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Abstract

This paperdescribesan applicationof a secondgenerationimple-
mentationof the Sepiaarchitecture(Sepia-2)to interactive volu-
metricvisualizationof largerectilinearscalar�elds. By employing
pipelinedassociative blendingoperatorsin asort-lastcon�guration
a demonstrationsystemwith 8 renderingcomputerssustains24 to
28 framespersecondwhile interactively renderinglargedatavol-
umes(1024x256x256voxels, and512x512x512voxels). We be-
lieve interactive performanceat theseframeratesanddatasizesis
unprecedented.We alsobelieve theseresultscan be extendedto
othertypesof structuredandunstructuredgridsandavarietyof GL
renderingtechniquesincludingsurfacerenderingandshadow map-
ping. Weshow how to extendoursingle-stagecrossbardemonstra-
tion systemto multi-stagenetworksin orderto supportmuchlarger
datasizesand higher imageresolutions. This requiressolving a
dynamicmappingproblemfor a classof blendingoperatorsthat
includesPorter-Duff compositingoperators.

CR Categories: C.2.4 [Computer Systems Organization]:
Computer-CommunicationNetworks—DistributedSystems;C.2.5
[Computer Systems Organization]: Computer-Communication
Networks—Local and Wide Area Networks; C.5.1 [Computer
System Implementation]: Large and Medium (“Mainframe”)
Computers—SuperComputers;D.1.3 [Software]: Programming
Techniques—ConcurrentProgramming;I.3.1[ComputingMethod-
ologies]: Computer Graphics—Hardware Architecture; I.3.2
[ComputingMethodologies]:ComputerGraphics—GraphicsSys-
tems; I.3.3 [Computing Methodologies]: ComputerGraphics—
Picture/Image Generation; I.3.7 [Computing Methodologies]:
ComputerGraphics—Three-DimensionalGraphicsandRealism

Keywords: sort-last,parallel,cluster, shear-warp, volumeren-
dering,ray-casting,shadow mapping,CFD, VolumePro,OpenGL,
VIA, Clos.

1 Intr oduction

In previouswork [13, 14] a commodity-basedarchitecture(Sepia)
waspresentedfor constructingscalabledisplaysubsystemsfor dis-
tributedclusters.Thearchitectureallows largenumbersof comput-
ers to post imagesonto rectilineartiles of a large display, and to
applycompositing,blending,andotherper-pixel operatorsto those
images.This paperreportson theapplicationof a secondgenera-
tion implementation(Sepia-2)of thearchitectureto theproblemof

structuredvolumevisualizationusinghardwareacceleration.While
thesmall(8 renderingcomputersplus1 displayserver) demonstra-
tion systemsustainsperformancelevelsthatareunprecedented,we
attachmoresigni�canceto the fundamentalprinciplesthedemon-
strationelucidates.By carefulrecourseto establishedarchitectural
andrenderingtheorywe arguethatthedemonstrationvalidatesthe
architectureat largerscales,for a broadrangeof problems,usinga
varietyof imagegeneratingdevices.

In this paperwe apply the Sepiaarchitectureto theproblemof
interactive renderingfor scalablevolumetricdata.We usetheVol-
umePro500 ray castingengine[20] and partition the volumetric
datainto subvolumesthatcanbeinteractively renderedby this en-
gine.Theimagesof thesesubvolumesareblendedconcurrentlyby
theSepiaarchitecture,prior to beingwarpedfor �nal display.

Thenext sectionbrie�y reviewstheSepiaarchitecturein relation
to two similar projectscalledLightning-2andMetaBuffer [2, 27].
We identify two fundamentaldefectsin theseprojects:they cannot
supportblending,or any non-commutative imagecompositingop-
erators;andtheir costsscaleexplosively, makingthemimpractical
in largecon�gurations.Theoriginof thesedefectsliesin theircom-
monuseof a meshtopologywhich is staticallyordered,andwhich
scalesexplosively in complexity as
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is thenumber
of inputsand

�

the numberof outputs. The Sepiaarchitectureis
bothmoreef�cient andmorepowerful becauseit usesahierarchical
switchedtopologyratherthanastaticallyorderedmesh.Thistopol-
ogy is moreef�cient becauseit scalesin complexity as
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andis morepowerful becauseit supportsnon-commutative image
compositingoperatorsincluding blendingandPorter-Duff opera-
tors[5, 19,21,25]. We alsoidentify two advantagesof theseother
projects:theuseof ef�cient DVI imageacquisitionin Lightning-2;
anda useful classof viewport mappingoperatorsde�ned for the
MetaBuffer. We explore thepotentialof both of theseadvantages
in thediscussionsection.

Therestof this paperis organizedasfollows. We �rst describe
the Sepiaarchitecturein comparisonto prior work. We introduce
thescienti�c problemaddressedin thisapplication,visualizationof
teravoxel datasetscollectedfrom physical�uid mechanicalexper-
imentsandfrom simulations.We describethehardwareandappli-
cationsoftware and �rmw are, including a derivation of �rmw are
blendingarithmetic,andan analysisof systemthroughputandla-
tency. We concludeour demonstrationby describingthedatasets
usedto producethe�nal imagesandtheperformancewe observed
with thosedatasets. We thenmove to a discussionof scalability
in which we rely on architecturaltheoryto arguethat this demon-
strationsystemvalidatesscalability in object space. We discuss
technicalissuesinvolved in scalingthe currentapplicationin im-
agespaceandwhat this implies for imagescalingin general.We
concludewith ageneraldiscussion.

2 Sepia architecture

The Sepiaarchitectureis an FPGA andnetwork-basedsubsystem
for interactiveparallelvisualizationusingremotedisplaysandcom-
moditygraphicsaccelerators[13, 14]. Thearchitectureallowsgen-
eral “sort-last” styleparallelprogramming[16] andsupportsother
programmingmodelsby providing concurrenthigh speedcom-



positing of large numbersof imagestreams. The architectureis
physicallyimplementedby PCIboardsthatperformimageacquisi-
tion, compositing,andredisplaywhenconnectedto portsona high
speednetwork. Figures1 and3 show thelayoutandmanufactured
secondgenerationprototypePCI boardandtheclusterusedin this
demonstration.

The PCI board(Sepia-2)incorporatesa VIA-basedhigh speed
network interface(ServerNet-2)with attachmentsfor high speed
digital imageacquisitionanddisplay. In addition to the network
interfaceeachboardcontains3 Xilinx Field ProgrammableGate
Array devices(FPGA-1,-2, and-3), RAM buffers,anddigital ex-
pansioninterfaces.Con�gurationsat any scalerequireoneboard
for eachgraphicsacceleratorand one for eachdisplay device in
addition to network switching. The boardacquiresframe buffer
contentfrom thegraphicsacceleratorandmergesit with pipelined
contentarriving throughthenetwork. Eachnetwork pathsustainsa
180MB/s imagestreamin operationoutof atheoreticalpeakof 220
MB/s. This sustainedtraf�c is equivalentto 80 framespersecond
of 1024x768RGB pixels,48 fps of 1280x1024RGB, or 32 fps of
1600x1200RGB. Individual imagestreamsmay be tiled together
to make largerdisplays.

The network ASIC drives two 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 multiplexedacrossthetwo portsandis sentto FPGA-3
whereit is de-multiplexed andpassedto FPGA-2for processing.
In operationtheboardsustains180MB/s of inboundimagetraf�c
with an equivalentamountof outboundtraf�c in the oppositedi-
rection,for a sustainedPCI throughputof 360MB/s (inboundplus
outbound).Theoutboundimagetraf�c carriestheresultsof acom-
positingoperationcomputedbyFPGA-2.Thistraf�c is multiplexed
by FPGA-3for transmissionby theServerNet-2ASIC.

Thecompositingoperationin FPGA-2combinespixelsfrom the
inboundimagestreamwith pixels from a local imagesource. At
smalldataratesthelocal imagesourcecanbeobtainedthroughthe
hostPCIinterfacecontrolledby FPGA-1.In ourdemonstrationsys-
temwehavemeasuredsinglereadperformanceof 120to 150MB/s
from hostmemorythroughthehostPCI,andwrite performanceof
300MB/s. For higherdataratesthedigital I/O expansionconnec-
torscansupportimagestreamsof 500MB/s in or out,equivalentto
over 90 framespersecondof 1600x1200RGBimages.

The architecturesupportsef�cient large scaleper-pixel image
compositingwith sub-microsecondswitching to dynamicallyse-
quencecompositingoperations.Chainsof compositingoperators
are mappedthroughnetwork switchesonto logical pipelinesthat
correspondto individualtilesof largedisplays,with arbitrarymany-
to-1mappingsbetweengraphicsacceleratorsanddisplaytiles. The
useof FPGA technologyallows �rmw are reprogrammablecom-
positingoperatorsthatcanaccommodatevariouspixel formatsand
applicationrequirements.Our initial focus is to supportstandard
OpenGLdepthandblendingoperatorsfor traditionalsort-lastren-
dering[7, 9, 13, 15, 16, 17, 18, 24, 28] andto implementoperators
for photo-realisticshadow mapping[1, 8, 12]. A primary motiva-
tion for thearchitecturehasbeento visualizeextremelylargescale
problemsin scienceandengineering[26].

2.1 Prior art

Sepiaaddressesthe sameproblemastwo similar recentprojects,
Lightning-2 and the MetaBuffer design. In addition it builds on
a body of previous researchandcommercialefforts including the
PixelFlow (by Hewlett-Packard)andtheRealityMonster(by SGI)
[2, 7, 13, 14, 15, 27].

Like Sepia,Lightning-2is a hardwaresystemthatdeliverspixel
data from graphicsacceleratorsto remote tiled displays. The

Figure 1: Componentlayout of the manufactured Sepia-2board
in �gure 3. This PCI board containsthree Xilinx XC4044XLA
and XC4085XLAFPGA devices running at 66 MHz, a 66 MHz
ServerNet-2“Color ado-2” networkinterfaceASIC,buffering, and
threeexpansionconnectors.

Lightning-2hardwareis containedin astandalonechassisthatcon-
nectsto computersand displaysthroughDVI cablesof approxi-
matelythreemetersin length. A chassiscontainssomenumberof
boardswith eachboardsupportingfour inputs from graphicsac-
celeratorsanddriving up to eight outputsto DVI displaydevices.
To supportlarger con�gurationsthe boardsmay be tiled together
into arectangularmeshandconnectedwith high-speed(unswitched
Myrinet) network links. Lightning-2 supportsa �e xible scheme
for mappingviewport pixels onto displaysat the level of individ-
ual scanlinefragmentswith supportfor optional per-pixel depth
compositingandchroma-keying. 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 makesit impossibleto supporttheusagemodelillustratedin
�gure 2. Lightning-2haspioneeredtheuseof DVI acquisitionof
RGBcontent.DVI acquisitionis necessaryfor meetingthelatency,
throughputandperformancerequirementsof a productionquality
system.

The MetaBuffer designspeci�es a mesh-basedtopology with
DVI imageacquisitionsimilar to Lightning-2. In placeof scanline
fragmentmappingMetaBuffer describesarich setof viewportmap-
pingsthatincludemulti-resolutionsupport,anti-aliasing,andtrans-
lationsin additionto optionalper-pixel depthcompositing.Some
of thearchitecturalprinciplesof theMetaBuffer designhave been
demonstratedin anapplicationto largescaleiso-surfacevisualiza-
tion [29].

At large scalesboth Lightning-2 and MetaBuffer suffer from
meshscaling.A meshcon�gurationwith 1000computersand100
displaysrequiresroughly100timesasmany componentsasacorre-
spondingSepiacon�guration. In con�gurationswherethenumber
of displaysis proportionalto the numberof computersthe mesh
complexity scalesquadratically. In additionto beingmorescalable
the Sepiacon�guration is more versatilewith supportfor blend-
ing aswell asdepthcompositing,shadow mappingandpotentially
othernovel capabilities.

2.2 A dynamic mapping problem

The mappingproblem is intrinsic to every distributed computa-
tion that involvesschedulinginterdependentoperationson multi-
ple functionalunits.Thegeneralproblemis formulatedin termsof
graphembeddingwith a goal to embedan interdependency graph



into a �x edhostgraphthatrepresentsthefunctionalunitsandtheir
connections.Speci�c examplesinclude compiling arithmeticin-
structionsequencesfor sharedmemorymultiprocessors,schedul-
ing concurrentprocessesfor executionona cluster, andscheduling
scienti�c calculationson a mesh-basedsystolicarrayarchitecture
[4, 10,23].

In thearchitecturalproblemstudiedherethegoal is to mapim-
agesourcesto displaytiles throughanorderedsequenceof image
compositingoperations. In graph-theoretictermsthe problemis
to embedany valid setof logical pipelinesinto a single�x ednet-
work topologywithoutexhaustingtheavailablenetwork bandwidth
at any point alongany path.This generalproblemis NP-complete,
anobstaclethatmaybeovercomeby judiciousassumptionsabout
thehostgraph.If we want to solve this mappingproblemdynami-
cally, potentiallyon every new frame,it will benecessaryto make
assumptionsthatallow ef�cient polynomialtimesolution.
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of a speci�ed sequence
of per-pixel imagingcompositingoperators
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thathavecommuta-
tive,associative and/ordistributivearithmeticproperties.

Thesearithmetic propertiesdetermineconstraintsfor routing
dataamongfunctionalunits,asfollows. Associative operatorsmay
be reparenthesizedto expresspotentialconcurrency, for example
transforming
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Changingconcurrency doesnot affect requirementsfor sequenc-
ing theoperationsandasa resulttheseoperatorsimposethemost
severe schedulingconstraints.Examplesinclude the setof asso-
ciative blendingoperatorswhich includePorter-Duff compositing
operators.

Commutative operatorsmay be scheduledfor executionin any
sequenceandthereforeimposeeasierroutingrequirements.Depth
compositingis anexampleof a commutative operation.Theseop-
eratorsareorder-independent.Anotherclassof operatorsaredis-
tributive operators. Supportingthis classof operatorsrequiresa
broadcastcapability.

TheSepiadynamicmappingproblemis to embedasetof logical
pipelinesof compositingoperatorsinto a physicalnetwork. Each
pipeline stagecorrespondsto a Sepia-2boardthat implementsa
compositingoperatorin �rmw are.Eachstagemustbejoinedto its
successorby a network path that guaranteesadequatebandwidth
alongeverynetwork link.

ThesmalldemonstrationsystemconnectstheSepia-2boardsus-
ing afull-duplex singlestagecrossbar. Thenecessarypropertiesare
satis�ed trivially in this crossbarwhich allows any patternof dis-
joint pipelinesto be embeddedwith no contentionfor bandwidth.
Weprovide a generallarge-scalesolutionin section4.1.

3 TeraVoxel visualization

TheTeraVoxel project1 couples�uid mechanicalexperimentswith
computersimulationswith a goal to visualizethe resultingdata.
Physicalexperimentsare performedby observingphysical �uid
quantitieson a regular2D grid of pointswithin the �o w. Thedata
setis extendedinto threedimensionsby samplingrepeatedlyover
time. When the ultimate intendedphysical resolutionof =!>@?�A

�

points is achieved with samplingat 1024 framesper secondthe
projectwill generatea teravoxel of dataevery17minutes.Ourcur-
rent systemvisualizesone-eighthgigavoxel interactively and this
exceedstherequirementsthattheprojecthasgeneratedto date.Our
ultimategoalwill beto visualizea full gigavoxel ( =!>@?�A

6

) volume.
We expectto achieve this usingthe samecon�guration simply by
incorporatingnewer andmorepowerful graphicsaccelerators.

1NationalScienceFoundationgrantEIA-0079871

In orderto visualizethis datawe partition a large dataset into
smaller subvolumesand visualize eachsubvolume concurrently.
This is followed by concurrentlyblendingthe subvolumeimages,
with the blendedresult delivered to a computerthan supportsa
graphicaluserinterface. This is explainedin detail in the restof
thissection.

3.1 Hardware con�guration

We equippeda cluster of eight graphicsworkstations(Compaq
SP750running Windows2000)with Sepia-2boardsandVolume-
Pro 500 ray castingaccelerators[20]. The VolumeProis a black
box imagegeneratorthat loadsa datavolumeandproducesa se-
riesof viewpoint-dependentimagesaccordingto a pre-determined
hardwarealgorithm(objectorder“shear-warp” raycasting[11]). It
cansupporthigh quality programmablelighting effectsanddeliver
acontinuousstreamof imagesto hostmemorywithout interrupting
therenderingoperation.This makesit convenientfor imageacqui-
sitioninto theSepia-2boardthroughhostmemoryandthehostPCI
interface.Therelatively smallimagesizeof 512x512RGBA pixels
(1 MB perframe)keepstheresultingtransferlatency tolerable.We
haveobservedthatthecardsustains24.8to 27.5framespersecond
operatingin this modewith volumesof ?CBED
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voxels.We locatethe
VolumeProandSepia-2boardsin differentpeerPCIbussesin order
to eliminatepotentialresourcecon�icts thatmight resultfrom bus
sharing.

The Sepia-2boardsare connectedsymmetricallyto a pair of
ServerNet-2switches. A ninth workstationcontaininga Sepia-2
boardis alsoconnectedto theseswitches.This ninth workstation
functionsasa displayfor theeightnodecluster. It containsa stan-
dard OpenGLacceleratorin an AGP-4x interface. This display
workstationloadsthe blendedimagesinto texture memoryon the
acceleratorandthendisplaysthe texture on the surfaceof a poly-
gon. This is thestandardmethodusedto displayimagesfrom the
VolumeProwhenit is usedin a singleworkstation.

3.2 Application software

Theapplicationis a displayprocessthat communicateswith a set
of renderingprocessesrunningon thecluster. Thedisplayprocess
supportsa userinterfaceandallows interactive viewpoint control
throughmousemovements.It distributesviewpoint informationto
therenderersover a sharedEthernet.Thelargedatavolumeis bro-
ken into subvolumeswith eachsubvolumeassignedto a rendering
process.TherenderersactivatetheVolumeProto generateimages
into hostmemory, padtheseimagesto a larger size,andthenac-
tivate the Sepia-2blendingpipeline. At every framethe pipeline
blendingorder is recomputedbasedon a continuouslychanging
viewpoint. Thedisplayprocesswaitsfor theblendedresultanddis-
playsit onthescreen.Thestagesof rendering,blendinganddisplay
arefully overlappedandasa resultthe interactive latency remains
betweentwo andthreeframes.This is only aboutoneframemore
thanis incurredwith theVolumeProin normalusage.

In thestandardshear-warpalgorithmbaseplane(BP)imagesare
generatedin objectorderandthenwarpedby a 2D linear transfor-
mation into the viewing plane[11]. The motivation for this ap-
proachis to preserve the ef�ciencies of object-orderray casting.
VolumeProgeneratesa 512x512pixel BP that containswithin it
the viewpoint-dependentimageof a ?CBED

6

datavolume. In con-
ventionalusagethis BP is loadedinto the texture memoryof an
OpenGLgraphicsaccelerator. Thetextureis thenappliedto a dis-
tortedpolygonin orderto correcttheviewpoint-dependenterror in
theBP image. The resultingviewpoint-correctedimageis usually
displayedata higherpixel resolutionthantheoriginalBP.

In order to avoid artifactsthat would result from repeatedre-
samplingwe applyblendingto the raw BP imagedatabeforeit is



texture mapped.Eachrenderingclient generatesa 512x512pixel
BP image containinga subimageof the data volume. A client
copiesthis subimageinto a larger 1024x1024pixel “superimage
baseplane” (SBP).It is theselargerSBPsthatareblendedin real
time by the Sepia-2hardware. The display processreceives a
blended1024x1024pixel result that is readyto load into GL tex-
ture memoryfor the �nal warp and display. Parametersfor this
warpingaregeneratedby the VolumeProwith eachimage. These
parametersarepassedto thedisplayprocessby oneof therender-
ing processesin theform of extradatain anunusedpartof theSBP
image.

3.2.1 Firmware arithmetic

The VolumeProgeneratespixels by applying compositingopera-
tionsto aseriesof voxelsalonga line of sight.This is theoperation
of ray casting. We encountertwo arithmeticissuesin paralleliz-
ing thisoperation.The�rst issueis arithmeticequivalencebetween
a singleVolumeProcomputationandthe combinedresultof a set
of (smaller)VolumeProcomputations.Thesecondissueis opera-
tor associativity, without which concurrentevaluationis arithmeti-
cally unde�ned. Theseissuesrequirethatwe de�ne anassociative
compositingoperatorthat yieldsa concurrentresultarithmetically
equivalentto theoriginalserialresult.Thisoperatoris not thesame
astheVolumeProblendingoperator. In this sectionwe de�ne such
anoperatorandprove its correctness.

Theraycastingcomputationblendsthesuccessive contributions
of anorderedsetof voxels that intersecta line of sight. If
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are successive voxel samplesand 0 representsthe
contribution from a transparentvoxel. The ray castingengineim-
plementsthe following front-to-backblendingoperator
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Parallelizationbreaks(1) into two or moreconcurrentsubcomputa-
tions,for example
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a function � suchthat �
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. Additional requirements
on � arethat it is associative, so that thecomputationcanbepar-
allelizedinto � concurrentpieces
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, andthat0 is anidentity
elementfor � correspondingto a transparentpixel. We take the
standardapproach[3] of pre-multiplicationby
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Wecaneasilyverify thatthefollowing � isassociativewith identity
element0 (a transparentblack voxel) and further that
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. This � will bethecompositingoperatorweimplement
in �rmw are.Notethatit is not thesameastheVolumeProblending
operator(2).
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Since � is associative, we canextendthis resultinductively to any
numberof terms

���
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. This concludesour proof that this � is
correctfor blendingtogethertheresultof any numberof concurrent
subcomputations.

3.2.2 Throughput and latenc y analysis

We have a modelfor processinglatenciesfrom the initial stageof
imagegenerationthroughblendingand�nal display. This model
predictsanend-to-endlatency of 102milliseconds,or roughlytwo
andahalf frameintervalsat25 framespersecond.Of this �gure 59
millisecondsaredueto thenormalVolumeProcharacteristicswhen
it operatesin a singleworkstation.

Thedata�o w canbemodeledin four stages.In the�rst stagethe
VolumeProgeneratesa viewpoint dependentBP imageandwrites
it to hostmemorythroughPCI bus number0. We have observed
thatthetime requiredfor this operation,asmeasuredby timespent
insidetheVolumeProAPI, variesbetween36 and42 milliseconds,
for a sustainableimageratebetween24 and28 framespersecond.
This �rst stageis overlappedwith all thesucceedingstagessothat
imagegenerationfor frame /

�

= occursconcurrentlywith copying,
blending,anddisplayof frame / .

In the secondstagethe renderingclient software copies the
RGBA subimageof the ?CBED
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localdatavolumefrom thenative BP
into a larger 1024x1024pixel SBP. This stageconsistentlytakes
under5 millisecondsregardlessof viewpoint.

In the third stagethe Sepia-2hardware and �rmw are readthe
SBPfrom hostmemorythroughPCIbusnumber1. This localSBP
is blendedwith network traf�c containingthe intermediateresult
of blendingSBPsfrom the other renderingclients. The ultimate
blendedresultis anSBPthat is deliveredinto hostmemoryof the
display node. The rate of blending is determinedby the rate at
which the SBPcanbe readinto theSepia-2cardthroughthehost
PCI interface. This is between120 and150 MB/s whenthe host
PCI is nototherwisecontended.This is muchlessthantheSepia-2
network transport(ServerNet-2)which cansustain180 MB/s. At
the slower rate of 120 MB/s this blendingoperationfor a single
4 MB imagewill take 33.33milliseconds,plus a sub-millisecond
synchronizationbarrierandtime to drain the pipeline. Taking all
this into accounttheblendingoperationcanbeestimatedat34mil-
lisecondsafterwhich time theblendedSBPresultis in RGB form
on thedisplaynode.

In thefourth stagethedisplayprocessuploadsthefully blended
SBPinto OpenGLtexturememoryandwaitsat mostonemonitor



refreshinterval for theimageto appear. In a well tunedGL driver
this uploadwill occurat over 900MB/s throughanAGP-4xinter-
face.We have veri�ed suchanuploadratein our workstations.At
this ratethe1024x1024RGB blendedSBPtexture uploadsin un-
der4 milliseconds.At 60 Hz a monitorrefreshinterval is under17
milliseconds.

Wecanmodeltheworstcaseof theseaccumulatedlatencies.The
original imagegenerationtakesno morethan42 milliseconds.In
normaloperationin a singleworkstationthe VolumeProaccumu-
lates latency due to imagegenerationand a single video refresh
interval, for an estimatedworst-casetotal of 59 milliseconds. In
ourdemonstrationsystemthesubsequentstagesof copying, blend-
ing, and texture uploadtake no more than 5, 34, and4 millisec-
ondsrespectively. These�gures total to a worst-caseestimateof
102milliseconds.Additional latenciesof a few millisecondsmay
potentiallyresultfrom operatingsystemschedulingartifacts.A va-
riety of factorsmayresultin betterlatenciesthantheseworst-case
estimates.Parallelizationthusaddsapproximatelyoneadditional
frameof latency, which is roughly equalto the time requiredfor
SBPblending.Weexpectsimilar latenciesat largerscales.

3.3 Results

Figures3 through5 show our demonstrationequipmentanda se-
riesof imagesgeneratedby thatequipment.Imagesweregenerated
from computermodelsandsimulations,with datasetsof B =�?
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and
1024x256x256voxels. All of thedatasetswerevisualizedinterac-
tively at between24 and28 framespersecond.We areunawareof
any otherdemonstrationsthat have achieved theseframerateson
datavolumesof thesesizes. The frameratesweredeterminedby
theVolumeProrenderingtimes,which variedwith differentview-
points. TheSepia-2boardwasnot thebottleneckin thecomputa-
tion andhadconsiderableunusedsustainablethroughput.Detailed
runtimemeasurementscon�rmed theprincipalperformancebottle-
necksfor this applicationwerethe imagegenerationprocessitself
and the datarate throughthe host PCI interfaceinto the Sepia-2
board.

4 Scalability

We have presenteda small scaledemonstrationand claim that it
validatesa large scaleresult. In this sectionwe show how to ex-
pandthehardwarecon�guration from a singlecrossbarto arbitrar-
ily largecon�gurationswhile preservinglinearscalingin complex-
ity, andthe latency androutability requiredfor dynamicmapping.
We then discussthe problemof scalingthe imagesize to higher
pixel resolutions.

4.1 Object space scaling

Wehaveshown thatasingle-stagecrossbarsystemsatis�esrequire-
mentsfor latency, routability, andscaling.Weargueby inductionin
thesizeof this crossbarthat thedemonstrationvalidatestheSepia
architectureat largerscales.Sincephysicalcrossbarshaveascaling
limit we have to show thatequivalentresultscanbeobtainedusing
moreelaboratemulti-stagestructures.

In this sectionwe presenta modelfor suchstructuresbasedon
thesymmetricClos topology[5] andshow that this modelhasthe
scaling,latency androutability thatwe require. The modelscales
in componentcomplexity as

��� � �
	

, and in somecaseshasa
constantassmallas

�

�

�7?

	��

�

with � thenumberof portsperswitch.
Themaximumlengthpathin this modeladdsonly a few stagesof
latency morethana singlecrossbar. As a resulta logical pipeline
with thousandsof stageswill accumulateonly a few milliseconds
of network pathlatency.

4.1.1 Recur sive Clos structures

TheClosmodelis oneof themostwidely studiednetwork topolo-
gies[5]. We areinterestedin the speci�c caseof two-layersym-
metric Clos structures. Theseare constructedfrom two rows of
switcheswith � ports per switch. Eachrow hasthe samenum-
berof switches,andeachswitchdedicateshalf its portsto external
connections,andhalf to internallinks sharedwith switchesin the
oppositerow. Any givenswitchsharesthesamenumberof internal
links with eachswitchin theoppositerow.

For example,with �

�

=!D it is possibleto build a two-layer
structurewith 128externalportsand64internallinks, populatedby
two layersof 8 switcheseach.Eachtop (bottom)layerswitchsup-
ports8 externalports,and8 internalportsthatsharelinks with the8
switchesin thebottom(top) layer. In generala two layerstructure
will afford

�

�

���

?

	

externalportsandwill require � switchesand
�

�

���

A

	

internallinks. Thetwo-layerstructurescaleslinearly in link
andswitchcomplexity with increasingnumbersof externalports.

TheSlepian-Duguid(SD)theorem[25] provesthatthetwo layer
symmetric Clos structureprovides full bisection-bandwidthbe-
tweenexternalportsin thetop andbottomlayers.In particularthe
theoremguaranteesthat a setof deterministicrouting tablesexist
that cansimultaneouslyroutetraf�c amongany setof pairingsof
externalports,whereeachport in apairingis takenfrom adifferent
layer(topor bottom)of thestructure.Thetheoremalsoprovidesan
algorithmto constructtheseroutingtables.

To obtainmorethan
�

�

���

?

	

externalportstheconstructionmay
berepeatedrecursively by replacingeachindividual crossbarwith
atwo layerstructure.For example,thelimit of atwo layerstructure
with �

�

=!D is 128externalports,andwith �

���

? this limit is 512.
We canusethis structurerecursively to build a four layerstructure
from

�

�

���

?

	

repeatedtwo layer structures.A four layer structure
with �

�

=!D requires2K (2,048)switchesandprovides8K (8,192)
externalports.When �

���

? thesenumbersare16K (16,384)and
128K(131,072).Scalingis linearup to thesemaximumsizes.

TheSDtheoremappliesto thefour layerstructure,andby induc-
tion in thenumberof recursionlevels, to recursive structuresbuilt
in this way with eight,sixteen,andmorelayers.In principlewhen
thenumberof layersis takeninto accountthescalingis �

�

�
	 �
� �

	

.
In practicetwo or four layerstructuresshouldbe largeenoughfor
any currentlyrealisticcon�guration,andso in practicethescaling
is linear.

4.1.2 Sepia pipeline mapping

We want to preserve the property that runtime mappingmay be
accomplishedby routing imagestreamsthroughthe network ac-
cordingto network address.In therestrictive caseof commutative
operatorstheSepiamappingproblemis trivial. Routingin thiscase
canbeachievedusinga simpleserialchainof operators.An exam-
plemightbea�ight simulatorapplicationthatinvolvesonly surface
renderinganddepthcompositing.Suchcasescanbesupportedby
a simpledaisychainof

�

�

�

�

��?

	

switcheswith
�

�

� ?

	

external
portsperswitch.

In thecaseof generaloperatorswith non-commutativearithmetic
propertiesthe Sepiamappingproblem requiresa more complex
topology. TheSD theoremestablishedthat thetwo-layersymmet-
ric Clostopologysupportsarbitrarymappingsbetweentwo equal-
sizedsetsof externalports.Thetheoremassumedhalf-duplex net-
work links. The Sepiamappingproblemrequiresrouting image
streamsin apredeterminedsequenceamongcompositingoperators
(Sepia-2boards)attachedto externalfull-duplex network ports.

WecantransformtheSepiamappingprobleminto two instances
of theall-pairsassignmentproblemaddressedby theSD theorem.
The full-duplex natureof the physicalnetwork permitsus to treat
two suchassignmentproblemssimultaneously, onein eachdirec-
tion. Every path betweenstagesin the mappingproblemcorre-



Figure2: A viewport of 1600x1200pixelsintersecting9 projectors
in a 4Kx3Kpixel tiled displaywall. Each projectorhas1024x768
pixel resolution.

spondsto aspecialcaseof two pairingsin theassignmentproblem.
Thesepairingshave the form

�

��	��
	

4 	

where
�

and
4

areex-
ternalportsin the bottomlayer of the Clos topology, and

	

is an
externalport in the top layer. Thusevery pair of pipelinestagesis
joined by a network paththat travels from the bottomlayer to the
top,andthenbackto thebottomlayer.

This provesSepiaroutability in the symmetricClos model for
any numberof levelsof recursionandthusfor any scale.Thepre-
cedingdiscussionhasalreadydemonstratedlinearscalingin com-
plexity and negligible increasein interactive latency. Taken to-
gethertheseconcludeourargumentthatthedemonstrationatsmall
scaleswith a single crossbarvalidatesthe Sepiaarchitectureat
largerscales.

We �nally notethata simpleoptimizationcanreducetheswitch
costof a two-layerstructureby 25%. Sepia-2boardsareonly at-
tachedto externalportson thebottomlayerof a multi-layerstruc-
ture. Externalports on the top layer are unusedand as a result
thenumberof top layerswitchescanbecut in half by eliminating
theseunusedports. The correspondingchangesto routing tables
arestraightforward.

4.2 Image space scaling

The ultimate goal of the TeraVoxel project is to visualize =!>@?�A
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voxels interactively. We expect to achieve this usingeight nodes
dueto therapidly increasingperformancelevelsof texturemapping
hardware in off-the-shelfOpenGLaccelerators[9]. The Sepia-2
boardblendsa1024x1024SBPcontainingRGBA pixelsat24to 28
framespersecondwith time to spare.This performanceshouldbe
enoughfor higherresolutionimagesproducedby OpenGLacceler-
ators.For example,1600x1200RGBA imagescouldbeblendedat
24 framespersecond,and1280x1024RGBA imagesat 36 fps. As
a resultwe believe that a singleimagestreamis adequatefor this
applicationandwe don't requirescalingto multipledisplays.

In generalwe expect imagescalingto involve the situationil-
lustratedin �gure 2 in which viewportsarenot constrainedto co-
incidewith tile boundaries.For examplea 1600x1200pixel view-
port driving a wall of 1024x768resolutionprojectorsmay inter-
sectasmany as9 projectors. We have experimentedwith image
tiling and reassemblythrough�rmw areandbelieve the model in
�gure 2 posesno substantialdif�culties. The impact on our ar-
chitectureis a requirementfor a new routability proof to account
for imagesourcescontributing to more thanone logical pipeline,
and a dynamicprogresspropertyfor frame reassembly. The re-
sulting usagemodelis naturalandmay facilitateanti-aliasingand
multi-resolution mechanismssimilar to those describedfor the
MetaBuffer.

5 General discussion

Weexpectforthcominggenerationsof OpenGLacceleratorsto pro-
vide the performanceneededto renderlarger volumeson our 8
nodecluster. The only practicalway to incorporatesuchacceler-
atorsis to acquireimagesef�ciently througha DVI interface,as
the Lightning-2 projecthasexplained. Unfortunatelysuchacqui-
sition is not yet practicalat workstationdisplay rates. Immature
DVI transmitterandreceiver componentsrestrictsustainabledata
ratesto well below theDVI speci�edmaximumof 1600x1200pix-
els at 60 Hz using dual channels(six bytesper pixel, 660 MB/s
total). And driver softwarefor graphicsacceleratorsmustbemod-
i�ed to allow doublebuffering, non-standardDVI transmittercon-
�guration, and other features. Obtainingthe neededcooperation
from leadinggraphicsacceleratormanufacturershasup until now
beenimpossible.Despitethisdif�culty webelievetherequiredfea-
tureswill eventuallybe supportedin mainstreamacceleratorsand
we intendto continueto work on this problem.

Only double-bufferedDVI acquisitionstrategieswill suf�ce for
workstation display rates with non-RGB content. Any single
buffered strategy requiresthe graphicspipeline to stall until the
single buffered data has beenacquired. If this data is acquired
throughDVI thestall is for anentireDVI interval. In currentcom-
ponentsthis penaltyrangesfrom 8.333millisecondsper framefor
1280x1024imagesat 120Hz, to aslong as16.666msperframeat
1600x1200resolutionand60Hz.

This is roughlythesameamountof idlenessasincurredby pixel
readbackstrategiesat 300 MB/s. We have veri�ed suchreadback
ratesin a mainstreamaccelerator(Matrox G400underLinux). Be-
causethis idlenessoccursoneveryframetheseverity of thepenalty
increasesat 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
lowermonitorrefreshratesandthereforelongerDVI intervals.For
example,acquiring1600x1200imagesat 60 Hz resultsin a 100%
idled pipelinewith a singlebufferedstrategy. Thusunlesswe can
obtaindoublebuffering in graphicsdrivers, framebuffer acquisi-
tion throughDVI atworkstationdisplayrateswill bescarcelymore
ef�cient thanpixel readback.
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Figure3: Left, photosof theSepia-2PCI boardandTeraVoxel cluster. See�gure 1 for a diagramof thePCI board.Theclustercontains8
CompaqSP750workstations,8 VolumeProcards,and9 Sepia-2cards(the9thcardis in adisplayserver, notpictured).ThedualServerNet-2
twelveportswitchesaresittingontopof themonitor. Right,two instancesof theStanfordGryphon3D model,512x512x512voxel resolution.

Figure4: Four successive timestepsof the �uid density�eld duringa developingRayleigh-Taylor instability. Simulationdatacourtesyof
Andrew Cook,LawrenceLivermoreNationalLaboratories[6], datavolume1024x256x256voxels.

Figure5: Left, threeimagesof thevisiblehuman(male)from theNationalLibrary of Medicine[22] containingtheupper50%of theCT data.
Right, two imagesof a turbulencesimulationcourtesyof Ravi Samtaney, ASCI CSDRM.All of thesedatasetswere512x512x512voxels.


