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Abstract

This paperdescribesan applicationof a secondgeneratiorimple-
mentationof the Sepiaarchitecture(Sepia-2)to interactie volu-
metricvisualizationof largerectilinearscalar elds. By emplg/ing
pipelinedassociatie blendingoperatorsn a sort-lastcon guration
a demonstratiorsystemwith 8 renderingcomputersustain®24 to
28 framesper secondwhile interactively renderinglarge datavol-
umes(1024x256x256voxels, and 512x512x512voxels). We be-
lieve interactve performanceat theseframeratesanddatasizesis
unprecedentedWe also believe theseresultscan be extendedto
othertypesof structuredandunstructuredyridsandavarietyof GL
renderingechniquesncludingsurfacerenderingandshadav map-
ping. We shav how to extendour single-stagerossbademonstra-
tion systemto multi-stagenetworksin orderto supportmuchlarger
datasizesand higherimageresolutions. This requiressolving a
dynamicmappingproblemfor a classof blendingoperatorsthat
includesPorterDuff compositingoperators.
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1 Introduction

In previouswork [13, 14] a commodity-basedrchitecturgSepia)
waspresentedor constructingscalabledisplaysubsystemgor dis-
tributedclusters.Thearchitecturellows large numbersof comput-
ersto postimagesonto rectilineartiles of a large display andto
applycompositingblending,andotherperpixel operatorgo those
images. This paperreportson the applicationof a secondgenera-
tion implementatior(Sepia-2)of thearchitectureo the problemof
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structuredrolumevisualizationusinghardwareaccelerationWhile
thesmall (8 renderingcomputersplus 1 displaysener) demonstra-
tion systemsustaingerformancedevelsthatareunprecedentedye
attachmoresigni canceto the fundamentaprinciplesthe demon-
strationelucidates By carefulrecourseo establishedrchitectural
andrenderingtheorywe amguethatthe demonstratiowvalidatesthe
architectureat largerscalesfor a broadrangeof problems,usinga
variety of imagegeneratinglevices.

In this paperwe apply the Sepiaarchitectureo the problemof
interactive renderingfor scalablevolumetricdata. We usethe Vol-
umePro500 ray castingengine[20] and partition the volumetric
datainto subvolumesthatcanbeinteractvely rendereddy this en-
gine. Theimagesof thesesubvolumesareblendedconcurrentlyby
the Sepiaarchitectureprior to beingwarpedfor nal display

Thenext sectionbrie y reviewsthe Sepiaarchitecturen relation
to two similar projectscalled Lightning-2and MetaBufer [2, 27].
We identify two fundamentatiefectsin theseprojects:they cannot
supportblending,or ary non-commutatie imagecompositingop-
erators;andtheir costsscaleexplosively, makingthemimpractical
in largecon gurations.Theorigin of thesedefectdiesin theircom-
monuseof a meshtopologywhichis staticallyordered andwhich
scalesxplosively in compleity as where isthenumber
of inputsand the numberof outputs. The Sepiaarchitectures
bothmoreef cient andmorepowerful becausé usesahierarchical
switchedtopologyratherthana staticallyorderednesh.Thistopol-
ogy is moreefcient becauset scalesn complity as
andis more powerful becausét supportsnon-commutatie |mage
compositingoperatorsncluding blendingand PorterDuff opera-
tors[5, 19, 21, 25]. We alsoidentify two advantageof theseother
projects:theuseof ef cient DVI imageacquisitionin Lightning-2;
and a useful classof viewport mappingoperatorsde ned for the
MetaBufer. We explore the potentialof both of theseadvantages
in thediscussiorsection.

Therestof this paperis organizedasfollows. We rst describe
the Sepiaarchitecturan comparisorto prior work. We introduce
thescienti c problemaddresseth this application visualizationof
terasoxel datasetscollectedfrom physical uid mechanicakxper
imentsandfrom simulations.We describethe hardwareandappli-
cation software and rmw are, including a dervation of rmw are
blendingarithmetic,and an analysisof systemthroughputandla-
teng. We concludeour demonstratiorby describingthe datasets
usedto producethe nal imagesandthe performancave obsered
with thosedatasets. We thenmove to a discussiorof scalability
in which we rely on architecturatheoryto arguethatthis demon-
stration systemvalidatesscalability in object space. We discuss
technicalissuesinvolved in scalingthe currentapplicationin im-
agespaceandwhat this implies for imagescalingin general. We
concludewith ageneraliscussion.

2 Sepia architecture

The Sepiaarchitecturds an FPGA and network-basedsubsystem
for interactve parallelvisualizationusingremotedisplaysandcom-
modity graphicsaccelerator§l 3, 14]. Thearchitecturallows gen-
eral“sort-last” style parallelprogramming16] andsupportsother
programmingmodelsby providing concurrenthigh speedcom-



positing of large numbersof image streams. The architectureis
physicallyimplementedy PCIl boardshatperformimageacquisi-
tion, compositingandredisplaywhenconnectedo portson a high
speedhetwork. Figuresl and3 shav thelayoutandmanuactured
secondgeneratiorprototypePCl boardandthe clusterusedin this
demonstration.

The PCI board(Sepia-2)incorporatesa VIA-basedhigh speed
network interface (SenerNet-2) with attachmentgor high speed
digital imageacquisitionanddisplay In additionto the network
interfaceeachboardcontains3 Xilinx Field Programmablésate
Array devices (FPGA-1,-2, and-3), RAM buffers, anddigital ex-
pansioninterfaces. Con gurationsat ary scalerequireone board
for eachgraphicsacceleratorand one for eachdisplay device in
additionto network switching. The boardacquiresframe buffer
contentfrom the graphicsacceleratoandmeigesit with pipelined
contentarriving throughthe network. Eachnetwork pathsustainsa
180MB/simagestreamn operatioroutof atheoreticapeakof 220
MB/s. This sustainedrafc is equivalentto 80 framesper second
of 1024x768RGB pixels, 48 fps of 1280x1024RGB, or 32 fps of
1600x1200RGB. Individual image streamamay be tiled together
to male largerdisplays.

The network ASIC drivestwo network portswith a peakwire
speedof 1.25 gigabitsper secondin eachdirectionon eachport.
The ASIC sendsthe inbounddatathrougha 66 MHz 64 bit PCI
interfaceto FPGA-3. In operationanimagestreamarrivesthrough
thenetwork multiplexedacrosghetwo portsandis sentto FPGA-3
whereit is de-multipleced and passedo FPGA-2for processing.
In operationthe boardsustainsl80 MB/s of inboundimagetrafc
with an equivalentamountof outboundtrafc in the oppositedi-
rection,for a sustained®Cl throughputof 360 MB/s (inboundplus
outbound).Theoutboundmagetraf c carriestheresultsof acom-
positingoperatiorcomputedy FPGA-2. Thistraf ¢ is multiplexed
by FPGA-3for transmissiorby the SenerNet-2ASIC.

Thecompositingoperationin FPGA-2combinegixelsfrom the
inboundimage streamwith pixels from a local imagesource. At
smalldataratesthelocalimagesourcecanbe obtainedthroughthe
hostPClinterfacecontrolledby FPGA-1.In ourdemonstratiosys-
temwe have measuredinglereadperformancef 120to 150MB/s
from hostmemorythroughthe hostPCl, andwrite performancef
300MB/s. For higherdataratesthe digital I/O expansionconnec-
torscansupporimagestream®f 500MB/s in or out, equivalentto
over 90 framespersecondf 1600x120(RGB images.

The architecturesupportsefcient large scaleperpixel image
compositingwith sub-microsecondwitching to dynamically se-
guencecompositingoperations. Chainsof compositingoperators
are mappedthroughnetwork switchesonto logical pipelinesthat
correspondo individualtiles of largedisplayswith arbitrarymary-
to-1 mappingsetweergraphicsacceleratoranddisplaytiles. The
useof FPGA technologyallows rmw are reprogrammableom-
positingoperatorghatcanaccommodateariouspixel formatsand
applicationrequirements.Our initial focusis to supportstandard
OpenGLdepthandblendingoperatorgor traditionalsort-lastren-
dering[7, 9, 13, 15, 16, 17, 18, 24, 28] andto implementoperators
for photo-realisticshadav mapping[1, 8, 12]. A primary motiva-
tion for the architectureéhasbeento visualizeextremelylarge scale
problemsin scienceandengineering26].

2.1 Prior art

Sepiaaddresseshe sameproblemastwo similar recentprojects,
Lightning-2 and the MetaBufer design. In additionit builds on
a body of previous researchand commercialefforts including the
PixelFlow (by Hewlett-Packard)andthe Reality Monster(by SGI)
[2,7,13, 14, 15, 27].

Like Sepia,Lightning-2is a hardware systemthatdeliverspixel
data from graphicsacceleratorgo remotetiled displays. The
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Lightning-2hardwareis containedn a standalonehassighatcon-
nectsto computersand displaysthroughDVI cablesof approxi-
matelythreemetersin length. A chassicontainssomenumberof
boardswith eachboardsupportingfour inputs from graphicsac-
celeratorsanddriving up to eight outputsto DVI display devices.
To supportlarger con gurationsthe boardsmay be tiled together
into arectangulameshandconnecteavith high-speedqunswitched
Myrinet) network links. Lightning-2 supportsa e xible scheme
for mappingviewport pixels onto displaysat the level of individ-
ual scanlinefragmentswith supportfor optional perpixel depth
compositingand chroma-leying. The e xibility of this mapping
schemecomesat the price of corruptingthe sourcecolor buffer,
a fact that may posea problemfor someapplications.For exam-
ple, it is impossibleto distribute a full scanlinefrom a viewport
to a setof disjoint tiles without losing someof the pixel content.
This malesit impossibleto supportthe usagemodelillustratedin
gure 2. Lightning-2 haspioneeredhe useof DVI acquisitionof
RGB content.DVI acquisitionis necessarjor meetingthelateng,
throughputand performanceequirement®f a productionquality
system.

The MetaBufer designspeci es a mesh-basedopology with
DVI imageacquisitionsimilar to Lightning-2. In placeof scanline
fragmentmappingMetaBufer describesrich setof viewportmap-
pingsthatincludemulti-resolutionsupportanti-aliasingandtrans-
lationsin additionto optional perpixel depthcompositing. Some
of the architecturalprinciplesof the MetaBufer designhave been
demonstrateth anapplicationto large scaleiso-surficevisualiza-
tion [29].

At large scalesboth Lightning-2 and MetaBufer suffer from
meshscaling. A meshcon guration with 1000computersaand100
displaysrequiresoughly100timesasmary componentgisacorre-
spondingSepiacon guration. In con gurationswherethe number
of displaysis proportionalto the numberof computersthe mesh
complity scalegjuadratically In additionto beingmorescalable
the Sepiacon guration is more versatilewith supportfor blend-
ing aswell asdepthcompositing shadev mappingandpotentially
othernovel capabilities.

2.2 A dynamic mapping problem

The mappingproblemis intrinsic to every distributed computa-
tion that involves schedulinginterdependentperationson multi-
ple functionalunits. Thegeneralproblemis formulatedin termsof
graphembeddingvith a goalto embedan interdependencgraph



into a x edhostgraphthatrepresentshefunctionalunitsandtheir
connections. Speci ¢ examplesinclude compiling arithmeticin-
structionsequence$or sharedmemorymultiprocessorsschedul-
ing concurrenprocessefor executionon a cluster andscheduling
scienti ¢ calculationson a mesh-basedystolic array architecture
[4,10,23].

In the architecturaproblemstudiedherethe goalis to mapim-
agesourcedo displaytiles throughan orderedsequencef image
compositingoperations. In graph-theoretidermsthe problemis
to embedary valid setof logical pipelinesinto a single x ed net-
work topologywithout exhaustinghe availablenetwork bandwidth
atary pointalongary path. This generalproblemis NP-complete,
anobstaclethat may be overcomeby judiciousassumptiongbout
the hostgraph.If we wantto solve this mappingproblemdynami-
cally, potentiallyon every new frame,it will be necessaryo male
assumptionshatallow ef cient polynomialtime solution.

Call asetof imagesgeachimagean tuple
of pixels , andeachpixel a tuple of compo-
nents An imagestream
computeghe result of a speci ed sequence
of perpixelimagingcompositingoperators  thathave commuta-
tive, associatie and/ordistributive arithmeticproperties.

Thesearithmetic propertiesdetermineconstraintsfor routing
dataamongfunctionalunits,asfollows. Associatve operatorsnay
be reparenthesizetb expresspotentialconcurreng, for example
transforming into .
Changingconcurreng doesnot affect requirementdor sequenc-
ing the operationsandasa resulttheseoperatoramposethe most
severe schedulingconstraints. Examplesinclude the set of asso-
ciative blendingoperatorsvhich include PorterDuff compositing
operators.

Commutatve operatoramay be scheduledor executionin ary
sequencandthereforeimposeeasierouting requirementsDepth
compositingis an exampleof a commutatie operation.Theseop-
eratorsare orderindependent Anotherclassof operatorsare dis-
tributive operators. Supportingthis classof operatorsrequiresa
broadcastapability

The Sepiadynamicmappingproblemis to embeda setof logical
pipelinesof compositingoperatorsnto a physicalnetwork. Each
pipeline stagecorrespondgo a Sepia-2boardthat implementsa
compositingoperatotin rmw are. Eachstagemustbejoinedto its
successoby a network path that guaranteesdequatebandwidth
alongevery network link.

Thesmalldemonstratiosystemconnectshe Sepia-2oardus-
ing afull-duplex singlestagecrossbarThenecessarpropertiesare
satis ed trivially in this crossbamwhich allows ary patternof dis-
joint pipelinesto be embeddedvith no contentionfor bandwidth.
We provide a generalarge-scalesolutionin sectiord.1.

3 TeraVoxel visualization

TheTera\bxel project couplesuid mechanicabxperimentswith
computersimulationswith a goal to visualize the resultingdata.
Physicalexperimentsare performedby observingphysical uid
quantitieson a regular 2D grid of pointswithin the o w. The data
setis extendedinto threedimensiondy samplingrepeatedIlyover
time. When the ultimate intendedphysical resolution of
pointsis achiezed with samplingat 1024 framesper secondthe
projectwill generatea teravoxel of dataevery 17 minutes.Our cur
rent systemvisualizesone-eighthgigavoxel interactively and this
exceedgherequirementshatthe projecthasgeneratedio date.Our
ultimategoalwill beto visualizeafull gigavoxel ( ) volume.
We expectto achiese this usingthe samecon guration simply by
incorporatinghewver andmorepowerful graphicsaccelerators.
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In orderto visualizethis datawe partition a large datasetinto
smaller subsolumesand visualize each subsolume concurrently
This is followed by concurrentlyblendingthe subsolumeimages,
with the blendedresult deliveredto a computerthan supportsa
graphicaluserinterface. This is explainedin detail in the restof
this section.

3.1 Hardware con guration

We equippeda cluster of eight graphicsworkstations(Compaq
SP750running Windows2000)with Sepia-2boardsand Volume-
Pro 500 ray castingaccelerator$20]. The VolumeProis a black
box imagegeneratoithat loadsa datavolume and producesa se-
ries of viewpoint-dependenimagesaccordingto a pre-determined
hardwarealgorithm(objectorder“shearwarp” ray casting[11]). It
cansupporthigh quality programmabléighting effectsanddeliver
acontinuousstreamof imageso hostmemorywithoutinterrupting
therenderingoperation.This makesit convenientfor imageacqui-
sitioninto the Sepia-2ZboardthroughhostmemoryandthehostPCI
interface. Therelatively smallimagesizeof 512x512RGBA pixels
(1 MB perframe)keepstheresultingtransferatengy tolerable.We
have obseredthatthe cardsustain®4.8to 27.5framespersecond
operatingn this modewith volumesof voxels. We locatethe
VolumePraandSepia-2Zboardsn differentpeerPClbussesn order
to eliminatepotentialresourcecon icts that might resultfrom bus
sharing.

The Sepia-2boardsare connectedsymmetricallyto a pair of
SenerNet-2switches. A ninth workstationcontaininga Sepia-2
boardis alsoconnectedo theseswitches. This ninth workstation
functionsasadisplayfor the eightnodecluster It containsa stan-
dard OpenGL acceleratoiin an AGP-4xinterface. This display
workstationloadsthe blendedimagesinto texture memoryon the
acceleratoandthendisplaysthe texture on the surfaceof a poly-
gon. This is the standardnethodusedto displayimagesfrom the
VolumeProwhenit is usedin a singleworkstation.

3.2 Application software

The applicationis a display procesghat communicatesvith a set
of renderingprocessesunningon the cluster The displayprocess
supportsa userinterfaceand allows interactve viewpoint control
throughmousemaovements.lt distributesviewpointinformationto
therenderersver a sharecEthernet.Thelarge datavolumeis bro-
keninto sutvolumeswith eachsulvolumeassignedo a rendering
process.Therenderersactivatethe VolumeProto generatémages
into hostmemory padtheseimagesto a larger size,andthenac-
tivate the Sepia-2blendingpipeline. At every framethe pipeline
blendingorder is recomputedbasedon a continuouslychanging
viewpoint. Thedisplayprocessvaitsfor theblendedesultanddis-
playsit onthescreenThestage®f renderingplendinganddisplay
arefully overlappedandasaresulttheinteractve lateng remains
betweenwo andthreeframes. This is only aboutoneframemore
thanis incurredwith the VolumePran normalusage.

In thestandardgheatwarpalgorithmbaseplane(BP)imagesare
generatedn objectorderandthenwarpedby a 2D lineartransfor
mationinto the viewing plane[11]. The motivation for this ap-
proachis to presere the ef ciencies of object-orderray casting.
VolumeProgenerates 512x512pixel BP that containswithin it
the viewpoint-dependenimage of a datavolume. In con-
ventional usagethis BP is loadedinto the texture memoryof an
OpenGLgraphicsacceleratorThe textureis thenappliedto a dis-
tortedpolygonin orderto correctthe viewpoint-dependengrrorin
the BP image. The resultingviewpoint-correctedmageis usually
displayedat a higherpixel resolutionthanthe original BP.

In orderto avoid artifactsthat would result from repeatedre-
samplingwe apply blendingto the raw BP imagedatabeforeit is



texture mapped. Eachrenderingclient generates 512x512pixel

BP image containinga subimageof the datavolume. A client

copiesthis subimageinto a larger 1024x1024pixel “superimage
baseplane” (SBP).It is theselarger SBPsthat are blendedin real

time by the Sepia-2hardware. The display processreceves a

blended1024x1024pixel resultthatis readyto load into GL tex-

ture memoryfor the nal warp anddisplay Parameterdor this

warpingare generatedy the VolumeProwith eachimage. These
parametersire passedo the display processy oneof the render

ing processem theform of extradatain anunusedoartof the SBP
image.

3.2.1 Firmware arithmetic

The VolumeProgenerategixels by applying compositingopera-
tionsto aserieof voxelsalongaline of sight. Thisis theoperation
of ray casting We encountertwo arithmeticissuesin paralleliz-
ing this operation.The rst issueis arithmeticequivalencebetween
a single VolumeProcomputationandthe combinedresultof a set
of (smaller)VolumeProcomputations.The secondssueis opera-
tor associatiity, without which concurrentevaluationis arithmeti-
cally unde ned. Theseissuegequirethatwe de ne anassociatie

compositingoperatorthatyields a concurrentresultarithmetically
equivalentto theoriginal serialresult. This operatoiis notthesame
asthe VolumeProblendingoperator In this sectionwe de ne such
anoperatorandprove its correctness.

Theray castingcomputatiorblendsthe successie contrikutions
of anorderedsetof voxelsthatintersecta line of sight. If
correspondso ablendingoperatothatcombinesanew voxel sam-
ple with anaccumulatedesult thenthetotalaccumulatedesult

of anorderedfront to backray castingcomputatioris

@)

where are successie voxel samplesand 0 representghe
contritution from a transparentoxel. Theray castingengineim-

plementsthe following front-to-backblendingoperator for all
colorchannels (where istheopacitychannel, theaccumu-
latedcolor,  theopacityof sample , etc.)

)

Parallelizationbreakg1) into two or moreconcurrensubcomputa-
tions,for example

Theblendingcomputatiorin theSepia-2rmw aremustcompute
afunction suchthat . Additional requirements
on arethatit is associatie, so thatthe computationcanbe par
allelizedinto  concurrenpieces , andthatO is anidentity
elementfor  correspondingo a transparenpixel. We take the
standardapproach3] of pre-multiplicationby andde ne apre-
multiplier function  on pixels (which have components and

),

®3)

Wecaneasilyverify thatthefollowing  isassociatie with identity
elementO (a transparenblack voxel) and further that

. This  will bethecompositingoperatomweimplement
in rmw are.Notethatit is notthe sameasthe VVolumePrablending
operator(2).

(4)

We canshaw that givesthesamearithmeticresultasthe
original ray castingcomputation  (1).

Since is associatie, we canextendthis resultinductively to ary
numberof terms . This concludesour proof thatthis is
correctfor blendingtogethettheresultof any numberof concurrent
subcomputations.

3.2.2 Throughput and latency analysis

We have a modelfor processindatenciesfrom the initial stageof
imagegeneratiorthroughblendingand nal display This model
predictsanend-to-endateng of 102 millisecondsor roughly two
andahalf frameintenalsat 25 framespersecond Of this gure 59
millisecondsaredueto thenormalVolumeProcharacteristicsvhen
it operatesn a singleworkstation.

Thedata o w canbemodeledn four stageslin the rst stagethe
VolumeProgenerates viewpoint dependenBP imageandwrites
it to hostmemorythroughPCl bus number0. We have obsered
thatthetime requiredfor this operationasmeasuredy time spent
insidethe VolumeProAPI, variesbetweer36 and42 milliseconds,
for asustainablémageratebetweer24 and28 framesper second.
This rst stageis overlappedwith all the succeedingtagesothat
imagegeneratiorfor frame occursconcurrentlywith copying,
blending,anddisplayof frame .

In the secondstagethe renderingclient software copiesthe
RGPBA subimageof the local datavolumefrom the native BP
into a larger 1024x1024pixel SBR This stageconsistentlytakes
under5 millisecondsregardlesf viewpoint.

In the third stagethe Sepia-2hardware and rmw are readthe
SBPfrom hostmemorythroughPClbusnumberl. Thislocal SBP
is blendedwith network traf ¢ containingthe intermediateresult
of blending SBPsfrom the otherrenderingclients. The ultimate
blendedresultis an SBPthatis deliveredinto hostmemoryof the
display node. The rate of blendingis determinedby the rate at
which the SBP canbe readinto the Sepia-2cardthroughthe host
PCl interface. This is between120 and 150 MB/s whenthe host
PClis nototherwisecontendedThis is muchlessthanthe Sepia-2
network transport(SenerNet-2)which cansustain180 MB/s. At
the slower rate of 120 MBY/s this blending operationfor a single
4 MB imagewill take 33.33milliseconds,plus a sub-millisecond
synchronizatiorbarrierandtime to drain the pipeline. Takingall
thisinto accountheblendingoperationcanbe estimatedat 34 mil-
lisecondsafterwhich time the blendedSBPresultis in RGB form
onthedisplaynode.

In thefourth stagethe displayprocessuploadsthe fully blended
SBPinto OpenGLtexture memoryandwaits at mostone monitor



refreshinterval for theimageto appear In awell tunedGL driver
this uploadwill occurat over 900 MB/s throughan AGP-4xinter-
face.We have veri ed suchanuploadratein our workstations.At
this ratethe 1024x1024RGB blendedSBP texture uploadsin un-
der4 milliseconds.At 60 Hz a monitorrefreshintenal is underl7
milliseconds.

We canmodeltheworstcaseof theseaccumulatethtenciesThe
original imagegeneratiortakes no morethan42 milliseconds. In
normal operationin a single workstationthe VolumeProaccumu-
lateslateny due to image generationand a single video refresh
interval, for an estimatedworst-caseotal of 59 milliseconds. In
our demonstratiorsystenmthe subsequergtageof copying, blend-
ing, andtexture uploadtake no morethan5, 34, and 4 millisec-
ondsrespectrely. These gures total to a worst-caseestimateof
102 milliseconds. Additional latenciesof a few millisecondsmay
potentiallyresultfrom operatingsystemschedulingartifacts. A va-
riety of factorsmay resultin betterlatencieshantheseworst-case
estimates.Parallelizationthus addsapproximatelyone additional
frame of lateng, which is roughly equalto the time requiredfor
SBPblending.We expectsimilar latenciesat largerscales.

3.3 Results

Figures3 through5 shav our demonstratiorequipmentanda se-
riesof imagesgeneratedy thatequipmentimagesveregenerated
from computemodelsandsimulationswith datasetsof and
1024x256x256/0xels. All of the datasetswerevisualizedinterac-
tively at betweer24 and 28 framespersecond We areunavare of
ary otherdemonstrationshat have achieved theseframerateson
datavolumesof thesesizes. The frame rateswere determinedoy
the VolumeProrenderingtimes, which variedwith differentview-
points. The Sepia-2boardwasnot the bottleneckin the computa-
tion andhadconsiderableinusedsustainabléhroughput.Detailed
runtimemeasurementson rmed the principal performancéottle-
necksfor this applicationweretheimagegeneratiorprocesstself
and the datarate throughthe host PCl interfaceinto the Sepia-2
board.

4 Scalability

We have presenteda small scaledemonstratiorand claim that it

validatesa large scaleresult. In this sectionwe shav how to ex-

pandthe hardware con guration from a singlecrossbato arbitrar

ily largecon gurationswhile preservindinearscalingin complec-

ity, andthe lateny androutability requiredfor dynamicmapping.
We then discussthe problemof scalingthe image size to higher
pixel resolutions.

4.1 Object space scaling

We have shavn thatasingle-stagerossbasystensatis esrequire-
mentsfor lateng, routability, andscaling.We argueby inductionin
the size of this crossbathatthe demonstratiorvalidatesthe Sepia
architecturatlargerscales Sincephysicalcrossbariase ascaling
limit we have to shav thatequivalentresultscanbe obtainedusing
moreelaboratemulti-stagestructures.

In this sectionwe presenta modelfor suchstructuresbasedon
the symmetricClostopology[5] andshav thatthis modelhasthe
scaling,lateny androutability that we require. The modelscales
in componenttompleity as , andin somecaseshasa
constanassmallas with  thenumberof portsperswitch.
Themaximumlengthpathin this modeladdsonly a few stageof
lateny morethana singlecrossbar As aresulta logical pipeline
with thousand®f stageswill accumulateonly a few milliseconds
of network pathlateng.

4.1.1 Recursive Clos structures

The Clos modelis oneof the mostwidely studiednetwork topolo-
gies[5]. We areinterestedn the speci c caseof two-layer sym-
metric Clos structures. Theseare constructedrom two rows of
switcheswith  ports per switch. Eachrow hasthe samenum-
berof switchesandeachswitchdedicatesalf its portsto external
connectionsandhalf to internallinks sharedwith switchesin the
oppositerow. Any givenswitchshareghesamenumberof internal
links with eachswitchin the oppositerow.

For example, with it is possibleto build a two-layer
structurewith 128externalportsand64 internallinks, populatedy
two layersof 8 switcheseach.Eachtop (bottom)layer switch sup-
ports8 externalports,and8 internalportsthatshardinks with the8
switchesin the bottom(top) layer In generala two layer structure
will afford external portsandwill require switchesand

internallinks. Thetwo-layerstructurescaledinearlyin link
andswitchcompleity with increasinghumbersof externalports.

The Slepian-DuguidSD) theorem{25] provesthatthetwo layer
symmetric Clos structure provides full bisection-bandwidttbe-
tweenexternalportsin thetop andbottomlayers.In particularthe
theoremguaranteeshat a setof deterministicrouting tablesexist
that cansimultaneouslyoutetraf c amongary setof pairingsof
externalports,whereeachportin apairingis takenfrom a different
layer(top or bottom)of thestructure Thetheoremalsoprovidesan
algorithmto constructheseroutingtables.

To obtainmorethan externalportsthe constructiormay
be repeatedecursvely by replacingeachindividual crossbamith
atwo layerstructure For example thelimit of atwo layerstructure

with is 128externalports,andwith thislimit is512.
We canusethis structurerecursvely to build afour layer structure
from repeatedwo layer structures.A four layer structure
with requires2K (2,048)switchesandprovides8K (8,192)

externalports. When thesenumbersare 16K (16,384)and
128K (131,072).Scalingis linearupto thesemaximumsizes.
TheSDtheoremappliesto thefour layerstructureandby induc-
tion in the numberof recursionlevels, to recursve structuresuilt
in this way with eight, sixteen,andmorelayers.In principlewhen
thenumberof layersis takeninto accounthescalingis
In practicetwo or four layer structureshouldbe large enoughfor
ary currentlyrealisticcon guration, andsoin practicethe scaling
islinear

4.1.2 Sepia pipeline mapping

We want to presere the property that runtime mappingmay be
accomplishedby routing image streamsthroughthe network ac-
cordingto network addressin therestrictive caseof commutatve
operatorghe Sepiamappingproblemis trivial. Routingin thiscase
canbeachived usinga simpleserialchainof operatorsAn exam-
plemightbea ight simulatorapplicationthatinvolvesonly surface
renderinganddepthcompositing.Suchcasesanbe supportedoy
asimpledaisychainof switcheswith external
portsperswitch.

In thecaseof generabperatorsvith non-commutatie arithmetic
propertiesthe Sepiamappingproblem requiresa more comple
topology The SD theoremestablishedhatthe two-layersymmet-
ric Clostopologysupportsarbitrarymappingsbetweerntwo equal-
sizedsetsof externalports. Thetheoremassumedalf-duple net-
work links. The Sepiamappingproblemrequiresrouting image
streamsn a predeterminedequenc@mongcompositingoperators
(Sepia-Zoards)ttachedo externalfull-duplex network ports.

We cantransformthe Sepiamappingprobleminto two instances
of the all-pairsassignmenproblemaddressethy the SD theorem.
The full-duplex natureof the physicalnetwork permitsusto treat
two suchassignmenproblemssimultaneouslyonein eachdirec-
tion. Every path betweenstagesin the mappingproblem corre-



Figure2: A viewport of 1600x120(ixelsintersecting9 projectors
in a 4Kx3K pixeltiled displaywall. Ead projectorhas1024x768
pixelresolution.

spondgo a specialcaseof two pairingsin theassignmenproblem.
Thesepairingshave the form where and areex-
ternalportsin the bottomlayer of the Clostopology and is an
externalportin thetop layer Thusevery pair of pipelinestagesds
joined by a network paththattravels from the bottomlayerto the
top, andthenbackto the bottomlayer.

This proves Sepiaroutability in the symmetricClos model for
ary numberof levels of recursionandthusfor ary scale.The pre-
cedingdiscussiorhasalreadydemonstratedinear scalingin com-
plexity and negligible increasein interactve latengy. Taken to-
gethertheseconcludeour agumentthatthe demonstratiomt small
scaleswith a single crossbarvalidatesthe Sepiaarchitectureat
largerscales.

We nally notethatasimpleoptimizationcanreducethe switch
costof a two-layerstructureby 25%. Sepia-2boardsareonly at-
tachedto externalportson the bottomlayer of a multi-layer struc-
ture. Externalports on the top layer are unusedand as a result
the numberof top layer switchescanbe cut in half by eliminating
theseunusedports. The correspondingchangeso routing tables
arestraightforvard.

4.2 Image space scaling

The ultimate goal of the Tera\bxel projectis to visualize
voxels interactively. We expectto achieve this using eight nodes
dueto therapidly increasingperformancéevelsof texturemapping
hardware in off-the-shelfOpenGLaccelerator§9]. The Sepia-2
boardblendsa1024x1024SBPcontainingRGBA pixelsat24to 28
framesper secondwith time to spare.This performanceshouldbe
enoughfor higherresolutionimagesproducedoy OpenGLacceler
ators.For example,1600x1200RGBA imagescould be blendedat
24 framespersecondand1280x1024RGRA imagesat 36 fps. As
a resultwe believe that a singleimagestreamis adequatdor this
applicationandwe don't requirescalingto multiple displays.

In generalwe expectimagescalingto involve the situationil-
lustratedin gure 2 in which viewportsare not constrainedo co-
incide with tile boundaries For examplea 1600x1200pixel view-
port driving a wall of 1024x768resolutionprojectorsmay inter-
sectasmary as9 projectors. We have experimentedwith image
tiling andreassemblythrough rmw are and believe the modelin
gure 2 posesno substantialdif culties. The impacton our ar-
chitectureis a requiremenfor a new routability proof to account
for imagesourcescontributing to more thanonelogical pipeline,
and a dynamicprogresspropertyfor frame reassembly The re-
sulting usagemodelis naturaland may facilitate anti-aliasingand
multi-resolution mechanismssimilar to those describedfor the
MetaBufer.

5 General discussion

We expectforthcominggenerationef OpenGLacceleratorto pro-

vide the performanceneededto renderlarger volumeson our 8

nodecluster The only practicalway to incorporatesuchacceler

atorsis to acquireimagesefciently througha DVI interface,as
the Lightning-2 projecthasexplained. Unfortunatelysuchacqui-
sition is not yet practicalat workstationdisplay rates. Immature
DVI transmitterand recever componentgestrictsustainabledata
ratesto well below the DVI speci ed maximumof 1600x120Qix-

els at 60 Hz using dual channels(six bytesper pixel, 660 MB/s

total). And driver softwarefor graphicsacceleratorsnustbe mod-

i ed to allow doublebuffering, non-standardVI transmittercon-

guration, and otherfeatures. Obtainingthe neededcooperation
from leadinggraphicsacceleratomanufcturershasup until nov

beenimpossible.Despitethisdif culty we believe therequiredfea-

tureswill eventually be supportedn mainstreanacceleratorand
we intendto continueto work on this problem.

Only double-lufferedDVI acquisitionstrat@ieswill sufce for
workstation display rates with non-RGB content. Any single
buffered stratgy requiresthe graphicspipelineto stall until the
single buffered data has beenacquired. If this datais acquired
throughDV!I thestallis for anentireDVI intenal. In currentcom-
ponentghis penaltyrangesrom 8.333millisecondsper framefor
1280x1024magesat 120Hz, to aslong as16.666ms perframeat
1600x1200esolutionand60 Hz.

Thisis roughlythe sameamountof idlenessasincurredby pixel
readbaclkstratgiesat 300 MB/s. We have veri ed suchreadback
ratesin amainstreanacceleratofMatrox G400underLinux). Be-
causedhisidlenesccurson every frametheseverity of thepenalty
increasest higherframerates. For example,acquiring60 frames
per secondat 1280x1024pixel resolutionwith a 120 Hz refresh
would requireidling thegraphicspipelineat least50% of thetime.
The problemis more severe at higher resolutionswhich require
lower monitorrefreshratesandtherefordongerDVI intervals. For
example,acquiring1600x1200magesat 60 Hz resultsin a 100%
idled pipelinewith a singlebufferedstratgyy. Thusunlesswe can
obtaindoublebuffering in graphicsdrivers, frame buffer acquisi-
tion throughDVI atworkstationdisplayrateswill bescarcelymore
ef cient thanpixel readback.
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Figure 3: Left, photosof the Sepia-2PCl boardand Tera\oxel cluster See gure 1 for a diagramof the PCI board. The clustercontains3
CompagSP750workstations8 VolumePracards,and9 Sepia-2cards(the9th cardis in adisplaysener, notpictured). Thedual SenerNet-2
twelve portswitchesaresittingontop of themonitor. Right, two instance®f the StanfordGryphon3D model,512x512x5120oxel resolution.

Figure4: Four successie timestepsof the uid density eld during a developing Rayleigh-TRylor instability. Simulationdatacourtesyof
Andrew Cook, LawrenceLivermoreNationalLaboratorieg6], datavolume1024x256x256/0xels.

Figure5: Left, threeimagesof thevisible human(male)from theNationalLibrary of Medicine[22] containingtheupper50%of the CT data.
Right, two imagesof aturbulencesimulationcourtesyof Ravi Samtang, ASCI CSDRM.AIl of thesedatasetswere512x512x512/0xels.



