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Abstract

We describea hardware andsoftwae platformfor devel-
oping streamingapplications. Programmes write stream
programsin high-level languages, and a set of softwae
tools mapstheseprogramsto codethat runs on a stream-
ing hardware system. The hardware platform includes
two Imagine Stream Processos, together providing 32
GFLOPSpeakperformanceanda high-speeanboad net-
workto carry videoandotherdatabetweermperiphealsand
thelmagineprocessos.

1 Intr oduction

In this paper we describea developmentplatform for
the Imagine StreamProcessoand shov how high perfor
mancestreamingmedia applicationsare realized on this
platform. The Imagine developmentsystemsupportstwo
Imagineprocessorsndprovidesthemwith memory video
inputsandoutputs,anda high-speedetwork, all on a sin-
glecircuit boardthatallowsusto testanddehugthelmagine
hardwareandsoftwaresystemsandto developlmagineap-
plications.A singlelmaginenodecanprovide 16 GFLOPS
peakperformancelmaginesnetwork interfaceallows mul-
tiple processorandmediadevicesto beconnectedn ascal-
able network. The developmentboardprovides sufcient
computationapower for real-timevideo applicationssuch
asstereadepthextractionandMPEG encoding.

Imagine applicationsare programmedusing StreamC
and KernelC. StreamCprogramsspecify data movement
andinitiate kerneloperationon entire streamsf data. A
hostprocessoexecutesthesestreamprogramsand usesa
run-time schedulerto coordinatestreamtrafc. KernelC
kernels,which executeon the Imagineprocessqgrperform
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computatioronthe datarecordswithin a stream.

This paperdescribeshe hardwareandsoftwaresystems
we have implementedo operatea dual-Imaginesystem.In
Section2, we describean applicationwe will useto illus-
trate the detailsof the systemthroughoutthe paper Sec-
tion 3 discusseshe programmingervironmentandstream
and kernel schedulers. In Section4 we detail the hard-
ware implementationof the system. Finally, we describe
our plansto extendthe designof the dual-Imaginesystem
to a 64-Imaginecomputercapableof over 1 TeraFLOPSn
Sectionb.

2. Example Application: 3-D Teleconfeencing

In thissectionwe sketchhow a 3-D teleconferencingp-
plicationmay be mappedo the Imaginedevelopmentsys-
tem. The approachtaken for this implementationapplies
to ary Imagineapplication. We will referto this example
asdetailsof the developmentplatformareintroducedater
in this paper Teleconferencings particularlysuitedto this
systembecausét exercisesll of the system$ components,
includingvideol/O, the Imaginenetwork, the hostproces-
sor, andthe Imagineitself. Videoapplicationssuchasthis
one performwell in the Imagine streamprocessingarchi-
tecturebecauseixel datacan be streamedn and passed
throughseveralcomputatiorkernelswithin the streampro-
cessoytaking advantageof producefconsumetfocality be-
fore resultsare nally streamedbut of the processar Ap-
plications similar to teleconferencingvill be usedin our
evaluationof the Imaginearchitecture.

A 3-D teleconferencingetuprequireswo or morecam-
erasthatoperaten concertto allow extractionof depthin-
formation. The camerasarelocateda small, x eddistance
from eachotherandaimedatthe samesceneo allow binoc-
ulardepthextractionfrom theresultingoverlappingmages.



Thelmaginestreanprocessorperformstereadepthextrac-
tion on two videoinput streamg1] andoutputa streamof

depth-annotatedlPEG compressedmnagedata. The out-
put streamis transferredo the remoteviewing site, where
MPEGdecodingand3-D imagereconstructioomustbeper

formed.

The major computationalkernelsfor the transmission
sideof the applicationhave beenwritten andoptimizedfor
Imagine. The following resultsare derived from perfor
mancenumbersfrom our cycle-accuratesimulatorfor the
depthextraction and MPEG kernels. Thesecomputation-
ally intensetaskst well on a single Imaginechip, which
canproces#2 framespersecondor 640x480stereadepth
extraction and 94 fps for MPEG encoding(derived from
Khailary etal. [3], usinga core frequeng of 400 MHz).
Usingthesetwo kernelsto createa depthmapfrom two im-
agesandto compress singlecompositdmage,anlmagine
couldsustairapproximately29fpsfor thetransmissiorside
of 3-D teleconferencing.

Dataoriginatesin this applicationwith two digital cam-
eras,which are connectedo the boardvia Firewire ports.
Framesfrom both cameradravel over the Imaginenetwork
on the boardinto the streamprocessarwherethe images
areprocesse@ndthensentout via an externalnetwork to
theviewing stationfor theteleconferenceéWhile onelmag-
ine hassufcient resourceso executebothdepth-etraction
andMPEGencodingtheapplicationmaybepartitionedbe-
tweenthe processordo increaseperformanceyeducela-
tengy, or to further procesgheimage.We will describethe
useof multiple Imaginesin moredetailin sectionb.

3. Software Implementation

The Imagine streamprogrammingmodel decomposes
an applicationinto a seriesof computationkernelsthat
operateon streamsof data. Streamsare setsof sequen-
tial datarecordsthatlend themselesto high-performance
computatiorthroughtheir regularandpredictablestructure.
Khailary etal. shav how the depthextractorportion of the
teleconferencingpplicationmapsto the streamprogram-
ming model[3].

StreamandKernelprogramsarewritten in the SteamC
andKernelClanguagestespectiely. The useof theselan-
guagedor Imagineprogrammingallowstheprogrammeto
usethe familiar high-level C languagénsteadof writing in
Imagineassemblycode. The two-level programmingsys-
temre ectsthedivisionof laboronthelmaginesystemithe
kernelsrunningon Imagineperformnumericcomputation,
while the streamprogramsrunning on the Host Processor
correspondo a high-level descriptionof theapplication.

Several typesof programswork togetherto executean
Imagineapplication,asillustratedin gure 1. Eachkernel
programtakesoneor moredatastreamsasinputsandpro-
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Figure 1. Imagine System Software Layout

ducesone or more streamsas outputs. For example,one
kernelin the MPEG-2 compressiomportion of the applica-
tion is DiscreteCosineTransform(DCT), which acceptsa
streamof 8x8 pixel blocks, performsa 2-D DCT on them,
and outputsa streamof transformedblocks. Streampro-
gramsrun on the Host Processarcall the kernelprograms,
andinitiate the transferof datastreams.The Host Proces-
sor's runtime libraries interface the executionof Imagine
applicationswith the consolePC, provide a command-line
interface, and load compiled StreamCand KernelC code
into the Host ProcessoandImagine. Finally, the Console
PCrunsauserinterfaceapplicationandasimplePCldevice
driver. The softwareexportsthe ConsolePC's consolel/O
and le systemto theHostProcessqrandmaybeextended
for speci c applicationgo provide network functionsanda
moreelaborataiserinterface.

The way kernelswork togetherin areal applicationcan
be seenby revisiting our 3-D teleconferencingpplication.
First,theimage-sharpeninkernelenhanceghecontrasfor
astreanof pixels,thenthedepth-atractionkernelperforms
sum-of-absolute-diérencacalculationsto outputa stream
of pixelsthatrepresenta depthmap. Finally, the MPEG
compressiokernelsreadimagepixelsin as8x8 blocksand
outputa streamof compressetdlocks. The overalltelecon-
ferencingapplicationis implementedsa StreamCprogram
thatinstructsimagineto receve network data,run kernels,
andthen sendout the resultingdata. The ConsolePC is
usedto provide a commandine interfaceto allow the user
to startup andcontrolthe application.

3.1 StreamCand the Stream Scheduler

StreamCprovidesa simple and completeprogramming
interfacefor streamprograms.StreamCprogramsarewrit-
tenin C++ with calls into a library of streamfunctions,
which enablesernelcalls and streammanipulation. Ker-
nel calls aretreatedasfunctionsthattake input andoutput



streamsasarguments. StreamCprovidesfunctionsto cre-
ate streams transferthem over the Imagine network, and
communicatevith the ConsolePC.

Thestreamsdchedulerallocatespacean externalmemory
andin the SteamRgyisterFile (SRF) alargeon-chipmem-
ory usedto storestreamghat are passedetweenkernels.
Thescheduledeterminesvhento placestreamsn the SRF
andwhento move themto andfrom main memoryto take
adwantageof producerconsumetocality betweerdifferent
kernels[2]. Ef cient streamprogramaminimizetrafc be-
tweenthe SRFandmemory Stripminingbreaksa largein-
put streaminto smallerbatchesvhenthe datais largerthan
the SRFE In ourexample theentiredatasetof two videoim-
agess largerthanthe SRF sothe streamscheduledivides
theimagesinto batchef pixel rows. Onebatchis loaded
into the SRFatatime. Theentireseriesof kernelsexecutes
on this batchbeforecomputationbegins on the next rows.
In this way, raw pixel dataarrivesin the SRF and passes
betweerkernelsthroughtemporarystoragen the SRF. Ex-
pensve memorytraf ¢ is encountereanly when nal re-
sultsarewritten out.

To ensurehigh resourcautilization, the streamscheduler
performssoftwarepipeliningatthestreamevel, whereker-
nelsareexecutedconcurrentlywith memoryoperationsin
our example, kernelsprocessa batchof pixels while the
schedulesimultaneouslgendsut nished datato memory
andloadsthe next rows into the SRE One measureof the
ef cacy of softwarepipeliningis occupancythe percentage
of time thata moduleis performingwork. In practice soft-
warepipeliningimprovestheoccupang of themostheavily
usedmodule (eitherthe memorysystemor the arithmetic
units)to above 90%[4].

3.2 KernelC and the Kernel Scheduler

Kernelprogramsarewritten in KernelC,a subsetof C.
KernelC programsoperateon single streamelementsand
arerepeatedlyexecutedon eachelementof a stream. Be-
causeof this simpli cation, KernelCdoesnot containary
control structuresexcept loops and selectstatementand
doesnotsupportsubroutineslt supportdmaginesfour ba-
sic datatypes:integers,pairedhalfwordsin a singleword,
four bytesin a single word, and single-precisionoating
point. Recordscomposedf thesedatatypesare alsosup-
ported. KernelC also provides an interface to the vari-
ousmechanismenImaginethatimplementdata-dependent
conditionals.

The kernel scheduler1Scd, compilesthe KernelC de-
scriptionof thekernelinto Imagineexecutablecode.lmag-
ine hasseveralfunctionalunits operatingin parallel,sothe
kernel schedulemust extract instruction-level parallelism
from the kernel. The algorithmusedin IScd, communica-
tion scheduling is describedy Mattson([5].
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3.3 Compilation and Booting

Three different types of programsare compiled and
loadedon the Imaginesystem. ConsolePC programsare
compiledin Microsoft Visual Studio and run as standard
Microsoft Windows 2000applicationghat access device
driver for communicatiorover PCI to the Host Processor
Both Stream(rogramsandthe streamschedulearecom-
piled for the Host Processomwith Metrowerks Codevar
rior for Embedded?averPC.On boot, the Host Processor
readsa small boot programfrom Boot ROM andwaits for
the ConsolePC to sendthe full StreamCapplication. Fi-
nally, IScdcompilesKernelCcodefor Imagine.Thestream
scheduletoadscompiledkernelsinto Imagines microcode
store.

4. Hardware Implementation

The Imaginedevelopmentsystemcontainstwo Imagine
processorwith a high-speedhetwork, 1/0 devices,anda
Host Processor Two FPGAssene astranslatorso make
Imaginesand I/O devices available to the Host Processor
andon the Imaginenetwork. The Host Processocontrols
the entire prototypesystem,running streamprogramsand
a streamscheduler Figure 2 shavs the architectureof the
Imaginesystem.A photograptof the prototypeboardwith-
outthelmagineprocessorss shavnin Figure3. Theproto-
typeboardis a 14-layer 31x27cmoversizedPCl cardwith
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substantialreal estatededicatedto dehugging tools such
asprobepoints,con gurable clocks,andadjustablepower
supplies.

4.1 Imagine

The Imagine StreamProcessomreceves data streams
from the network and hostinterfacesand runs arithmetic
kernelsonthis streandata.To supporthestreamingnodel,
Imaginehasahierarchicategister le organization A large
StreamRegisterFile provideson-chipstoragefor transfer
ring datastreamsbetweenkernels[3]. The streamsched-
uler utilizesthis on-chipcapacityto keepexternalcommu-
nicationto a minimum, asdescribedn Section3.1. In ad-
dition to its internal memory Imagine can addressup to
512MB of externalSDRAM. Thedevelopmensystenypro-
videseachimaginewith 256 MB. Imaginehasatotal of 48

oating-point ALUs organizedas8 SIMD clustersprovid-

ing 16 GFLOPSof peakperformanceThe ImagineStream
Processolis implementedin a 0.15 micron Texas Instru-
mentsprocess.

4.2 Network

The Imagine network provides high-speedcommuni-
cation for data streams. Each Imagine chip has 4 bi-
directional, 16 bit wide, 400 MHz network portsthat can
be usedto createscalablelmaginenetworks. Streamsare
composeaf aserienf 80-bit its, of which16bitsareused

for controland64 aredata. Eachstreamstartswith a head
it that containsrouting information, a tag to identify the
streamandavirtual channehumber Subsequertody its
of the streamareidenti ed by the virtual channelnumber
A streammay be of arbitrarylength; eachstreamis ended
by atail it. Eachvirtual channelusescredit-basedo w
control. All network transfersoriginateandterminaten the
Imagines StreamRegisterFile or ata peripheral.Network
streamsare statically source-routedy the StreamSched-
uler.

In our exampleapplication thetwo camerasenddatato
Imaginevia thenetwork. We usetagsto distinguishimages
from theleft andright camerasBecauseanimageis larger
than the Imagines SRF, the StreamSchedulerstagesthe
transferof imagedatafrom the cameragshroughthe SRF
to memory Network and memorytransfersoperateinde-
pendentlyof all otherImagineoperations.While a row is
beingtransferredo memory the next row of pixelsis ar
riving andthe arithmeticclustersare operatingon another
portionof theimage.

A routeron eachlmaginechip enablesnetworks to be
constructedwvith no externallogic. In a multiple-Imagine
system,paclets move througha seriesof Imagineson the
routesspeci ed in their headers.The network supportsar
bitrarytopologiesof nodedegree4 or lesse.g.,a2-D torus.
Thenetwork on the developmentboardcontaingwo Imag-
inesandmediadevicesasshovn in gure 2. Theoff-board
Imaginenetwork connectionsllow the network to grow by
connectingo additionaldual-Imagineboardswith apassie
backplaneBecauseheaggregyatebandwidthincreasesvith
the numberof nodesin the Imaginenetwork, the network
canscaleto supporthundredof Imaginesandperipherals.
In contrast,simple bus-basedr shared-mediunintercon-
nectssuchasPCl andEthernethave x ed bandwidtheven
asdevicesareadded.

4.3 Media Peripherals and Device Memory Map-
ping

The prototype board supportssereral high-bandwidth
mediadevices.A DVI (Digital Videolnterface)inputchan-
nel allows video input, and DVI and VGA output chan-
nels sene asthe video output for Imagines graphicsap-
plications. Two 400 Mbps Firewire channelsallow high-
resolutioncamerasor other devices to provide input for
videoapplications.

The Imagine board containstwo Xilinx Virtexll-1000
FPGAsfor memorytranslationandperipherakcontrol. The
Processo~PGA mapsthe control and dataregistersfor
thelmaginechipsandperipheralsnto the HostProcessos
memoryspace The CommunicatiorFPGAconnectsall the
peripheralgo the Imaginenetwork andtranslatedetween
their nativeinterfacesandthelmaginenetwork. In addition,



the CommunicatiorFPGA implementsa doublebuffer us-
ing externalmemorythat canbe usedasa frame buffer in
video renderingapplications. The chosenFPGAscanac-
commodatdarge designs,and thus may be programmed
with additionalfunctionsfor speci c applications.General
usesinclude stagingincoming datafor corvenientstream
representatioandperforminginherentlyserialpre-or post-
processingon data sets, such as the run-lengthencoding
stageof MPEG compression.

In theteleconferencingpplicationthe Communication
FPGA translateghe incoming video imagesinto network
streams,tags them appropriately and sendsthem to the
Imagineprocessarin ateleconferenceecever, therecon-
structedvideooutputis outputusingDVI or VGA.

4 4. Host Interface and Host Processor

In addition to its four high-speednetwork interfaces,
Imaginehasa conventional TTL interfaceto connecto the
Host Processor Imagineis controlledthroughthis inter-
face;programsanddatamay be loadedandimagines con-
trol andstatusegistersareaccessibl¢hroughthehostinter-
face.Thehostinterfaceis connectedo the HostProcessar
anembeddedPoverPC8240,throughthe ProcessoFPGA.
The8240waschoserbecausdt providesa built-in PClin-
terfaceandreasonabl@erformanceén onechip.

5 Future Work

The Imagineprototypeboardis designedasan applica-
tion developmentplatform andto testall componentof a
larger systemof 64 Imaginenodes. A unit of two Imag-
inesandonePowerPChostprocessamplusmemory canbe
duplicatedfour timeson a board,and eight boardscanbe
placedin asystemto createa 64-Imaginemachinecapable
of 1 TeraFLOPSof computing. The Imagineswill be tied
togetherin a 2-dimensional 8x9 torus network, wherethe
9th columnof the torusis occupiedby shared/O devices
such as video inputs and outputs, consoles,hard drives,
and network ports. A PCI bus on eachcardties the four
hostprocessorsn that cardtogetherfor programdistribu-
tion andcontrol,andbridgechipson eachcardconnecthe
PCI bussegogether Figure4 shaows the designof the 64-
Imaginesystem.The systemwill have a passve backplane
to conneckeight8-Imagineboardsandanl/O boardtogether
in auni ed, high-speecdhetwork of computatiomodeswith
abridgedPCl busfor host-processaroordination.

An applicationmustbe partitionedto run on a multiple
Imaginesystem. Applicationscanbe partitionedeither by
kernels,by data,or by both kernelsanddata. With kernel
partitioning,thekernelsof anapplicationaredividedacross
theprocessorg asystemandnetwork communicationsre
usedto passstreamsbetweenkernelsrunningon different
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Figure 4. A TeraFLOPS system containing 64
Imagines

processors.Data partitioningis achieved by replicatinga
kernelon a numberof processoranddividing the databe-
tweenthem- e.g.,sendingevenrecordsof a streamto the
kernelrunningon nodel andthe odd elementf a stream
to theidenticalkernelrunningon node2. Manualandauto-
matedpartitioningof streamingprogramsarecurrentlyun-
derinvestigation.

6 Conclusion

The Imaginedevelopmentplatform hasthreefunctions:
Imaginearchitecturevaluation softwaredevelopmentand
componentehuggingfor the 64-ImagineTeraFLOP Ssys-
tem. The developmentplatform,whichis successfullyun-
ning simple applicationsas of July 2002, will allow usto
verify the performanceof the Imagine design,which has
beenpreviously exercisedwith a suite of applicationsrun-
ning on our cycle-accuratesimulator We will distribute
the Imagine boardto academigoartnerswho will explore
the usesof streamingn graphicalandscienti c computing
applicationsfor both singleandmultiple-Imagineapplica-
tions. Theexperiencegainedn implementingandprogram-
mingthedual-Imaginesystemwill guideusin theconstruc-
tion of a1-TeraFLOPSstreamingcomputer
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