidthas a function of the messagesize for two different
devices. In both caseghe samefull duplex Myrinet network is usedfor the physical datatrans-
mission.In orderto measurgerformancethetestprogramsendsmessagesf thegive sizefrom
onenodeto anotherandthenback.
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measuremenvasdoneusingfour PCsinterconnectedia a full duplex Myrinet network.
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6.3 Multithr eadingsupport

As mentionedbefore,the actualimplementatiorof the systemis morecornvolutedthandesired,
oneof thereasondeingthefactthatthe MPI implementatiorusedat the maintestingsite does
not allow the applicationto use multiple executionthreads. It is commonfor MPICH-based
implementationgo lack supportfor threadsin the programand SCoreis no exception. This is
duein partbecausedhe original MPICH implementationrdoesnot supportit (sincethereis no
platform-independerthreadingAPI, or in generak portablemethodfor threadegrogramming)
andin partbecausat is a dif cult aspectto implement(the MPI standardeaves someroom
for implementation-speci dehaiour). Protopope and Skjellum [PS01]provide anin-depth
discussiorof the dif culties involvedin the designandimplementatiorof a multithreadedviPI
architectureaswell asthereasongor thede cienciesin the MPICH design.
With respecto multithreadingsupportthe MPI standardp. 8) hasthefollowing to say:

MPI doesnot specify the excecutionmodel for eachprocess. A processcan be
sequentialpr canbe multi-threadedwith threadgpossiblyexcecutingconcurrently
Carehasbeentakento make MPI “thread-safe” by avoiding theuseof implicit state.
Thedesirednteractionof MPI with threadss thatconcurrenthreadseall allowed
to excecuteMPI call, and calls be reentrant;a blocking MPI call blocksonly the
invoking thread allowing the schedulingpf anotherthread.

The MPI 2 standardexpandsthis languageo read([HL97], p. 193):

[...] Thissectionlists minimal requirementgor thread compliant MPI implemen-
tationsandde nesfunctionsthatcanbeusedfor initializing thethreadenvironment.
MPI may be implementedn ernvironmentswherethreadsarenot supportedr per
form poorly. Thereforejt is notrequiredthatall MPI implementationgul Il all the
requirementspeci edin this section.

A distinctionis madebetweena thread compliantimplementatiorand an applicationprogram
usingthreads.This meanghatevenif the MPI implementatioris not thread-safean MPI pro-
gram could usethreadsaslong asthe communications restrictedto one singlethread. This
programmingmodelis whatthe MPI 2 standarctallsfunneled

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

This would allow the programto overlapcommunicatiorandcomputatiorin a simpleway. Un-
fortunately dueto animplementationssue SCoredoesnotallow eventhis programmingnodel.
SinceMyrinet hardwareis capableof asynchronousommunicatiorandthe drivers supportit,
the problemis somevhat alleviated, but the useof multiple CPUsper nodeto speedup some
operationgs precluded.This could be worked aroundby spavning N taskspernode(whereN
is the numberof CPUspernode,2 for the particularcaseof the testingfacility), but this could
introducesomeunnecessargnd measurableverheadbecausef the extra memorycopy oper
ationsthat would be needed.Yet this aloneis no reasonfor disregardingthis implementation
alternatve completely
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6.4 OpenGL integration

The“implementationissue”in SCorethatpreventsprogramsrom usingthe “funneled” thread-
ing model also preventsthe direct use of the OpenGLAPI in MPI programsrunning on the
SCoreervironment. A designdecisionin SCore[lsh01] preventsprogramsrom beingdynam-
ically linked againstlibraries. On onehand,SCorefavors staticallylinked programsfor perfor
mancereasonslt is generallyagreedhat programsmakinguseof dynamicallylinked symbols
run measurablyalbeitnot signi cantly) slower andhave (in the generalcase)a larger memory
footprint thantheir statically linked counterpartdecausef relocationoverhead bput this is in
the generalcaseamortizedby the time the function spendsdoing usefulwork. A gooddiscus-
sionaboutdynamiclinking hasbeenpresentedyy Franz[Fra97]. Onthe otherhand,in orderto
implementa single systemimagemodel SCoreprovidesits own versionsof somefunctionsin
the standardC library. Theseconsiderationsakentogethemadethe SCoredevelopersbanthe
useof sharedibrariesin the SCoreernvironment. As a resultit is not possibleto useeitherthe
POSIXthreaddibrary (libpthread ) becauset is usuallytightly coupledto internalmecha-
nismsof the C library, nor the OpenGLlibrary (libGL ) becausét is usuallyavailableonly as
adynamicallysharedbject(in OpenGLs casefelocationoverheads insigni cant comparedo
otherfactorswhich needto betakeninto accouninto the designof a high-performanc®penGL
implementatiorfKBH95]).

The solutionemployed to work aroundthis problemis to split eachMPI taskinto two pro-
cesses:one of themin chage of the communicationover the network and the other onein
chage of theactualrenderingoperationsThetwo processesommunicatevith eachotherover
two channelssynchronizationmessagegshort)aresentover asoclet or pipeanddatamessages
(large) areexchangedver a sharednemoryarea(standardsystemvV functionality).

Thisimplementatiorhasonede ciency which cannotbeeasilyavoided,namely thelateny
of the operationss determinedy thelatengy of the slowvestdevice. Assumingtheimplementa-
tionis fair in termsof polling devices,theaveragdateng is equalto half thesumof thelatencies
of thedevicesbeingpolled,whichis ontheorderof magnitudeof thelargestlateng in thegroup.
The devicesto be consideredarethe input devicesin the system the network devicesandthe
sharednemorylink acrosgprocessesPollinglocally attachednputdevicesfor eventavailability
hasalateny ontheorderof magnitudeof 10 ° sandthesamecanbesaidof thesharednemory
link. The Myrinet network device has,theoretically a lateny on the orderof 10 © s. For the
caseof accessinghe servicefrom aremotelocation,in the mannerescribedy Stegmaierat al
[SMEO02], thelateng of theinputdevicesincreaseso theorderof 10°s 10 3s.

6.5 Accesso the hardware

Oneof the rst issuegdo beresohedwasgrantingaccesgo the X sener. Underthe usualX11
model,accesss grantedto the usersitting at the console thatis, to the userdirectly interact-
ing with the X sener. Sincethe environmentprecludeghe existenceof “an usersitting at the
console”at rst accesscontrol was completelydisabled. This meansthat ary userloggedon
the machinecangetaccesdo the X sener by pointing the X client to the local display In a
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Figure6.4: Architectureof theinterprocesgommunication.

controlledenvironment,this might be a non-issuebut sincethereis no controlover the usersof
thesystemsomeform of accessontrolwasdesired.

A customPAM modulewaswrittenfor this purposewhich wasattachedo thelogin service.
PAM standdor “PluggableAuthenticatiorModules”andis asuiteof sharedibrariesthatenable
the local systemadministratorto choosehow applicationsauthenticataisers. This is achieved
without having to modify theactualapplications This particularPAM modulegrantsalock (and
accesalongwith it) if nootheruseris loggedin atthemoment.It useshe X SecurityExtension
API to askthe X senerfor a“MIT magiccookie” andinstallsit on the users .Xauthority

le. ThisenablegheX clientsto authenticatehemseleswith the X sener. Oncethe userlogs
out, the cookieis invalidatedin the X sener andthe lock is removed. By usingthis method
exclusive resourceallocationis ensuredandotherusersarepreventedfrom snoopinghedisplay

It is worth nothingthatusingthe NVIDIA driversfor Linux, it's possibleto readthe contentsof

the frameluffer by opening/dev/nvidiaN andmappingcertainpartsof it into the process'
addresspace.



76

CHAPTERG6. SYSTEMARCHITECTURE



Chapter 7

Application developmentwith OpenGL

7.1 Motivation

Working with OPENGL canattimesannging. It is sometimedif cult to understandvhy the
expectedoutputdoesnot shav up or evenworse,why nothingat all shavs up on the display
Over the years,every OPENGL programmerdevelopsa toolbox of macrosand functionsto
dealwith this situation. Even so, mary programmergrefer OPENGL over the alternatves,
perhapgor two basicreasonsi. It is platformindependentandtherearegoodimplementations
for a myriad of platforms;2. The natureof its developmentprocessleaves plenty of room
for hardware manufcturersto experimentwith new ideasin a way that allows programmers
to tinker with the hardwareassoonasit becomesavailable thanksto the so called“ OPENGL
extensionmechanism”. There are neverthelesswo issuesthat are a commoncauseof grief
amongprogrammers:

Using extensionscanbe cumbersomendhardto maintainfrom a software development
point of view.

Delugging OPENGL applicationscanleadto time-consuming printf  dehugging” cy-
cle.

Two answerdo theseproblemswill be describedn therestof this section.

7.2 Debugging OPENGL applications

The IRIX operatingsystemshipsa utility calledogldebug which allows the programmetto

placebreakpointsatthoseplacesn the programwhereOPENGL callsaremade.Reimplement-
ing this utility canbe doneeasily: a customizedOPENGL dynamiclibrary is installedon the

system,andit is usedinsteadof the natve OPENGL library. In this customizedversion,the

OPENGL API entrypointsareexportedto the application,but insteadof performingtheir usual
tasks,they provide the desiredtracingandbreakpointingfunctionality Taking for examplethe

caseof theglBegin entrypoint,its nev implementatiormightlook lik e this:

77
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GLvoid gIBegin (GLenum mode)

{
trace (GLBEGIN, mode);
break if (GLBEGIN);
return

}

In this hypoteticalimplementationfrace performsall the necessaryasksfor tracingthe
calls,including converting numericconstantdackto their human-readableepresentation@he
consequencesf this conversionwill be discussedater). The problemwith thisimplementation
is thatthe original functionality of the entrypointhasbeenlost. As explainedin moredetailin
chapter8, the addressesf the entrypointsin the original library canbe recoveredeasily With
thoseat hand,the new implementatiormightlook like:

GLvoid gIBegin (GLenum mode)

{
trace (GLBEGIN, mode);
break_if (GLBEGIN PRE_CALL;
real_glBegin  ( mode);
break_if (GLBEGIN POST_CALI;
return

}

Regardingthe maintainabilityof this idea,the OPENGL Sampldmplementatiof from SGI
includesa machine-readabldescriptionof the whole OPENGL API. This descriptionis used
amongotherthingsto generatehe headerles for the C languageandthedispatchtablesfor the
entrypointsthatany OPENGL implementatiorhasto provide. This meanghis descriptionis an
idealstartingpointfor automaticallygeneratinghe coderequiredby adeluggingfacility similar
to ogldebug .

Theactualimplementatiorof thisideahasbeencalledspyGLass andis availablefor down-
load from http://spyglass.sf.net/ . Thecommandine versionprovidesonly tracing
facilities,for example:

$ spyglass ./spyglass_demo

glIXChooseVisual(0x804a260, 0, attriblist);
gIXCreateContext(0x804a260, 0x804bel8, (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);
glLoadldentity();

Yhttp://oss.sgi.com/projects/ogl-sample/ , Visited 2/12/2004
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glOrtho(-1, 1, -1, 1, -1, 1);
gIXMakeCurrent(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();

gIXSwapBuffers(0x804a260, 23068673);

glXMakeCurrent(0x804a260, 23068673, 0x804f790);

Notice how the programcalls glEnable with GL_NO_ERRORs parameteiandthe delug-
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
antGL_NO_ERRORasthe value0x0, andso do the enumerant$sL_FALSE GL_POINTS
GL_ZEROand GL_NONEThis meansthat when corverting the value 0Ox0 backto a human-
readableepresentationt is necessaryo pick oneout of atleast ve possibilities.spyGLass
is not, by design,a sourcecodedehugger thereforeit is not possibleto referto the sourcecode
in orderto nd theactualline thatis producingthe errorin question.For the large majority of
enumerantshis is not a problemin practicesincethey have differentvaluesandnew valuesare
assignedn sucha way thatthey do not collide with existing ones. Only bitmasksneedto be
handledn a specialway.

The informationreportedafter the error areaddresseshich canbe usedasinput for, e.g.,
theaddr2line(1) program(part of the GNU binutils package}o obtainthe locationin the
sourcecodewheretheerroris happening.

A graphicaluserinterfaceis alsoavailable. This providesbreakpointingand Itering facilities
(seegure 7.1).

7.3 Managing OPENGL extensions

7.3.1 Motivation

The otherproblemmentionedbeforewasmanagingOPENGL extensions As the nameimplies,
theseare extensionsto the core OPENGL functionality Usually theseareintroducedby hard-
warevendorsasvendorspeci c extensionge.g. GL_NV_vertex_program ). In somecases,
if the developerbasedemonstratesnoughinterestthey arepromotedio multi-vendor(denoted
by the string EXT in their name,e.g. GL_EXT _texture3D ) or ARB-appoved status(e.qg.
GL_ARB_vertex_program ). An extensionspeci cation consistsof, amongotherinforma-
tion, a name one or more namestrings anda list of new procedues and functionsand nev
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tokenswhich areintroducedby the extension. All this informationis keptcurrentin a central
locationcalled“the OPENGL extensionregistry’2.

The problemis not actuallycopingwith extensionsjput the mary misconceptionshathave
found their way into the commonknowledgeduring the years. For example,at the OPENGL
websité thefollowing text is found:

With the isExtensionSupportegbutine,you cancheckif the currentOPENGL ren-
deringcontext supportsagivenOPENGL extension.To make surethattheEXT_bgra
extensionis supporteeforeusingit, you cando 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 thatif the EXT_bgra extensionis lacking at either run-time or compile-
time, the codeabove will detectthelack of EXT_bgra support.Surethe codeis a
bit messybutthecodeabore works. Youcanskipthecompile-timeched if youknow
whatdevelopmenenvironmentyou are usingandyou do not expectto ever compile
with a<GL/gl.h> thatdoesnot supportthe extensionghatyour applicationuses.
But therun-timecheckreally shouldbe performedsincewho knows onwhatsystem
your programendsup gettingrun on. (emphasiy theauthor)

The problemwith the proposeddiom is exactly the oneexplainedby the text following it: the
extensionhasto be preseniat compiletime in orderto be ableto useit. The original software
developermight have control over this, but oncethe software startsto be distributedin source

2http://oss.sgi.com/projects/ogl-sample/registry/ , visited 2/12/2004
3http://opengl.org/developers/code/features/OGLextensions/OGLextensi ons.html
visited2/12/2004.
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codeform, thatcontrolis lost. Thereis nothingthatguaranteesr evenrequireghattheextension
de nitions arepresenbn arandomlyselectedlevelopmentervironment. With the codequoted
above, this meansthat compiling the sourceon differentdevelopmentervironmentsproduces
differentprograms.

The proposeddiom suffersfrom yet anothemproblem,which is betterillustratedby the fol-
lowing codefragment:

OO ~NOOOUT DS~ WDNPRP

#ifdef GL_NV_register_combiners
if (hasRegisterCombiners )
{
glEnable (GL_REGISTER_COMBINERS NV
glCombinerParameteriNV ~ ( GL_NUM_GENERAL_COMBINERS, NY);
/..
glDisable (GL_REGISTER_COMBINERS_NV
}
#endif
This codeis conditionallycompiledif themacroGL_NV_register_combiners isde ned

(line 1), which guardsagainstthe extensiontokensandentry-pointdeclarationsot beingavail-
able at compiletime. It testsfor the extensionbeing available at runtime (line 2) and then
proceeddo usethetokensandfunctionsde ned by the extension.The problemis thatthis code
requireshe extensionentry-pointgglCombinerParameteriNV ) to beavailableto the pro-
gramat startuptime. This meansthatif the extensionis not available at startup, the program
might fail to startup at all. To avoid thatproblem,OPENGL de nes a mechanisnto retrieve
pointersto entry-pointsat runtime. This mechanisms itself de ned asan extensionto the sev-
eralwindowing systemdependenbindings(e.g.,AGL, GLX andWGL). The reasondor this
dependengcareoutof the scopeof this discussionbut it sufces to saythatit existsandhinders
portability. Obviouslyit is possiblefor the programmeto have anabstractiorlayerontop of the
differentwindowing systemsn orderto copewith this problembut this addsyetanotherpieceof
codewhich hasto be actively maintained.Most of the maintainancevork would be associated
with the extensioninformationitself. Whenusingthis mechanismthe previous listing might
look like:

P OOWOKO~NOOOITA,WNLPE

P

struct  opengl_extension_table glext ;
..

#ifdef ~ GL_NV_register_combiners
if (glext .hasRegisterCombiners )

{
glEnable (GL_REGISTER_COMBINERS_ MV
glext .CombinerParameteriNV ~ (GL_NUM_GENERAL_COMBINERS, NV);
..
glDisable (GL_REGISTER_COMBINERS_NV
}
#endif

In thiscasetheopengl_extension_table structurewould containalist of ags indicating
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if a given extensionis available or not, and pointersto the correspondingentry-points,if ary.
Somethingakinto:

struct  opengl_extension_table

{

int hasRegisterCombiners X

PFNCOMBINERINPUTN\CombinerlnputNV ;
PFNCOMBINEROUTPUTNSombinerOutputNV ;
PFNCOMBINERPARAMETERFKdmbinerParameterfNV
PFNCOMBINERPARAMETERFVRYmbinerParameterfyNV
PFNCOMBINERPARAMETERINMombinerParameteriNV = ;
PFNCOMBINERPARAMETERIVNSOmbinerParameterivNV
PFNFINALCOMBINERINPUTNWinalCombinerlnputNV ;
PFNGETCOMBINERINPUTPARAMETERFVBIR{CombinerinputParameterfvNV X
PFNGETCOMBINERINPUTPARAMETERIVI®étCombinerinputParameterivNV ;
PFNGETCOMBINEROUTPUTPARAMETERF&RN. ombinerOutputParameterfvNV ;
PFNGETCOMBINEROUTPUTPARAMETERN®&ICombinerOutputParameterivNV :
PFNGETFINALCOMBINERINPUTPARAMETERFVNV
GetFinalCombinerinputParameterfyNV ;
PFEFNGETFINALCOMBINERINPUTPARAMETERIVNV
GetFinalCombinerinputParameterivNV ;

h

The“has” ags areinitialized usinge.g.theisExtensionSupported functionfoundatthe
OPENGL website,andthe function pointersareinitialized by callsto the appropriatdacility of
thewindowing system Maintainingthis sortof codefor alarge numberof extensiondy handis
errorproneandquickly becomegedious.

7.3.2 GLEW: The OPENGL ExtensionWrangler

Facedwith theseproblemsa solutionwas developedduring this thesis. Milan Ikits developed
independentlya similar solution. Thesetwo efforts werelater joinedin alibrary called GLEW
Thegoalsof this projectare:

To besimpleto use

To beportable

To besimpleto maintain

To guarantedorwardsbinary-compatibility

Simplicity of useis achievedin two ways: on onehand,thereis a singlefunctionthatneeds
to becalledin orderto initialize the library (glewlInit() ). After this, all the functionalityis
readly available to the programmer On the otherhand,the API is suchthat the programmer



O©CoOoO~NOOULDWNPE

84 CHAPTER?. APPLICATION DEVELOPMENTWITH OPENGL

only needgo readthedesiredextensions speci cationto be ableto usethe correspondindunc-
tionality via GLEW. The compile-timeproblemmentionedeforedoesnot exist arymore,since
GLEW itself providesthe tokensfor all the extensionst knows about. The run-time problem
doesnot exist either sinceall the known entry-pointsareavailableto the programat link-time.
After asuccessfuinitialization of thelibrary, variablesof theform GLEWextension_name
indicate the runtime availability of the extension(or lack thereof). This meansthe previous
examplecanbesimpli ed andrewrittenas:

glewlnit  ();
..
if (GLEW_NV_register_combiners )

{
glEnable ( GL_REGISTER_COMBINERS_MV
glCombinerParameteriNV ~ ( GL_NUM_GENERAL_COMBINERS, NY);
..
glDisable (GL_REGISTER_COMBINERS_NV

}

Portability is achiezed by abstractinghe differencesbetweensystemsn the library itself.
Theonly system-dependencthatis exposedto the programmeis the onehe alreadyhasto be
awareof: windowing systemspeci ¢ extensions.Thelibrary hasbeenusedsucessfullywith sev-
eral OPENGL implementation®n differentoperatingsystemsjncluding Microsoft Windows,
several Linux distributions, Silicon Graphics'IRIX (bothold andnew generatiorsystemsjynd
Apple's MacOSX.

The effort requiredto keepthe library up to dateis minimal, sincethe bulk of the codeis
automaticallygeneratedrom the extensionspeci cation les found at the OPENGL extension
registry. This is donein a two stepprocess: rst the text of the speci cationsis parsed,nor-
malizedandstoredin anintermediatadatabas@ndthenthe normalizedform is corvertedto C
sourcecodefor distribution. This allows thedevelopergo manuallyaddextensiondor whichno
speci cationis availablein a suitableformat. Usingtheinformationavailablefrom the OPENGL
Sampldmplementatiormentionedeforecouldhave beenanoption,but obserationalevidence
suggestshisis notkeptasup-to-dateasthe extensionregistry.

Becausdhe dynamicnatureof this library (the basicAPI changedittle, but thelist of sup-
portedextensionds alwaysgrowing), guaranteeingorward binary compatibilitywasanimpor-
tantdesignconsiderationThis meanghata binarylinked againstanolderversionof thelibrary
shouldwork without problemswith a never versionof thelibrary. Thetwo consequenced this
are:

No extensionswill beremoved, evenif they aredeprecatedby otherextensionsor incor-
poratednto the coreof OPENGL.

Entry-pointsand ags areexportedasfreestandingariablesnsteadof beingpacledinside
of a structure. This pollutesthe global namespacehut is necessaryo avoid (implicit)
dependenciesnthesizeof the structuresn question.



Chapter 8

Remoteaccesof visualization facilities

8.1 Motivation

During the developmentof this work, the needto be ableto accessemotevisualizationfacili-

tiesin ageneridashionbecamebvious. Thecommongenericapproachor remotevisualization
emplg/stheOpenGLremoterenderingacilities. In thisapproachheapplicationis runremotely
while thelocalhostdoestheactualrendering.Thissolutionis application-independeandthere-
fore very popular but it doesnot bene t from specialfacilitiesor hardwarefeaturesavailableat

theremotehost. For thisreasonthesecondnostpopularsolutionis to embedenoughunctional-
ity into theapplicationfor it to beableto shift someof theworkloadfrom thelocal systemnto the
remoteone(e.g.,Bethel[Bet00], Engel[EHT* 00, ESEOQ EE99, Ma [MCO00], amongothers).
Beingapplication-speci cthis solutioncanexploit the knowledgeaboutapplicationbehaior to

achieve a higherdegreeof interactvity or to betterbalancethe workloadbetweerthe clientand
thesener. Thedisadwantageof the solutionlies alsothere:beingapplication-speci c(or in the
bestcasejoolkit-speci c), applicationsneedto bemodi ed to take advantageof this. In thecase
of toolkit-speci ¢ solutions,it might be possibleto comeup with animplementatiorthatdoes
notrequiremodi cations atthe applicationlevel, but specialversionsof thetoolkit librariesare
neverthelesyeeded.

In thegenerakase agenericsolutionwill performworsethanspeci c solutionsfor thesame
problem,so why shouldone careaboutapplicationindependence®Rapid prototypingis one
reasonJustbeingableto testexisting applicationsinderdifferentoperatingconditionsis enough
reasorto strive for applicationindependenceAnotherreasons shifting applicationgrom their
original operatingervironmentto new ones probablyunforeseein theoriginal design.A good
exampleof this is beingableto embedapplicationsoriginally written to be run in a desktopor
workstationenvironmentto a web-servicesype of platform. The disadwantageof the generic
solutionis that, by nature jt hasto beimplementedat a very low level andhasto work with low
level primitives. The simplestmostgenericapproachnvolvesletting the applicationrenderto
the frameluffer in the usualfashionandintroducesomemechanisnio copythe contentsof the
framehuffer to a remotelocation. This meanspixels arethe primitivesthatthe solutionwill be
working with, andthe necessarynodi cations areto be introducedat the basicgraphicsAPI or
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windowing systemlevel.

In this particularimplementatiorof theideathewell known concepof dynamidinking[HO91]
and certaincharacteristic®f the X Window Systemare exploited to achiese the desiredresult.
OpenGLrenderingequestareredirectedo the hardwarewherethe programis runninginstead
of beingsentto the hardwarewherethe programis beingdisplayed Oncetherenderings done,
theresultingimageis readfrom theframeluffer andsentoverthenetwork to thedisplaytogether
with all otherGUI elements.Sinceall the OpenGLrenderinghappensn the remotedisplay it
is possibleto usean existing OpenGL-basedpplicationwithout requiring the availability of
OpenGL-capablbardwarelocally, while takingadvantageof advancedgraphicseaturesaswell
ashardwareacceleratiorby theremotehardware. By leveragingalreadyexisting remote-access
applicationsthis solutionalso makesit possibleto accesgemotevisualizationresourcegrom
operatingernvironmentsthatdo not provide implementationgor therequiredprotocols.

Someothersolutionswith varyingdegreesof genericityor e xibility are:

Silicon Graphics,Inc. providesa commercialsolutioncalledOpenGLVizSener [Sil01],
thatenablesightweightclientssuchasSGI O, andPCworkstationgo accessherendering
capabilitiesof SGI Onyx seners. Becausef designdecisionsptherarchitecturegannot
beusedassenersfor thisapplication.TheVizSenersoftwarereliesondynamicallylinked
executablesn orderto be ableto implementits functionality without modifying the target
application.

Ma andCamp[MCO00] developeda solutionfor remotevisualizationof time-varyingdata
overwideareanetworks. It involvesadedicatedlisplaydaemoranddisplayinterface.The
rst recevesdatafrom arenderprocesscompresses andpassest to the secondwhich
in turn decompressethe dataand presentst to the user By using a customtransport

method they areableto emplgy arbitrarycompressionechniques.

Bethel [BetO( presentedVisapult,a prototypesystemdevelopedat LawrenceBerkeley
National Laboratorythat combinesminimizeddatatransfersandworkstation-accelerated
rendering.Visapultalsorequiresmodi cations of theapplicationin orderto male it “net-
work aware” andreliesto someextent on the existenceof hardware acceleratioron the
localdisplay

EngelandErtl [EE99] developeda solutionfor remotecollaboratve volumevisualization
which exploits the characteristic®f the applicationdomainto reducelateny aswell as
requirednetwork bandwidth. Engelet al [EHT* 0Q] further developedthis approachand
implementeda hybrid renderingmechanisnto obtainbetterframerates.

Therestof thischapteiis anextendedversionof theideasanddiscussiompublishedn [SMEOQZ2].

8.2 OpenGL Graphics with the X Window System

GLXWL98] is an extensionto the X protocol[Nye95 thatallows clientsto createa so-called
“GLX contt” which canbe usedto issueOpenGLcalls that can be executedusing either a
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Figure8.1: GLXarchitectureaspresentedby Kilgard[Kil96]

hardware-acceleratecenderingengineor a software-basene. By sitting ontop of X, network

transparengis obtainedor free. A GLXcontet canoperatan eitherdirector indirectmode.In

indirectmode,the client sendsequestgo the X senerwhich propagitesthemto the hardware.
In directmode,the X sener only functionsasa marshalmakingsurethatthe OpenGLstateof

eachclientis keptconsistentSincethe X protocolis bypassedh directmode,OpenGLrendering
canachiare the maximumperformancef the hardware[KBH95]. Directrenderingmpliesthat
theprocesss runningonthesamemachineasthe X sererandnotoverthenetwork. In thecase
of remoterenderingonly indirectmodeis possiblejf atall. Figure8.1illustratesbothcases.

8.3 Dynamic Linking

In modernsystemsprogrammersiave the choiceof statically or dynamicallylinking programs
duringcompilation. In staticlinking, all the objectreference®f a programareresohed during
thelink phaseof the compilation.In contrastwith dynamiclinking, the executablele contains
referencedgo, but not the actualcode of the requiredlibrary functions. In this case,symbol
resolutionis carried out during load-time. The dynamiclinker is in chage of nding these
referencesn the executableandresolvingthemusinga list of shaed objectnameg(libraries)
that the executablecontains. One of the advantagesof load-timelinking is thatit facilitates
codereuse,it simpli es thetaskof xing bugsandreducegshe memoryrequirementsmposed
on systemssincecodepagescanbe sharedamongunrelatedprocessesBYy its very nature,it

also enablesusersto replacelibraries with customversionsdesignedio modify the behaior

of a program. The only requirementin this caseis to keepthe applicationbinary interfaces
unmodi ed. A typical dynamiclinker implementatiormapslibrariesinto memorysearchingor

the symbolsthe applicationrequires,andfor every requiredsymbolit usesthe rst de nition

thatit nds. This meanghe procesf resolvingsymbolsis dependenbn the orderthelibraries
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areloadedinto memory andin generalthereis no way to ensurethatary given orderwill be
used. In orderto allow for the selectve overwriting of symbolswithout forcing the userto
modify theapplicationin any way, someoperatingsystemffer amechanisnsometime<alled
library preloading. Theusercanspecifyanarbitrarylist of sharedobjectsthatareloadedinto
memorybefole the librariesrequiredby the application. This meansthe dynamiclinker will

usethesymbolsde ned by thesé'preloadedibraries” for resolvingthe symbolsrequiredby the
application.

In additionto load-timelinking, it is also possibleto performruntimelinking, as rst de-
scribedby Ho andOlsson[HO91] andlaterexplainedin the Linux/GCC caseby Lu [Lu95]. In
thisapproachadditionalobjectscanbe openedatrun-timeandsymbolscanbeselectvely added
to therunningprogram.The mostwidely usedinterfacefor this purposes dlopen(3) , avail-
ableonsystemsuchaslRIX, Linux, andSolaris,amongothers.This canbeusedin cooperation
with the preloadingmechanismmentionedbeforeto wrap codearoundthe originallibrary func-
tions: rst thefunctionis overriddenusingpreloadingthenits original codeis recoreredusing
dynamiclinking andit is usedby the customizedsersionof the functionto provide the original
behaior if necessaryThis sort of trickery is not that unusual:a good exampleis JoostWit-
teven'sfakeroot  packagé, whichis widely usedto provide afake “root ervironment”where
non-prvilegeduserscanmanipulatelesystem attributesasif they wereindeedtheroot user

An implementatiorthat takesadwantageof facilities availableon operatingsystemssuchas
Linux andSolarismightlook lik e this:

for each (symbol name in symbols_to be loaded )
{
*( symbol_pointer ) = disym (RTLD_NEXT, symbol _name );
if (dlerror () != NULD
/* error handling *
}
A moregeneraimplementatiorwould be:
void *handle ;
handle = dlopen (library_name , RTLD_NOW RTLD_LOCAL;
/* Error handling handle should not be NULL *
for_each (symbol _name in symbols_to_be loaded )
{

*( symbol_pointer ) = disym (handle , symbol_name );
/* Error handling the return value of dlerror ()
should not be NULL at this point . */

}

Thereis not a standardizederm for this operation but the term2preloadingds usedat leaston Linux's and
Solaris' documentationIRIX doesnot really have sucha facility, but its dynamiclinker allows the userto over-
write the completelist of librariesto be usedby the application,achiezing the sameeffect, evenif it is not really
apreloadingarything.

2http://fakeroot.alioth.debian.org/ , Visited 2/12/2004
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Figure8.2: Systemarchitecture.(1) The applicationissuesa GLX requestwhich is sentto the
rendersener. (2) TheapplicationissuesOpenGLcalls,which arehandledby therenderdevice.
(3) Thelibrary readghecontentof theframehuffer and(4) sendst to theinteractionsenerusing
anXPutlmage request(5) XEvent saresentfrom theinteractionsenerto theapplication.

Compareline 3 in the rst listing with line 7 in the second. The parameterRTLD _NEXT
is an extensionwhich allows the programto obtainthe addressof the “next” symbolnamed
symbol_name in the process'symboltable. Onthe otherhand,the moregenerallyapplicable
codeaddressea speci c library le via apreviously obtainednandle.The disadwantageof this
is thatthe namesof the relevant libraries have to be madeavailablein the code,i.e. a system
dependengchasto beintroduced.

8.4 Implementation

By taking advantageof the dynamiclinking facilities explainedabove, it is possibleto modify
the behaior of ary given programfor the X Window Systemwithout changingits sourcecode
or thatof thelibrariesit uses.In thisimplementatiortherearetwo X senersinvolved: onethat
supportsGLX anda secondone, which takes careof the userinteraction,andwhich doesnot
have to supportGLX In thefollowing discussionthe rst X senerwill be calledrenderserver
andthe secondonetheinteractionserver Displaywill be usedin the sameway the X Window
Systemde nesit.

Theapplicationis startedocally to therendersenerbut its environmentis con guredto have
it displayedon the interactionsener. It is loadedin sucha way thata customversionof every
GLXfunctionis usedwhosegjob is to redirectGLXrequests$o therendersener. Sincethedisplay
is partof the GLX contet's propertiesOpenGLcalls areautomaticallyredirectedo the render
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gIXChooseVisual returnavisualthatmatcheghe speci ed attributes
gIXCreateContext createanew GLXrenderingcontext
glXMakeCurrent attacha GLXcontet to awindow or GLXpixmap
gIXSwapBuffers exchangdront andbackbuffers

Table8.1: Modi ed GLXfunctions

sener. In asensea new library is insertedbetweenthe applicationandthe systems OpenGL
library, asdepictedn gure 8.2. Oncetheapplicationrequests buffer swap,the contentsof the

frameluffer is readandwrittento an XImage structurewhich is sentto the interactiondisplay

via a XPutimage request. Userinteractionworks transparentlysince eventsare transported
betweertheinteractionX senerandtherendersenerwithout modi cation.

For mostGLXfunctionsthe only requiredchangds redirectingtherequesfrom theinterac-
tion sener to therendersener. Only afew functions,listedin table8.1, have to betreatedin a
specialway. In this discussionit is assumedhattheclientis usingGLX1.2. For laterversions
asimilarimplementatiorapplies.

glXChooseVisual  isusedo seleciavisual thatmatchegheattributesetspeci edby the
application.Theapplicationis neitherrequiredto usethevisualreturnedoy giXChooseVisu-
al , norisit preventedfrom callingit multipletimes. Thevisualreturnedy gIXChooseVisual
hasto bevalid ontheinteraction server sinceit will be usedto createa widgetthere.The cus-
tom versionof thefunctionmatchessisualsacrosghetwo X senersandreturnsthe bestvisual
thatis compatiblewith the givenattribute set.In the generalkasethis metricis notwell de ned:
considerfor examplethe caseof arenderingsener runningat a color depthof 24 bits per pixel,
and an interactionsener running at 15 bpp. In this caseit would be possibleto presentthe
applicationwith a visual with color componentghat have 32 bits per pixel (RGBA), a 24-bit
depthbuffer anda 8-bit stencilbuffer, which is impossibleto obtainon a sener runningat 15
bpp. Dependingon how theapplicationis coded it mightor might notbeableto copewith this.
The otherproblemat this point is thatthe applicationis not requiredto actuallyusethe visual
returnedoy gIXChooseVisual . It is alsoallowedto call thefunctionmultiple timesor none
atall (gIXChooseVisual isultimatelyajustcornveniencdunction). Forthisreasonstheonly
way to ensuregheimplementatiorwill work with thelargestnumberof applicationss to make a
perapplicationcon guration possible . Thosedetailsarebeyondthe scopeof this discussion.

Whenthelibrary createsa dravablefor renderingijt triesto usein-hardwareoff-screenpre-
senedbuffers(calledpreserved®Bufers) andfalls backto regularon-screemwindowsif thefor-
mer arenot available. PBuffers are preferredbecausehey arenot obscuredoy otherwindows.
The use of PBuffers hasto be speci ed upon contet creationusing gIXCreateContext
but the size of the PBuffer is speci ed later with a call to gIXCreatePBuffer . This later
call might fail becausef insufcient resourcesSincethe library cannotobtainthe size of the
dravable preferredby the applicationuntil giXMakeCurrent is called, a situationis pos-
sible wherea PBuffer context is createdbut is later unusable. This situationcan be avoided

3A visualin X11 is anstructurethatdescribeshedisplayattributesusedby a givenwindow, e.g.thecolor depth
andcolor masks
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by noticing that the value returnedby glXCreateContext is a pointerto an opaquedata
type. This allows the wrapperfunction to generatdats own value whenthe applicationcalls
gIXCreateContext and defer the actualcreationof the context to the momentwhenthe
applicationcallsgiXMakeCurrent

Whenthe applicationcalls gIXSwapBuffers  buffersareswappedtherenderedmageis
readfrom the frameluffer andtransmittedo the interactionsener asan Xlmage. Thenormal
imagetransportmethod,XPutimage , incursa high overheadbecausehe datais readfrom
the client's memoryspaceandis copiedto the X sener memoryspacewhich hindersperfor
mancesigni cantly. If the MIT SharedMemory Extensionis available, XShmPutimage is
usedinstead. The XShm extensioncannotbe usedif sharedmemoryis not available, asit is
the casewhenthe client and the sener run on differenthosts. The caseof clients not using
double-lufferedvisualscanbe handledheuristically for exampleby trappingcallsto glFlush
(sincetheclientwishesto ensurethe OpenGLbuffer is emptiedandthe screeris updated)with
arate-limiting algorithm(clientsthatissuetoo mary synchronizatiorcalls, at ratesin excessof
hundredgersecondhave beenfound). This bringsanotherissueto attention:theimplementa-
tion hasto be very carefulaboutspavning threadsjnstalling signalhandlersand manipulating

le descriptorsandstreamsn generakinceapplicationshave beencodedagainsta well de ned
standardandthe kind of side effects of the modi ed function calls might introducehave not
beenconsiderednto the designof theseapplications.

8.5 Discussion

Readingherenderedmagedrom theframehuffer andsendinghemoverthenetwork areexpen-
sive operationsandreducethe maximumachiezable frameratesf the applicationghatusethe
library. Readingheframeluffer canbeconsiderednatomicoperatiorthatcannote optimized,
thereforeoptimizationshave to occurat theimagetransmissionevel.

The core X protocoldoesnot include ary form of imagecompression.This hasbeenim-
plementedsia an extensionorientedtowardslow bandwidthernvironmentscalledLBX [FK93].
By using LBX on a local areanetwork reducednetwork trafc was obsered but little per
formancegains were obtained. Anotherway of obtainingstreamcompressioron top of X is
VNC [RSFWH98].VNC is afree multi-platformclient-sener applicationfor displayingandin-
teractingwith remotedesktopsTheprotocolunderlyingVNC, theRemotd-rameuffer Protocol
(RFB)is only capableof sendingrectangulaframeluffer updatego theclient. VNC providesa
variety of customtailoredcompressioralgorithmsto increasehe ef ciency of imagetransmis-
sion. The Unix variantof the VNC sener is basedupona standardX sener (usinga software
renderer)which hasbeenextendedto communicatewith RFB clients. Figure 8.3 shavs how
VNC canbeintegratedinto this solution. Usingthis alternatve, signi cant improvementsn the
interactvity of theapplicationshave beenobsened.
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Figure8.3: SystemarchitecturevhenVNC is included

8.5.1 Results

Theupperdiagramin Figure8.4compareshelibrary's performancevith Brian Paul's GLX port
of gearqgIxgears ) overaFastEthernetconnectionln thetestcon guration,this application
is mostly boundedby the speedat which the CPU cantransfercommandgo the graphicscard.
Theresultsareshavn asa functionof window dimensiongall windows hadthe samewidth and
height)for differenttransportmechanismgX displayredirectionandVNC). The applications
frameratan thelocal caseis providedfor comparison.

Thelowerdiagramshavstheresultsof thesamemeasurementssingatexture-basedolume
renderefRSEB" 00] anda 256 256 128volumedatasetof ananeurysm.Again the frame
ratesareshavn for differenttransporimechanismsndseveralwindow dimensions.

As can be seenframeratesusing our framework are quite acceptabldor interface-bound
applicationg(sincethey aregoingto be ableto renderat the maximumspeedhat the network
connectioncanhandle)but drop sharplywhenappliedto applicationsthat are boundedby the
speedof the hardwarerenderer Readingthe framehuffer is a blocking operation:the graphics
hardwarecannotstartto work onthenext frameuntil thereadingoperations done whichmeans
theapplicationcannotissuecommandso renderthe next framebeforetheframeluffer hasbeen
duplicatedn thehost's mainmemory It shouldbe possibleto maskthe costof sendingthedata
to the displaysener by splitting this operationoff to a secondhread,but asmentionedoefore
theimplementationn thegenerakasewould not betrivial.

The systemas describedcan be usedwith ary OPENGL application,but for the speci ¢
caseof volumerenderingon PC clusters,thereis an optimizationopportunity In gure 8.2,
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Figure8.4: Measuredrameratedor “gears”(upperplot) andavolumerendereflowerone).The
rendersener thatwasusedfor all measurementwasequippedwith a 900 MHz AMD Athlon
CPU,256 MB RAM anda GeForce2 from NVIDIA. Theinteractionsenerwasequippedwith
al.2GHz AMD Athlon CPU,but sincetheinteractionsener wasrarely operatecat morethan
half capacitya muchslower processomould alsohave sufced. Both systemswvererunninga
Linux 2.4.10Kernelandwereconnectedising100 MbpsFastEthernet.
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steps3 and4 canbe eliminated: thereis no needto uploadthe nal compositedmageto the
frameluffer to readit backimmediately Looking attheproblemmoreclosely it is notnecessary
to useOPENGL for thedisplayatall. It sufces to createan XWindow anduseXPutimage to
uploadthe datato the X sener. For this purposeijt is enoughto follow the schemepreviously
describedand preload the call to glDrawPixels (and similar ones)to copy the datato a
pixmapinsteadof uploadingit to the frametuffer. Alternatively, a dedicatedviewer application,
basedpurelyon Xlib, canbewritten, which allows for bettereventhandling. Suchanapproach
hasbeenusedduringthe developmentof this work with success.



Chapter 9

Resultsand futur e perspectves

9.1 Implementation environment

For theimplementatiorof this systemanexisting volumerenderemwasusedasa startingpoint.
It wasmodi ed only to conformto the requirement&xplainedin chapterd4, namelycalculating
the opacity contritutionsaccordingto equation(4.7) usingone of the possibilitiesoutlinedin
section4.4. The testbedusedfor performancaneasurement&asthe alreadyexisting Kepler
cluster. Thisclusteris installedatthe Universityof TubingenGermaury, andit is usedmainly for
astroplysicalsimulations.lt consistof 128 SMP systemsunningLinux 2.4.19.96 of thenodes
have Intel Pentiumlll processorsunningat 650 MHz and1 GB of main memoryeach. The
other32 nodeswereaddedata laterpointin time,andhave AMD Athlon MP 2000+processors
and2 GB of mainmemoryeach.Theinterconnections afull-duplex Myrinet 1.2 Gb/snetwork.
The high bandwidth thefully switchednatureandthelow lateng characteristicef the Myrinet
technologywasadriving pointfor usingthis clusterasavisualizationplatform. The SCoresuite,
discussedh chapter6, providesthe softwareanddriversfor the communicationayer.

Whenthiswork wasstartedfour NVIDIA GeForce 2 cardswereinstalledontheclusterin or-
derto assesghefeasibility of theideaof usinga PC clusterfor distributedhardware-accelerated
volumerendering.The rst problemthatwasencountere@vasactuallygettingthegraphicscards
to work onthenodes.Therewereincompatibilitiesbetweerthe graphicscards their drivers,the
Myrinet cardsandthe chipsetusedon the nodes.Sincetheoriginalinstallation the situationhas
improved greatly but the lessonlearnedwasto stick to well known, widely available chipsets.
Accordingto experience chipsetsfrom Intel, like the 440BX andits later siblings, represent
goodchoicefor this task,bothin termsof stability, supportandperformance The never nodes
usingAthlon processorbave anAMD-760 chipsetandNVIDIA GeForce Ti4600graphicscards.
After someinitial trouble,thesehave shavn to be stable. More recentchipsetsrom Intel, like
the E7205andlater modelshave a betterfeatureset,with supportfor never standardnterfaces
like AGP 3.0; this chipsethasbeenfoundto work reliably with NVIDIA GeForce Ti4600 parts,
too.

Most of the problemsmentionedveresolved by softwarerecon gurationor upgradesThis
highlights one of the downsidesof using commodity partsfor this purpose,namely the nal

95
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systemhasnot beenput togetherby a single compan, asit would be the casewith e.g.an
In niteReality 4, but it hasbeenassembledin place”. This meanssomeof the partsaregoing
to be usedin ernvironmentsor con gurationsthatthe vendorhasnot tested.For example,when
installing a newly acquiredsetof Pentium4 workstations(Intel E7205chipset)with NVIDIA
Ti4200cardsit wasfoundthatthey couldnotoperatan AGP mode.After someinvesticationthe
problemwastracedto a bug in the AGP driver of the Linux 2.4 kernel. The bug wastriggered
only on systemswith 4 GB of main memory a con guration thathad probablynot beentested
by thedriver authorbecausé wasnot availableto him?.

Anotheraspecthat causesomegrief is the generalsupportfor the Linux kernelby hard-
warevendorsandin particularby graphicshardwarevendors.Thelastesigeneratiorof graphics
hardwareis not supportedoy driversfor which sourcecodeis freely available. The reasorbe-
hind this is that vendorsare not willing to provide enoughtechnicaldocumentatioraboutthe
programmingnterfacesfor their hardwarein anopenfashion.ATI providespartialdocumenta-
tion for their hardware up to the secondgeneratiorof the Radeonchip undera non-disclosure
agreementhat allows to freely releasehe resultingsource but this hasmet with limited suc-
cess.Both NVIDIA andATI do releasebinary-onlydriversthat supporttheir latestgeneration
hardware. NVIDIA hasestablishedafter someinitial trouble,a goodrecordof supportingthe
Linux kernelthis way, while theresponsdérom ATI still generatesnixedreactionsamongusers.
Evenif this approaclsatis esa large fraction of the userbase,it still takes away someof the
bene tsassociatedavith the otherwisenormaldevelopmentstratey of the Linux kernelandthe
surroundingoperatingsystem.In particular it makesit harderor impossibleto x eventrivial
bugsandexcludesaltogethethe possibility of portingthedriversto new architecturesinlesshe
vendoritself hasanintereston the task(in this regard NVIDIA doesprovide supportfor Linux
on the Intel x86, Intel Itaniumand AMDG64 architecturesaswell asFreeBSDon the Intel x86
architecture).

Neverthelessthe adwvantagesutlinedin chapterl (betterperformancefasterdevelopment
cycle, easiernto replaceparts,easiemupgradeshave beenfoundto hold true. It is the opinion of
theauthorthattheseadwantagestill weightout thedisadwantagesnentionedabove.

9.2 Performancemeasuements

Thevisible “femaledataset”partof the“visible humanproject”, wasusedfor benchmarkinghe
application( gure A). Thevisible humanproject,carriedout by the United StatesNationalLi-
braryof Medicine,hasthe goalof creatinga complete anatomicallydetailed three-dimensional
representationsf the normalmaleandfemalehumanbodies.Acquisitionof trans\erseCT, MR
and cryosectionimagesof representafie male and femalecadaers hasbeencompleted. The
malewassectionedat onemillimeter intenals, the femaleat one-thirdof a millimeter intenvals.
The dataseusedconsistsof avolume512 512 1734in size,with 8-bit densitydataat each
voxel. This amountsto 443 MB of texture data. This hasbeensplit to 16 bricks, eachwith a

LEvenif the natureandreasonsvhy the bug existedin the ®rst placeareout of the scopeof this discussionit
is necessaryo remarkthatis waspossibleto ®nd and®x this bug becausef the availability of sourcecodefor the
AGPdriver.
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dimensionof 256 256 512fora2 2 4 con guration. Eachnodeis ableto renderits brick
in a buffer with 1024 1024 pixels with a framerateof circa 10 Hz (100 ms per frame). At
thisresolution,dependingyn the on-screerorientationof thevolume,insteadof having multiple
neighbouringvoxels contribute to a singlepixel, singlevoxels contrituteto only a few pixels of
the nal imagethusavoiding maskingfeaturesecaus®f aliasingeffects. Readingthe dataout
of theframeluffer takes19 ms. Compositinghe 16 imagesakescirca5 mson averagewith an
additionaloverheadof 15 msfor transmittingthe dataover the network, andanotherl5 ms for
collectingthe compositedataon a singlenode.On averagethe applicationupdateshedisplay
with arateof circa6 Hz. In this casethe bottleneckis not network but the renderingof the data
itself. A singlenodecanrenderthis datasetwith an updaterate of circa4 secondger frame
(0.25Hz), giving aspeedup of 24whencomparedo the parallelcase.Thesupetlinearspeedup
comedrom thefactthattheserialapplicationneeddo updatethetextures8 timesfor eachframe
thatis renderedvhile the parallelversiondoesnot performtexture updatesatall.

A seconddatasetvasusedfor performancaneasurementshe so-called’jet streamdataset”
(gure A). Thisis atime-dependentlatasetvhich comesfrom a turbulent o w simulation. It
consistsof 89 time steps,eachof which correspondso a volumeof 256 256 256 voxels.
Thiswassplitin 128 128 64 bricks(1 MB of texturedata),fora2 2 4 con guration.In
this caseeachnoderendersts brick in about37 ms, andthe othertimesaresimilar to thoseof
thevisible femaledataset.The differencehereis thattexturesareswappedn andout of texture
memoryastime goesby in the visualization. Eachtime stepcanbe uploadedto the graphics
cardin 4 ms. Whenreproducinghe animationat a rate of 1 time stepper secondthis means
thereis anoverheadof 4 msonceeachsecond.This givesa meanrefreshrateof 8 Hz. A single
nodecanrenderthis dataseatarateof circal Hz.

Looking attable9.1,it is easyto seewhy the speedupn the caseof thejet streamdatasets
lower thanin thevisible femalecase:the compositingstepstartsto play a moresigni cant role:
therenderingof thedataamountdo only 31%of thetotal time, while compositing(readingback
dataandthensendingit over the network, blendingand collectingit) amountsto 69 % of the
total time. Ignoring optimizations the compositingstagerunsin constantime of circa80 ms,
which givesanupperlimit for theframerateof 12 Hz.

Transportinghe imagesto the userhasnot beentakeninto accountin this discussion.The
mostsimplesolutionis connectinga displaydevice to oneof the nodesin the cluster andwork
in situ. As explainedin chapter8, this posespracticability problems. Neverthelessthereare
scenariosvherethisis desirablefor example whenusingthiskind of applicatiorto drive display
walls. As discussedn the samechapterit is possibleto leveragecommoditysoftwaresuchas
VNC for this purposeandprovide accesover public networks usinginfrastructuresuchasthe
world wide weh In thatcasetherefreshratesfor userinteractionaredecoupledrom therefresh
ratesthe applicationcandeliver.

9.3 Conclusions

During the developmentof this work, mary technologiesvolved driven by massmarket dy-
namics:astherasterizatiorperformanceof graphicscardsincreasesit becomesnoreef 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 streanmdatasetsThediffer-
encedn renderingtime aredueto the sizeof the bricksrenderecn eachnode. The differences
in the readbackimesaredueto the factthat only dravn portionsof the imageareread. This
datadoesnottake into accounthesynchronizatiorverheadyhich addscircal0 msto thetotal
times.

to allocatelarger bricks asworkloadfor eachnodeon the clusterreducingthe numberof nodes
that have to participatein the renderingof a singledatasein orderto achiese a predetermined
framerate Secondasthe on-boardnemoryonthegraphicscardsincreasest becomegpossible
to renderlarger datasetaising the samenumberof nodes. Third, asthe available CPU power
increasesthecompositingoottlenecessensAs new network technologiegmegeandbecome
more widespreadthis bottleneckis further reduced. As discussedibore, the network perfor
manceis at this momentoneof the limiting factorsin this approachyet this is the component
thatmostslowly evolves. Thereasorfor thatis clear: datawarehousearethe largestcustomers
of high-bandwidthnetworks. Becauseof the hardware volume managedhat theseinstallations
andthe high costof downtime, they have a slow hardwareupgradecycle, which in turn makes
the market lesspro table whencomparedo generalpurposeprocessorandto a lesserextent
to dedicatedgraphicsprocessors A secondfactoris that this customershave traditionally fa-
voredtheuseof proprietaryhardwarearchitecturegpreciselybecausef theavailability of better
inter-processotechnologiesAs the price/performancgapbetweerproprietarysupercomputers
andCOTS clusterswidens,the needfor higherbandwidthnetworksfor the laterbecomesnore
pressing.Theeffect of thisis theappearance recentyearsof technologiesuchasin niBand,
which currentlydeliverspoint-to-pointtransferratesof 10 Gb/s,andpromiseghe availability of
30 Gb/sgeneralpurposenetworksin the nearfuture. Theserepresenain eight-foldand25-fold
performancencreasesvith respecto currentl.2+1.2Gb/sMyrinet technologiesandstill com-
parefavorably with respecto dual 4+4 Gb/s Myrinet technologies.The developmentof these
technologiess in partsloveddown by thefactthatthefastesbuseswidely availablearenotable
to copewith muchhighertransferspeedsFor example,64-bit133MHz PCI-X delivers8.5Gb/s
of bandwidth. PCI-X 266 could extendthis to 17 Gb/s,and PCI-X 533 could deliver another
two-fold increase. A differentapproachs PCI Express,which usesa serial interfaceinstead
of the traditional parallelone. This enablesthe existenceof high-performancepoint-to-point
connectiondetweerdevices,whichin turn providesdeterministidow-lateng.

Thetopic of hardware-acceleratedirectvolumerenderingtechniquess vastandactve. In
this work only a basicintroductionis provided in chapter2, andthe focusof the work lies at
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direct volumerenderingin uniform meshes.The ideaspresentedater on are neverthelessot
constrainedn ary way to ary speci ¢ technique For example theresultsareextensibleto non-
uniform meshedy tting the non-uniformmeshinto a larger uniform meshand performinga
remeshingalongthe bordersof the subvolumes.As explainedin chapter4 the only requirement
is to satisfytheassociatiity of theoperatiorby usingtheappropriatélendingequationwhichis
in turnguaranteedy usinga-premultiplication.In the samechapterseveralalternatvesarepre-
sentedn orderto implementhis operatiorwith old andnew generation®f commoditygraphics
hardware.In chaptefb, it hasbeenshavn thattheoptionof performingthecompositingof partial
resultsof the subvolumesusingthe graphicshardwarefor thetaskdoesnotyield a performance
gain on modernarchitectures.Evenif the compositingoperationitself can be executedfaster
on the graphicscard, uploadingand downloadingthe datais a slow process.In this casethe
busbetweerthe CPUandthe dedicatedyraphicsmemoryrepresents bottleneck Again, newver
technologiesuchasPCI Expresamight changethis situation.In orderfor this pathto be faster
thana software-basedne, the interconnectiorbus needso offer a bandwidthin excessof 5.3
Gb/s. This is within the peakbandwidthofferedby AGP 4x, but actualmeasurementdo not
supportthis statementin orderto achieve interactve refreshrates the compositingof the partial
resultsof therenderingoroces$asbeenoptimizedusingassemblecode.As shovn in chaptels
thisimplementatiordeliverscompositingratesthatmale theinteractve visualizationpossible.
In this work solutionsfor anotherthreedifferentproblemsweredeveloped:

Remoteaccessingf visualizationfacilities. This hasbeenimplementedisingabig-sener
thin-clientmodelandis applicationindependentThis allows to have minimal or no extra
requirementon the client side (e.g.a VNC client or an X11 sener) and accesgshese
facilitiesevenfrom deviceswith comparatrely smallCPUslike PDAs.

Delugging of OPENGL applicationsand managemenbf OPENGL extensions. These
have beendevelopedin sucha mannerthatit is easyto keepthemup to datewith current
standards.
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FigureA.1: Colorversionof gure 4.40onpage60

FigureA.2: Colorversionof gure 5.1o0npage64
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FigureA.3: Subsebf thevisible femaledataset
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FigureA.4: Jetstreamdataset
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