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Abstract

Wedescribea hardwareandsoftwareplatformfor devel-
oping streamingapplications. Programmers write stream
programs in high-level languages, and a set of software
tools mapstheseprogramsto codethat runs on a stream-
ing hardware system. The hardware platform includes
two Imagine Stream Processors, together providing 32
GFLOPSpeakperformance, anda high-speedonboardnet-
workto carry videoandotherdatabetweenperipheralsand
theImagineprocessors.

1 Intr oduction

In this paper, we describea developmentplatform for
the ImagineStreamProcessorandshow how high perfor-
mancestreamingmedia applicationsare realizedon this
platform. The Imaginedevelopmentsystemsupportstwo
Imagineprocessorsandprovidesthemwith memory, video
inputsandoutputs,anda high-speednetwork, all on a sin-
glecircuit boardthatallowsusto testanddebugtheImagine
hardwareandsoftwaresystemsandto developImagineap-
plications.A singleImaginenodecanprovide16GFLOPS
peakperformance.Imagine'snetwork interfaceallowsmul-
tiple processorsandmediadevicesto beconnectedin ascal-
ablenetwork. The developmentboardprovidessuf�cient
computationalpower for real-timevideoapplicationssuch
asstereodepthextractionandMPEGencoding.

Imagine applicationsare programmedusing StreamC
and KernelC.StreamCprogramsspecify data movement
andinitiate kerneloperationson entirestreamsof data. A
hostprocessorexecutesthesestreamprogramsandusesa
run-time schedulerto coordinatestreamtraf�c. KernelC
kernels,which executeon the Imagineprocessor, perform

computationon thedatarecordswithin astream.
This paperdescribesthehardwareandsoftwaresystems

we have implementedto operatea dual-Imaginesystem.In
Section2, we describean applicationwe will useto illus-
trate the detailsof the systemthroughoutthe paper. Sec-
tion 3 discussestheprogrammingenvironmentandstream
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 over1 TeraFLOPSin
Section5.

2. Example Application: 3-D Teleconferencing

In thissection,wesketchhow a3-D teleconferencingap-
plicationmaybemappedto the Imaginedevelopmentsys-
tem. The approachtaken for this implementationapplies
to any Imagineapplication. We will refer to this example
asdetailsof thedevelopmentplatformareintroducedlater
in this paper. Teleconferencingis particularlysuitedto this
systembecauseit exercisesall of thesystem'scomponents,
includingvideoI/O, theImaginenetwork, thehostproces-
sor, andtheImagineitself. Videoapplicationssuchasthis
oneperformwell in the Imaginestreamprocessingarchi-
tecturebecausepixel datacan be streamedin andpassed
throughseveralcomputationkernelswithin thestreampro-
cessor, takingadvantageof producer-consumerlocality be-
fore resultsare�nally streamedout of the processor. Ap-
plicationssimilar to teleconferencingwill be usedin our
evaluationof theImaginearchitecture.

A 3-D teleconferencingsetuprequirestwo or morecam-
erasthatoperatein concertto allow extractionof depthin-
formation. Thecamerasarelocateda small, �x eddistance
from eachotherandaimedatthesamesceneto allow binoc-
ulardepthextractionfrom theresultingoverlappingimages.
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TheImaginestreamprocessorsperformstereodepthextrac-
tion on two videoinput streams[1] andoutputa streamof
depth-annotated,MPEGcompressedimagedata. The out-
put streamis transferredto the remoteviewing site,where
MPEGdecodingand3-D imagereconstructionmustbeper-
formed.

The major computationalkernelsfor the transmission
sideof theapplicationhave beenwritten andoptimizedfor
Imagine. The following resultsare derived from perfor-
mancenumbersfrom our cycle-accuratesimulatorfor the
depthextractionandMPEG kernels. Thesecomputation-
ally intensetasks�t well on a singleImaginechip, which
canprocess42 framespersecondfor 640x480stereodepth
extraction and 94 fps for MPEG encoding(derived from
Khailany et al. [3], using a core frequency of 400 MHz).
Usingthesetwo kernelsto createadepthmapfrom two im-
agesandto compressasinglecompositeimage,anImagine
couldsustainapproximately29fpsfor thetransmissionside
of 3-D teleconferencing.

Dataoriginatesin this applicationwith two digital cam-
eras,which areconnectedto the boardvia Firewire ports.
Framesfrom bothcamerastravel over theImaginenetwork
on the boardinto the streamprocessor, wherethe images
areprocessedandthensentout via an externalnetwork to
theviewing stationfor theteleconference.While oneImag-
inehassuf�cient resourcesto executebothdepth-extraction
andMPEGencoding,theapplicationmaybepartitionedbe-
tweenthe processorsto increaseperformance,reducela-
tency, or to furtherprocesstheimage.We will describethe
useof multiple Imaginesin moredetail in section5.

3. Software Implementation

The Imagine streamprogrammingmodel decomposes
an application into a seriesof computationkernels that
operateon streamsof data. Streamsare setsof sequen-
tial datarecordsthat lend themselvesto high-performance
computationthroughtheir regularandpredictablestructure.
Khailany et al. show how thedepthextractorportionof the
teleconferencingapplicationmapsto the streamprogram-
mingmodel[3].

StreamandKernelprogramsarewritten in theStreamC
andKernelClanguages,respectively. Theuseof theselan-
guagesfor Imagineprogrammingallowstheprogrammerto
usethefamiliar high-level C languageinsteadof writing in
Imagineassemblycode. The two-level programmingsys-
temre�ects thedivisionof laborontheImaginesystem:the
kernelsrunningon Imagineperformnumericcomputation,
while the streamprogramsrunningon the Host Processor
correspondto ahigh-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

ducesoneor more streamsasoutputs. For example,one
kernelin theMPEG-2compressionportionof theapplica-
tion is DiscreteCosineTransform(DCT), which acceptsa
streamof 8x8 pixel blocks,performsa 2-D DCT on them,
andoutputsa streamof transformedblocks. Streampro-
gramsrun on theHostProcessor, call thekernelprograms,
andinitiate the transferof datastreams.The Host Proces-
sor's runtime libraries interfacethe executionof Imagine
applicationswith theconsolePC,provide a command-line
interface,and load compiledStreamCand KernelCcode
into theHostProcessorandImagine. Finally, theConsole
PCrunsauserinterfaceapplicationandasimplePCIdevice
driver. ThesoftwareexportstheConsolePC's consoleI/O
and�le systemto theHostProcessor, andmaybeextended
for speci�c applicationsto providenetwork functionsanda
moreelaborateuserinterface.

Theway kernelswork togetherin a realapplicationcan
beseenby revisiting our 3-D teleconferencingapplication.
First, theimage-sharpeningkernelenhancesthecontrastfor
astreamof pixels,thenthedepth-extractionkernelperforms
sum-of-absolute-differencescalculationsto outputastream
of pixels that representsa depthmap. Finally, the MPEG
compressionkernelsreadimagepixelsin as8x8blocksand
outputa streamof compressedblocks.Theoverall telecon-
ferencingapplicationis implementedasaStreamCprogram
that instructsImagineto receive network data,run kernels,
and then sendout the resultingdata. The ConsolePC is
usedto providea commandline interfaceto allow theuser
to startupandcontroltheapplication.

3.1. StreamCand the StreamScheduler

StreamCprovidesa simpleandcompleteprogramming
interfacefor streamprograms.StreamCprogramsarewrit-
ten in C++ with calls into a library of streamfunctions,
which enableskernelcalls andstreammanipulation.Ker-
nel callsaretreatedasfunctionsthat take input andoutput



streamsasarguments.StreamCprovidesfunctionsto cre-
atestreams,transferthemover the Imaginenetwork, and
communicatewith theConsolePC.

Thestreamschedulerallocatesspacein externalmemory
andin theStreamRegisterFile (SRF), a largeon-chipmem-
ory usedto storestreamsthat arepassedbetweenkernels.
Theschedulerdetermineswhento placestreamsin theSRF
andwhento move themto andfrom mainmemoryto take
advantageof producer-consumerlocality betweendifferent
kernels[2]. Ef�cient streamprogramsminimizetraf�c be-
tweentheSRFandmemory. Stripminingbreaksa largein-
put streaminto smallerbatcheswhenthedatais largerthan
theSRF. In ourexample,theentiredatasetof two videoim-
agesis largerthantheSRF, sothestreamschedulerdivides
the imagesinto batchesof pixel rows. Onebatchis loaded
into theSRFata time. Theentireseriesof kernelsexecutes
on this batchbeforecomputationbegins on the next rows.
In this way, raw pixel dataarrives in the SRFandpasses
betweenkernelsthroughtemporarystoragein theSRF. Ex-
pensive memorytraf�c is encounteredonly when�nal re-
sultsarewrittenout.

To ensurehigh resourceutilization, thestreamscheduler
performssoftwarepipeliningat thestreamlevel,whereker-
nelsareexecutedconcurrentlywith memoryoperations.In
our example,kernelsprocessa batchof pixels while the
schedulersimultaneouslysendsout�nished datato memory
andloadsthe next rows into the SRF. Onemeasureof the
ef�cacy of softwarepipeliningis occupancy, thepercentage
of time thata moduleis performingwork. In practice,soft-
warepipeliningimprovestheoccupancy of themostheavily
usedmodule(either the memorysystemor the arithmetic
units)to above90%[4].

3.2. KernelC and the Kernel Scheduler

Kernelprogramsarewritten in KernelC,a subsetof C.
KernelCprogramsoperateon single streamelementsand
arerepeatedlyexecutedon eachelementof a stream.Be-
causeof this simpli�cation, KernelCdoesnot containany
control structuresexcept loops and selectstatementsand
doesnotsupportsubroutines.It supportsImagine'sfour ba-
sic datatypes:integers,pairedhalfwordsin a singleword,
four bytes in a single word, and single-precision�oating
point. Recordscomposedof thesedatatypesarealsosup-
ported. KernelC also provides an interface to the vari-
ousmechanismsonImaginethatimplementdata-dependent
conditionals.

The kernel scheduler, IScd, compilesthe KernelCde-
scriptionof thekernelinto Imagineexecutablecode.Imag-
ine hasseveralfunctionalunitsoperatingin parallel,sothe
kernelschedulermustextract instruction-level parallelism
from the kernel. The algorithmusedin IScd,communica-
tion scheduling, is describedby Mattson[5].
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Figure 2. Imagine Prototype Board Architec­
ture

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 2000applicationsthataccessa device
driver for communicationover PCI to the Host Processor.
Both StreamCprogramsandthestreamschedulerarecom-
piled for the Host Processorwith Metrowerks Codewar-
rior for EmbeddedPowerPC.On boot, the Host Processor
readsa smallbootprogramfrom Boot ROM andwaits for
the ConsolePC to sendthe full StreamCapplication. Fi-
nally, IScdcompilesKernelCcodefor Imagine.Thestream
schedulerloadscompiledkernelsinto Imagine'smicrocode
store.

4. Hardware Implementation

TheImaginedevelopmentsystemcontainstwo Imagine
processorswith a high-speednetwork, I/O devices,anda
Host Processor. Two FPGAsserve as translatorsto make
Imaginesand I/O devicesavailable to the Host Processor
andon the Imaginenetwork. The Host Processorcontrols
the entireprototypesystem,runningstreamprogramsand
a streamscheduler. Figure2 shows thearchitectureof the
Imaginesystem.A photographof theprototypeboardwith-
out theImagineprocessorsis shown in Figure3. Theproto-
typeboardis a 14-layer, 31x27cmoversizedPCI cardwith
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Figure 3. Imagine Prototype Board Photo­
graph

substantialreal estatededicatedto debugging tools such
asprobepoints,con�gurableclocks,andadjustablepower
supplies.

4.1. Imagine

The Imagine StreamProcessorreceives data streams
from the network and host interfacesand runs arithmetic
kernelsonthisstreamdata.To supportthestreamingmodel,
Imaginehasahierarchicalregister�le organization.A large
StreamRegisterFile provideson-chipstoragefor transfer-
ring datastreamsbetweenkernels[3]. The streamsched-
uler utilizesthis on-chipcapacityto keepexternalcommu-
nicationto a minimum,asdescribedin Section3.1. In ad-
dition to its internal memory, Imaginecan addressup to
512MB of externalSDRAM.Thedevelopmentsystempro-
videseachImaginewith 256MB. Imaginehasa totalof 48
�oating-point ALUs organizedas8 SIMD clusters,provid-
ing 16GFLOPSof peakperformance.TheImagineStream
Processoris 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 ports that can
be usedto createscalableImaginenetworks. Streamsare
composedof aseriesof 80-bit�its, of which16bitsareused

for controland64 aredata.Eachstreamstartswith a head
�it that containsrouting information,a tag to identify the
stream,andavirtual channelnumber. Subsequentbody�its
of thestreamareidenti�ed by thevirtual channelnumber.
A streammaybe of arbitrarylength;eachstreamis ended
by a tail �it. Eachvirtual channelusescredit-based�o w
control.All network transfersoriginateandterminatein the
Imagine'sStreamRegisterFile or at a peripheral.Network
streamsarestaticallysource-routedby the StreamSched-
uler.

In ourexampleapplication,thetwo camerassenddatato
Imaginevia thenetwork. Weusetagsto distinguishimages
from theleft andright cameras.Becauseanimageis larger
than the Imagine's SRF, the StreamSchedulerstagesthe
transferof imagedatafrom the camerasthroughthe SRF
to memory. Network andmemorytransfersoperateinde-
pendentlyof all otherImagineoperations.While a row is
beingtransferredto memory, the next row of pixels is ar-
riving andthe arithmeticclustersareoperatingon another
portionof theimage.

A routeron eachImaginechip enablesnetworks to be
constructedwith no external logic. In a multiple-Imagine
system,packetsmove througha seriesof Imagineson the
routesspeci�ed in their headers.Thenetwork supportsar-
bitrarytopologiesof nodedegree4 or less,e.g.,a2-D torus.
Thenetwork on thedevelopmentboardcontainstwo Imag-
inesandmediadevicesasshown in �gure 2. Theoff-board
Imaginenetwork connectionsallow thenetwork to grow by
connectingto additionaldual-Imagineboardswith apassive
backplane.Becausetheaggregatebandwidthincreaseswith
the numberof nodesin the Imaginenetwork, the network
canscaleto supporthundredsof Imaginesandperipherals.
In contrast,simplebus-basedor shared-mediumintercon-
nectssuchasPCI andEthernethave �x edbandwidtheven
asdevicesareadded.

4.3. Media Peripherals and Device Memory Map­
ping

The prototypeboard supportsseveral high-bandwidth
mediadevices.A DVI (Digital VideoInterface)inputchan-
nel allows video input, and DVI and VGA output chan-
nels serve as the video output for Imagine's graphicsap-
plications. Two 400 Mbps Firewire channelsallow high-
resolutioncamerasor other devices to provide input for
videoapplications.

The Imagineboardcontainstwo Xilinx VirtexII-1000
FPGAsfor memorytranslationandperipheralcontrol. The
ProcessorFPGA mapsthe control and data registersfor
theImaginechipsandperipheralsinto theHostProcessor's
memoryspace.TheCommunicationFPGAconnectsall the
peripheralsto the Imaginenetwork andtranslatesbetween
theirnativeinterfacesandtheImaginenetwork. In addition,



theCommunicationFPGAimplementsa doublebuffer us-
ing externalmemorythat canbe usedasa framebuffer in
video renderingapplications.The chosenFPGAscanac-
commodatelarge designs,and thus may be programmed
with additionalfunctionsfor speci�c applications.General
usesincludestagingincomingdatafor convenientstream
representationandperforminginherentlyserialpre-or post-
processingon datasets,suchas the run-lengthencoding
stageof MPEGcompression.

In theteleconferencingapplication,theCommunication
FPGA translatesthe incomingvideo imagesinto network
streams,tags them appropriately, and sendsthem to the
Imagineprocessor. In a teleconferencereceiver, therecon-
structedvideooutputis outputusingDVI or VGA.

4.4. Host Interface and Host Processor

In addition to its four high-speednetwork interfaces,
Imaginehasa conventionalTTL interfaceto connectto the
Host Processor. Imagineis controlledthroughthis inter-
face;programsanddatamaybeloadedandImagine'scon-
trol andstatusregistersareaccessiblethroughthehostinter-
face.Thehostinterfaceis connectedto theHostProcessor,
anembeddedPowerPC8240,throughtheProcessorFPGA.
The8240waschosenbecauseit providesa built-in PCI in-
terfaceandreasonableperformancein onechip.

5 Future Work

The Imagineprototypeboardis designedasanapplica-
tion developmentplatform andto testall componentsof a
larger systemof 64 Imaginenodes. A unit of two Imag-
inesandonePowerPChostprocessor, plusmemory, canbe
duplicatedfour timeson a board,andeight boardscanbe
placedin asystem,to createa64-Imaginemachinecapable
of 1 TeraFLOPSof computing.The Imagineswill be tied
togetherin a 2-dimensional,8x9 torusnetwork, wherethe
9th columnof the torusis occupiedby sharedI/O devices
such as video inputs and outputs,consoles,hard drives,
andnetwork ports. A PCI bus on eachcard ties the four
hostprocessorson that cardtogetherfor programdistribu-
tion andcontrol,andbridgechipson eachcardconnectthe
PCI bussestogether. Figure4 shows thedesignof the 64-
Imaginesystem.Thesystemwill have a passive backplane
to connecteight8-ImagineboardsandanI/O boardtogether
in auni�ed, high-speednetworkof computationnodes,with
abridgedPCIbusfor host-processorcoordination.

An applicationmustbepartitionedto run on a multiple
Imaginesystem.Applicationscanbe partitionedeitherby
kernels,by data,or by both kernelsanddata. With kernel
partitioning,thekernelsof anapplicationaredividedacross
theprocessorsin asystemandnetwork communicationsare
usedto passstreamsbetweenkernelsrunningon different
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Figure 4. A TeraFLOPS system containing 64
Imagines

processors.Datapartitioning is achieved by replicatinga
kernelon a numberof processorsanddividing thedatabe-
tweenthem- e.g.,sendingevenrecordsof a streamto the
kernelrunningon node1 andtheoddelementsof a stream
to theidenticalkernelrunningonnode2. Manualandauto-
matedpartitioningof streamingprogramsarecurrentlyun-
derinvestigation.

6 Conclusion

The Imaginedevelopmentplatformhasthreefunctions:
Imaginearchitectureevaluation,softwaredevelopment,and
componentdebuggingfor the64-ImagineTeraFLOPSsys-
tem. Thedevelopmentplatform,which is successfullyrun-
ning simpleapplicationsasof July 2002,will allow us to
verify the performanceof the Imaginedesign,which has
beenpreviously exercisedwith a suiteof applicationsrun-
ning on our cycle-accuratesimulator. We will distribute
the Imagineboardto academicpartnerswho will explore
theusesof streamingin graphicalandscienti�c computing
applications,for bothsingleandmultiple-Imagineapplica-
tions.Theexperiencegainedin implementingandprogram-
mingthedual-Imaginesystemwill guideusin theconstruc-
tion of a1-TeraFLOPSstreamingcomputer.
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