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ABSTRACT
Wehavedevelopedoperatingsysteminterfacesfor CPU/FPGAhy-
brid systemsrunningstandardapplications.This hybrid modelhas
not enjoyedwidespreadsuccess,partly dueto thelack of software
supporton the processor. This paperpresentsa fully functional
systemwith the GNU/Linux operatingsystemrunningon a Pow-
erPCprocessorembeddedin acommercialFPGA.Further, thissys-
tem is usedto prototypea hybrid processor/acceleratorexecution
model, implementingthe acceleratorsin the FPGA fabric. This
modelof computationcombinesthe �e xibility of generalpurpose
processorswith the performanceandenergy ef�ciency of tailored
acceleratorhardware.Thesystemsupportstwo alternative models
for integratinghardwareacceleratorswith theapplicationrunning
on theembeddedprocessor. Thedirectaccessmodelprovidessim-
ple, low operatingsystemoverheadcommunicationbetweenthe
CPU and the accelerators,whereasthe indirect accessmodel in-
creasesreliability andprotectionat thecostof additionalrun-time
operatingsystemoverhead. Threestandarddesktopapplications
areportedto the system.All showed positive speedupwhenexe-
cutingwith theaccelerators.Detailedrealhardwaremeasurements
demonstratetheconsiderationsthatmustbe taken into accountin
order to achieve speedupwhenporting applicationsinto our sys-
tem.

Categoriesand Subject Descriptors: C.1.3[ComputerSystems
Organization]: ProcessorArchitectures—Heterogeneous(hybrid)
systems; C.5.m[ComputerSystemsOrganization]:ComputerSys-
temImplementation—Miscellaneous

GeneralTerms: Design,Experimentation,Performance

Keywords: FPGA,Interconnects,OperatingSystemInterfaces
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1. INTRODUCTION
Trendsin hardwaresuggestthat transistordensitywill continueto
increase,but betterusageof theavailabletransistorsandbetterper-
formanceperwatt is needed.Generalpurposeprocessorsprovide
goodperformanceacrossa large variety of programs,but areof-
ten too power hungry or too slow for many embeddedapplica-
tions. Specializedcircuitry can provide the desiredperformance
andpower ef�ciency for computationkernels,but is not suitable
for supportinga dynamicmix of commonapplications.A possible
hybrid model is to supplementa generalpurposeprocessorwith
accelerators.In sucha model,theprocessorexecutessophisticated
applicationsaswell asoperatingsystemserviceswhile off-loading
computeintensive partsof the applicationto acceleratorsfor en-
hancedperformanceand/orpower ef�ciency. FPGA devices that
incorporategeneral-purposeprocessorcores,such as the Xilinx
Virtex-II Pro series[19], provide a promisingmediumfor imple-
mentingthishybrid model.

However, thework to constructanddeploy acceleratorsin these
hybrid FPGA devices for sophisticatedapplicationsthat execute
understandardoperatingsystemshasbeenslow to come.Theneed
hasbecomeeven more urgent as many video, audio, imageand
gameapplicationsthat requirestandardoperatingsystemservices
suchas �le systemsand networking, are now beingportedfrom
desktopWindows andLinux environmentsto cell phonesandmo-
bile mediadevices. It is extremely desirablethat future embed-
dedsystemscanruntheseapplicationswhile still achieving perfor-
manceandpower ef�ciency goalswithout signi�cant changesto
thesourcecode.

We presenttwo interfacedesignsin this paper. The �rst design
providesa direct form of accessto the applicationon the general
purposeprocessorwhile the secondenablesbettervirtualization
and protectionby further leveragingthe operatingsystem. Fur-
thermore,wehavedevelopedaswitchableinterconnectionnetwork
thatsimpli�es theinteractionsbetweenrecon�gurableaccelerators
andtheoperatingsystemandservesasa vehiclefor futuredevel-
opment. We explore our two interfacedesignsusingthreeappli-
cation examples: H.263 video encoding,MP3 audio processing
andJPEGimagecompression.We obtainedour applicationsfrom
opensourceLinux softwarerepositories.All of theseapplications
dependuponLinux operatingsystemsupport,suchas�le system
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Figure 1. Computation Models

andaudioandgraphicsdevice drivers. If suchsupportis absent,
a substantialamountof applicationandsystemmodi�cations are
necessaryjust to gettheapplicationto function.

This paperis organizedasfollows: Section2 describesin detail
our systemsetup;Section3 exploresa directmethodfor accessing
accelerators;Section4 examinesa secondinterfacemethodand
a switchableinterconnectframework incorporatedinto this model;
Section5 coversrelatedwork; Section6 describesfuturework; and
Section7 concludesthepaper.

2. THE SYSTEM

2.1 Application DesignModels
Four different applicationdevelopmentmodelsareconsideredin
the context of the prototypeplatform: two modelsfamiliar to the
recon�gurablecomputingcommunityandtwo thatwe proposefor
moving toward the integration of recon�gurablecomputingwith
generalpurposeapplications.Figure1 shows theabstractionlayers
for eachof thede�ned models.

Theway of approachingsoftwaredesignon contemporarygen-
eralpurposecomputingplatformsis shown in Figure1(a). In such
a model,theentireapplicationrunsonageneralpurposeprocessor
withoutaccelerationbutwith operatingsystemsupport.Figure1(b)
shows onemethodfor developingapplicationsthatmorefully uti-
lizestheresourcesof anFPGAwith anembeddedprocessor. This
hybridCPUwith acceleratormodeldoesnotallow for standarduser
andcommercialapplicationsto runon theprocessor. Furthermore,
theembeddedCPUis frequentlyrelegatedto merelydatatransfer
andminimal control tasks,which under-utilizes the power of the
generalpurposeprocessor.

We exploretwo alternative methodsto fully exploit thecapabil-
ities of a hybrid CPUandFPGAsystem.The�rst methodwe call
directaccessandis illustratedin Figure1(c). Partof theapplication
hasbeensynthesizedasacceleratorsin the recon�gurablefabric.
The acceleratorsaremappeddirectly to theapplication,indicated
by the tunnelbetweenthepart of the applicationon theCPU and
theparton theFPGA.Thisachievesthelow overheadof themodel
shown in Figure1(b) while keepingtheapplicationin thecontext
of a widely available,conventionaloperatingsystem.Figure1(d)
illustratesfurther encapsulationof the recon�gurableresourcesin
our indirect accessmodel. In this model,partsof the application
are isolatedand mappedthroughwell-de�ned interfacesinto the
recon�gurablesubstrateasacceleratorsthat can be accessedin a
fashionsimilar to library calls.Theoperatingsystemabstractsand
protectstheacceleratorresourcesby providing indirectaccessvia
stubsextendingfrom thedifferentpartsof theapplicationinto the

First Access Pipelined
Bus Read Write Read Write Arbitration
PLB 21 20 3 3 15
OCM 4 3 2 2 –
DCR 3 3 3 3 –

Table 1. Bus Parameters (Processor Cycles)
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Figure 2. System Figure. Embedded entities are represented with
rounded corners and those implemented in the FPGA with square
corners.

operatingsystem.Althoughthedirectaccessmethodprovidesless
virtualizationsupportthantheindirectaccessmethod,wewereable
to performlow level timing optimizationsunderthatmethod,asis
discussedin Section3.4.1.

The direct and indirect modelsenablethe applicationto make
useof all of the servicesthe operatingsystemoffers and to take
advantageof the wide arrayof development,hardware,andsoft-
warelibrary supportavailableunderLinux. Thiswork exploresthe
directmethodin Section3 andtheindirectmethodin Section4.

2.2 Hardware
We usethe Xilinx University Program (XUP) developmentboard
thatusestheVP30Virtex–II Pro[19] FPGA.As shown in Figure2,
two PowerPC405CPUsare embeddedin the FPGA fabric with
30,816logiccells.Onlyoneof theprocessors,runningat300MHz,
is usedfor this work. Thereare136hardwired2 KByte blocksof
dual-portedmemoryembeddedin the recon�gurablefabric. They
arereferredto asBlock RAM (BRAM). The BRAMs areseparate
from the main memoryand are capableof running at processor
clock speeds.The platform supportsthe 64-bit ProcessorLocal
Bus (PLB) at 100 MHz, the 32-bit Data Side On-Chip Memory
bus(OCM), theOn-chipPeripheralBus(OPB),and32-bit Device
Control Registers(DCR). Not all of the busesareinstantiatedfor
all of thetestapplications.It is importantto notethatall busesand
peripheralsareimplementedin theFPGAfabric.

Trade-offs aboundwithin thecontext of theXUP infrastructure
(SeeTable1). TheOCM enablesdeterministic,low latency access
to small amountsof memoryrealizedasBRAMs andis accessed
by theprocessorusing32-bit loadsandstores.TheOCM requires
four cyclesfor the�rst load,threecyclesfor the�rst storeandcan
completea load or storeevery two cyclesafter the �rst. Further-
more,theOCM requiresthatphysicalandvirtual addressesmatch,
placingan additionalconstrainton the bus. The PLB canaccess
a 32-bit addressspaceallowing for largememories.Furthermore,
thePLB provideshighthroughputtransfers.ThePLB canmakeuse
of directmemoryaccess(DMA) with theprocessor, systemmem-
ory and acceleratorlocal buffers. The DCRs are a separateI/O
facility providing 1024possibleregisterssynthesizedin theFPGA.



The registersare accessedusing privileged instructionsand take
threeprocessorcyclesto complete.Their accessesarenot routed
throughthememorymanagementunit (MMU) of thePPC405,re-
moving contentionissueswith otherbuses.See[12] for anin-depth
studyof thetrade-offs inherentin thesebuses.TheOPBconnects
peripheralsto thesystem.TheOPBis inferior to thePLB in every
respectandwasnotusedto interfaceaccelerators.

2.3 Software
ThehardwareplatformrunstheGNU/Linux operatingsystemrun-
ning on oneof thePowerPC405processors.It is basedon theof�-
cial PowerPCportof theLinux 2.4kernel.

All timing measurementsare madeusing the 64-bit time base
facility of thePowerPC[18] to give cycle accuratemeasurements.
Eachcall to the time baseis encapsulatedby sync instructions
to ensurethat all pending—andpossiblycostly—bus transactions
have completedprior to takinga time measurement.Insertingsyn-
chronizationinstructionsalsomakescertainthat no unrelatedin-
structionsareallowedto contributeto themeasurement.Ourmea-
surementsshow that accessingthe time baseandsynchronization
addsfewer thantenprocessorcycles(34ns)to ourmeasurements.

3. DIRECT ACCESSMODEL
I n this model of applicationsrunning on a conventionaloperat-
ing systemaccessingrecon�gurableaccelerators,the accelerator
resourcesaremadedirectly accessibleto theapplications.Theac-
celeratorsareaccessedwith standardloadandstoreinstructions.In
thedirectaccessmodel,theoperatingsystemsetsup andremoves
thenecessarymappings,but is otherwisetransparentto theapplica-
tion. Thedirectaccessmodelis basedon memorymappingfacil-
ities providedby theLinux kernelandareaccessiblevia standard
libraries.

3.1 Operating SystemInterface
Theoperatingsysteminterfacein thedirectaccessmodelconsists
of asingleopen() systemcall to accessthesystem'sphysicalad-
dressspacefollowedby anmmap() systemcall to maptheaccel-
erator's addressspaceinto the virtual addressspaceaccessibleby
theapplication,asillustratedin Figure1(c). Themappingenables
proper virtual-to-physicaladdresstranslationto accessBRAMs,
memory-mappedregistersor internalmemoryof the accelerators
attachedto eithertheOCM or PLB.

Thememorymappingapproachallowstheapplicationto interact
directly with theacceleratorusingstandardloadandstoreinstruc-
tions to virtual addresses,reducingsoftware complexity. It also
reducestheoverheadof settingupandaccessingtheacceleratoron
a per-call basis.

Theregionmappedinto theapplicationcanbeaccessedby mul-
tiple applicationsif themmap() call is madeandtheregion is not
subsequentlylocked. However, preemptionby the operatingsys-
templacestheburdenof synchronizationontheapplication.When
themappingis madeexclusiveby locking,only oneapplicationcan
accessthe acceleratorat a time. If theacceleratoris locked, each
applicationholdsthe acceleratoruntil it releasesaccessto it with
theunmap() systemcall or theapplicationexits. If any otherap-
plicationattemptsto maptheacceleratorwhile anotherapplication
hasit mapped,theoperatingsystemwill causethemmap() call to
fail. Disallowing sharingin thismodelrenderscritical sectionsun-
necessaryandavoidsunnecessaryoverheadif thereis aone-to-one
mappingbetweenapplicationsandaccelerators.

Memorymappingfrom anapplicationrunningon topof a fully-
�edged operatingsystemenablesconsistentinterfaceswith low
overheadto bedeveloped.Applicationdeveloperscanencapsulate
aportionof theirapplicationasa functionandmapit to a recon�g-
urableaccelerator. A simplesoftwarestubwill thenbe generated
to encapsulatetheaccessto theaccelerator. Thedeveloperreplaces
the functioncall in thesoftwareapplicationwith a call to thestub
instead.Wepresenttwo examplesof suchaccesssemanticsin Sec-
tion 3.3andSection3.4.

3.2 LessonsLearned
The datacommunicationoverheadbetweenthe CPU andthe ac-
celeratoris critical to performancewhenusing�ne-grainedaccel-
erators,onesthat requirefrequentcommunicationwith therestof
theapplication.Pollingor aninterruptsynchronizationmechanism
is neededfor acceleratorswith largergranularity, onesthatoperate
on biggersegmentsof data. Polling usingthe PLB will leadto a
biggeroverhead,sinceeachreadto the PLB costsup to 21 CPU
cycleswhenthereis no contentionon thebusandfar moreshould
arbitrationbenecessary. Theimpactof arbitrationcaneasilyerase
any gainsof �ne–grainedacceleratorsin our prototypeaseachar-
bitrationcosts�fteen cycles.

The cost of datatransferand synchronizationreadswould in-
creaseon a systemwheredatais streamedfrom oneacceleratorto
anotherusingthe mainsystembus. In suchanenvironment,syn-
chronizationreadscoming from the processorand datatransfers
from oneacceleratorto the other would be in contentionfor the
bus.As aresult,half of theaccesseswould incuraddedlatency and
could in effect slow down the computation,further underscoring
theimportanceof prudentaccelerator-to-interfacemapping.

From a practicalpoint of view, developing hardware accelera-
torsrequiresunderstandinga setof busprotocols.Our experience
showsthatmuchof thedevelopmenttimeis devotedto dealingwith
the interfacebetweentheacceleratorandthebus. Acceleratorde-
velopmentis protractedby the useof multiple buses,optimizing
for acceptableperformance,andtheneedto move betweendiffer-
ing platforms. If a restrictedview of the system—optimizedfor
acceleratorinteractions—ispresentedto the acceleratordesigner,
developmenteffort canbereducedgreatly.

3.3 Example: VideoEncoder
H.263videoencoding[8] achieveshighcompressionratiosby tak-
ing advantageof bothspatialandtemporalredundancy in thesig-
nal. Spatialcompressionis achievedthroughdiscretecosinetrans-
form(DCT) andquantization,similar to JPEGencoding.Temporal
compressionis achievedthroughmotionestimation(ME). Thecur-
rentframeof thevideois dividedinto macroblocks, eachof which
is a 16 by 16 pixel block. The macroblocksare then compared
againsttheprevious frameto �nd asclosea matchaspossibleby
calculatingthesumof theabsolutedifferences(SAD). Thediffer-
encesbetweenthesamplewith thesmallestSAD in thesearcharea
andthe currentmacroblockis encodedasa motionvector (MV).
Sinceonly the changesfrom frameto frameareencoded,the en-
coded�le sizeis greatlyreduced.

3.3.1 Design

Full-searchME makesup73%of thetotalexecutiontimein asoft-
wareimplementationof H.263.Consequently, cheapersearchalgo-
rithmssuchasdiamond-searcharenormallyemployedin software.
Thereare variousME algorithmsallowed underthe H.263 stan-
dard.Theprimarydifferencebetweeneachalgorithmis thenumber
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Figure 3. H263 Video Encoder Data Flow

of comparisonsagainstthepreviousframeperformed.Full-search
ME is veryexpensive in softwaredueto thelargenumberof mem-
ory accesses,branchesandsubtractionsrequiredfor computingand
comparingtheSAD values.Diamondsearchis a heuristicthat re-
ducesthe computationalcostof motion estimationby examining
only asmallsubsetof themacroblocksin thepreviousframe.How-
ever, this resultsin inferior encodingqualityasthesearchcouldbe
trappedin a local minimum. Our experimentsdemonstratea typi-
cal increaseof 20%in �le sizefor diamondsearchover full-search
ME.

A versionof full-searchME is implementedasa hardwareac-
celeratorto demonstratethepotentialfor coarse-grainedaccelera-
tion. Every macroblockin the currentframeis comparedagainst
a searcharea,a 31 by 31 pixel area,in the previous frame. The
centerof the searchareais alignedwith the centerof the current
macroblock.Thecurrentmacroblockis comparedagainstall pos-
sible combinationswithin the searcharea,shifting pixel by pixel
to searchfor the bestmatch. This resultsin 256 comparisons,or
SAD computations,percurrentmacroblock/searchareapair. Since
theSAD computationscanbeperformedin parallel,theaccelerator
wasmadewith 256 SAD units to realizefull parallelization.The
software-onlyversionperformsall 256computationssequentially.

TheoriginalMotionEstimation() functionis replacedwith
a new functionto performdatamarshaling,datatransfers,andset-
ting the readybit on theacceleratorto initiate computation–allof
thecorecomputationsof ME arenow performedon thehardware
accelerator. Thesoftwarepollsapre-de�nedaddressandwaitsun-
til the acceleratoris �nished. A single2 KByte block of BRAM
con�guredto be32 bits wide with 512entriesis instantiatedto act
asthememoryinterfacebetweentheCPUandaccelerator. Archi-
tecturally, theBRAM attachedto theOCM is mappedinto a range
within thephysicaladdressspaceof theprocessoratsynthesis.The
applicationthenusesthemethoddescribedin Section3.1to obtain
directaccessto theacceleratormemory.

3.3.2 DataFlow

Figure 3 shows the data�o w for the H.263 video encoderwhen
usingthehardwareaccelerator:

1. The applicationon the CPU readsthe dataneededby the
acceleratorfrom main memory. This consistsof the mac-
roblock from the currentframe(256 bytes)and the search
areafrom thepreviousframe(961bytes).

2. The applicationon the CPU writes the datafor the acceler-
ator into theBRAM thathasbeenmemorymappedinto the
application's virtual addressspace.Theapplicationtells the
acceleratorto begin.
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Figure 4. Breakdown of Accelerator Execution and Data Transfer
Times

Overhead
AcceleratorAction cycles � seconds
open SystemCall 34,000 113.3
mmapSystemCall 24,000 80.0

DataMarshaling+Write 90,600 302
Initiation 180 0.600
AcceleratorComputation 5,400 18
ReadFromAccelerator 300 1

Total timepercall
Full Search(HW) 96,480 322
DiamondSearch(SW) 174,911 583
Full Search(SW) 639,925 2,133

Table 2. MotionEstimation() Transaction Times

3. The acceleratorreadsand writes to the BRAM while per-
forming its computations.

4. Theacceleratorsignalsto theapplicationon theCPUthat it
is �nished with its computations.Thedatais readfrom the
BRAM andputbackinto mainmemory.

3.3.3 Results

We usethe time basefacility for all measurements,asdetailedin
Section2.3. Table2 shows thebreakdown of the time spentusing
theME acceleratorandhow muchtimeME takesin software.The
acceleratorimplementationof full-searchME speedsup execution
by 6.6x. It is even 1.8x fasterthan diamondsearchin software.
open() andmmap() arecalledonceat thebeginningof theap-
plication, thusthey areoverheadsthatareeasilyamortized.A lot
of time is spentmarshalingandtransferringthedatafrom theCPU
to the acceleratordueto the large amountof datainvolved. This
cost is incurredon every invocationof the accelerator. Figure4
shows thebreakdown in termsof percentages.93.73%of thetime
is spentmarshalingandtransferringthedatafrom mainmemoryto
BRAM on theaccelerator, 6.06%is spentwaiting for theaccelera-
tor to completecomputation,and0.21%is spentreadingthemotion
vectorandSAD valuesbackto theCPU.However, theratioof data
transferredto andcomputationperformedontheacceleratorcanbe
improved. Onepossibility is to leveragetheoverlapof thesearch
areasfor differentmacroblocks.Currentlytheentiresearchareais
sentanew with eachmacroblock.



3.4 Example: Audio Processing
Madplay[14] is anMP3 playerapplicationavailableon theLinux
platform. It decodesaninput �le andsendstheoutputto theaudio
hardware,which expectsaudiosamplesof 16 or 24 bits. However,
therepresentationof audiosamplesfrequentlygrows beyondthese
bit widthswhile undergoingprocessing.Consequently, thesamples
needto be truncated. Unfortunately, truncationintroduceserror
into the signal. Dithering beforetruncationreducesthe error by
addingrandomnoiseto eachsample.

3.4.1 Design

The main portion of madplayconsistsof two nestedloops. The
outerloopreadsablockof datafrom diskanddecodesit to produce
1192samplesperchannel.Therearetwo channels,left andright.
Theinnerloopprocessesall of thesamples,from bothchannels,by
performingditheringandthentruncation.

Dithering takesoneinput sampleandproducesan outputsam-
plewhile maintainingprevioussamplesnecessaryfor computation.
Ditheringcanperformbetteron hardwarethansoftwaredueto the
inherentparallelismof its algorithm, whereseveral intermediate
datacanbeproducedin parallel.Theditheringacceleratorconsists
of two ditheringblocksthatoperateat 25 MHz, eachwith a 32-bit
input registeranda16-bitoutputregister. Thetwo ditheringblocks
representtheleft andright channelsin audio.Theacceleratorinter-
faceswith theprocessorby meansof threememory-mappedregis-
ters.Theregistersconsistof two 32-bit input registersanda single
32-bit outputregisterthatmergestheoutputfrom thetwo internal
ditheringblocks. The CPU writes to the input registersoneat a
time andthenperformsa singlereadto retrieve theoutput.

Madplaymapsthe ditheringacceleratorinto its virtual address
spaceby usingthe methoddescribedin Section3.1. Eachcall to
the softwareditheringhasbeenreplacedwith two standardstores
to theinput registersanda singlereadfrom theoutputregister.

Eventhoughwe leveragedthe interfacesupportin mappingthe
ditheringacceleratorinto thevirtual addressof theapplication,we
werealsoableto takeadvantageof certaintiming characteristicsin
thehardware. By taking into accountthe intricaciesof communi-
catingover the PLB bus, we wereableto completelyoverlap the
communicationbetweentheCPUandtheacceleratorwith theexe-
cutionof theacceleratoritself, providedtheexecutiontime is short
enough. This also allowed us to avoid introducingsynchroniza-
tions. Our experimentsusingthe time baseshow that in the best
casescenario,i.e., no arbitration,readsandwrites to theaccelera-
tor take21and20CPUcycles,respectively. However, thesearethe
delaysasseenby theCPU.Theacceleratoractuallyseesthewrite
soonerbecausethereis anacknowledgmentfrom thePLB busback
to theCPU.Theacceleratoralsoseesthereadsomecyclesafter it
is issuedby the CPU beforethe result is taken back. Therefore,
thereis at leastan18 cycle window betweenwhentheaccelerator
receivesthewrite andthereadrequesteven if thetwo instructions
are issuedback-to-back.Sincethe ditheringacceleratortakes12
CPU cycles to complete,its executiontime is alwayscompletely
masked by the communicationtime, even if arbitrationlengthens
thecommunicationtime. As longastheditheringacceleratoris not
shared,its designensuresthat the outputremainsvalid until read
by theCPU.

3.4.2 DataFlow

The call to the softwareditheringroutinehasbeensubstitutedby
two storesto theacceleratorinput registersandonereadfrom the
outputregister. Thisvalueis thenwritteninto theapplicationoutput
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Figure 5. Dithering Data Flow

buffer by theprocessor. Figure5 shows thedata�o w for madplay
whenthehardwareacceleratoris used:

1. Onesampleper channelis readfrom the main memoryby
theprocessor.

2. Theapplicationwritesbothsamplesinto theacceleratorand
getstheresultback.

3. Theprocessordoessomepost-processingandstoresthe re-
sult into themainmemory.

3.4.3 Results

Onthereferenceplatform,thesoftwareditheringtakes50CPUcy-
cles per channel,whereasthe hardware implementationtakes 12
CPU cycles, resultingin an achieved speed-upof about4.1x for
ditheringexecution. However, thereis a lot of datamovementin-
volvedin usingtheaccelerator, asindicatedby steps(1) through(3)
in Section3.4.2.If thedatamovementis takinginto consideration,
theachievedspeed-upbecomes1.42xfor dithering.

Thenumberof CPUcyclesspenton eachof thepreviously de-
scribedstageshasbeenmeasuredusingthetimebaseregisterof the
PowerPCasdescribedin Section2.3. Figure4 shows theseresults
asa percentageof the total time for a singlecall to the dithering
accelerator. The computationtime in theacceleratordoesnot ap-
pearin the�gure sinceit happensin parallelwith thedatatransfer.
Eachinput is processedwhile theacknowledgmentfor thestoreis
sentbackto theprocessor. Thecommunicationtime from theCPU
to theacceleratortakes 82%of thetotal time,whereasgettingthe
input from theacceleratoris 18%.

4. INDIRECT ACCESSMODEL
We have implementeda methodfor interfacingrecon�gurableac-
celeratorswith embeddedprocessorsin a consistentandeasilyde-
buggablefashionusing the indirect accessmodel as depictedin
Figure1(d). Currently, every time an acceleratoris implemented
onanew platform,thesystemdesignermustlearntheintricaciesof
a bus. Moreover, thedesignermustbeconcernedwith application
integrationanddebuggingin aheterogeneoussystem.Doingsore-
quiresboth extensive softwaredevelopmentandhardwaredesign
skills. Acceleratorintegration is further exacerbatedby unavail-
able,or inaccuratemodelsof thesystem.Acceleratorsinteracting
with theoperatingsystemanduserapplicationsraisesthecomplex-
ity that mustbe navigatedby the systemdesigner. In an effort to
reducethe burdenon applicationdevelopersand acceleratorde-
signerswe have implementeda switchableinterconnectinterfaced
with userapplicationsusingthe indirect accessmodeldeveloped.
Figure6 depictsa high-level view of our system. We give JPEG
compressionrunningonourFPGA-basedplatformasanexample.
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Figure 6. Switchable Interconnect Accelerator Framework
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Figure 7. JPEG Encoder

4.1 Operating SystemInterface
Accessingthehardwaredirectly enablesthedevelopmentof anef-
�cient accessmodel without the recurringoverheadincurredby
addingan abstractionlayer. However, therearemany caveatsto
sucha design.Direct mappingof device resourcesinto anapplica-
tion canlimit concurrency. In sucha modelonly a singleapplica-
tion canaccessthedevice,blockingaccessto it for anindeterminate
amountof time. Moreover, the natureof directmappingdoesnot
provide a mechanismto protectuserapplicationsfrom eachother
nor the systemfrom the applications. The indirect accessmodel
forceseachcall to theacceleratorto go throughtheoperatingsys-
tem providing a layer of protection. Furthermore,suchan access
modelallows for more�ne-grainedresourcemanagement.

The acceleratorsare interfacedwith the applicationthrougha
Linux characterdevice driver. A device driver interfaceis neces-
saryfor DMA andaccessto protectedresourcessuchastheDCRs
on our platform. The applicationobtainsaccessand resetsthe
acceleratorby �rst issuingan open() systemcall. The call to
the hardwareacceleratedfunction in the software–onlyversionis
replacedby an ioctl() systemcall. When the applicationno
longerrequirestheaccelerator, theapplicationcalls thedriver im-
plementationof close() to free theaccelerator. Concurrentac-
cessto thedevice is controlledat thegranularityof an ioctl()
call, i.e., multiple applicationscanhave theacceleratoropencon-
currentlyandwill block whenattemptingto accessthebusyaccel-
erator.

Whentheapplicationmakesanioctl() call, it includesauser
spacepointerto anarrayof independent,relateddatavaluesthatare
processedby theaccelerator, or blocks, andthenumberof blocks
in thearray. Thedevicedriver thenprocessestheblocks,executing

themontheaccelerator. Thecall returnscontrolto thecallingappli-
cationuponcompletionof thelastblock. Processingblocksinside
thesystemcall begins by copying thedataof a singleblock from
theuserarrayinto astaticallyallocatedDMA–capablebuffer inside
the driver. The buffer is thenexplicitly �ushed from the cacheto
ensurecoherencewith thesystemmemoryvia thePLB. DMA con-
trol registersaresetup for the transferandthe datamovementis
completed.Onceall of thedatais movedfrom thebuffer in system
memoryvia the DMA controllerinto the local input buffer of the
accelerator, thedriverstartstheexecutionof theaccelerator. DCRs
areusedby theacceleratorsto communicatecontrolandstatusin-
formation.ThedriverpollsonaDCR,waitingfor theacceleratorto
complete.Whentheacceleratoris �nished, thedatais placedinto
an outputbuffer andthe driver is allowed to proceed.The driver
invalidatesentriesin thecacheto ensurecoherencebeforesetting
up a DMA transferfrom theacceleratorinput buffer to thesystem
memory. Theresultdatais thencopiedfrom theDMA buffer to the
userspacebuffer thatoriginally containedtheblock. Theaccelera-
tor continuesto processblocksof datain this mannerandwhenall
have completed,thesystemcall returnsto theapplication.

4.2 Accelerator Inter connectFramework
Toprovideinterfacesfor acceleratordevelopers,wepresentaswitch-
ableacceleratorinterconnectnetwork, a framework providing the
componentsnecessaryfor mappingthe data�o w of accelerators
into a simpleinterface. Whencombiningour framework with the
indirectmethodof acceleratoraccess,our switchableinterconnect
networkprovidesinterfaceconsistency andsimpli�es development.
In contrast,by directly mappinghardware resources,every new
applicationmustdevelop a hardware interface,breakingcompat-
ibility andexacerbatingthe alreadydif�cult taskof debuggingin
a heterogeneousenvironment. Moreover, redeveloping the inter-
connectionsin therecon�gurablelogic for eachacceleratorfails to
take advantageof thecommonality. Partsof thedesignthatdo not
changebetweenaccelerators(e.g.,theswitchableinterconnectpre-
sentedhere)canbe implementedin faster, denserembeddedlogic
in theFPGAasmultipliersandBRAMs aretoday.

Thedevelopmentplatformasdescribedin Section2.2allows for
a wide rangeof choicesregardinghow acceleratorsareinterfaced
with thesystem.Dueto themedium–sizeddatatransferburstspos-
siblewith our examplesthePLB is chosenasthesysteminterface
for theacceleratorsasshown in Figure7. By placingtheaccelera-
torsonthePLB,burst-orientedDMA transfersareenabledbetween
systemmemoryand the accelerators'input andoutputbuffers as
depictedin Figure6. In future systems,the abstractionprovided
by the framework will allow designersto explore differentbuses
withoutconstantlyrebuilding theiraccelerators.Controlsignalsare
exchangedwith the acceleratorframework using Device Control
Registerswhich areindependentof thePLB bus. ChoosingDCRs
avoids contentionfor the bus betweenthe processorand the ac-
celeratorcontrolregistersaswould bethecaseif memory-mapped
registerswereused.

Theacceleratorinput andoutputbuffersareinstantiatedastwo
�x ed–logicBRAMs constitutingindependentbanksfor input and
output. Data movementof blocks betweensystemmemoryand
acceleratorinput andoutputbuffersis handledvia DMA transfers.
Providing largerinternalbuffers,addedacceleratorcontrol,andex-
posingmoreparallelismin theapplicationwouldallow for multiple
blocksto besentper transfer, amortizingthestartupcost(Table3
lines1, 2, and5) of a DMA transactionacrossmoreexecutionon
theacceleratorframework.

All componentsof theacceleratorinterconnectframework have
beenimplementedas library componentsavailable to accelerator



Overhead
Action cycles � seconds
SystemCall Overhead 1,853 6.18
DMA Setup 549 1.83
DMA Transfers 448 1.49
AcceleratorExecution 987 3.29
CacheCoherence 348 1.16
DataCopies 1060 3.53

Total Time 5,244 17.5

Table 3. JPEG System Call Breakdown for a Single Macroblock

design. Eachacceleratoris connectedto the switchablenetwork
via a setof well-de�ned interfacesfor moving datainto andout of
the individual accelerators.Thegoal is to provide a reducedcom-
plexity interfacethat removestheburdenof businterfacing,DMA
transfers,and�o w controlbetweenmultiple acceleratorsworking
in concert.Furthermore,providing a constrainedview of thesys-
temenablesfuturetechnologies(i.e.,compilers)tomoreeasilymap
portionsof a softwareapplicationinto recon�gurableaccelerators
runningon theswitchableinterconnectnetwork.

Wede�ne arecon�gurableframeastheprede�nedareaof recon-
�gurable fabricthatcanbecon�guredasasingleacceleratorentity.
Eachframeconsistsof asetof inputandoutputsignalsthatinclude:
a databusin eachdirection,anaddressbusidentifying thecurrent
valueenteringor exiting theaccelerator, handshakingto convey to
thesubsequentacceleratorthatdatais available,andback-pressure
assertionwhenthecurrentacceleratormuststall. Theuseof hand-
shaking,an asynchronousinterface,allows for differentstagesto
take variableamountsof time andallows for the removal of cen-
tralizedcontrol logic from the acceleratorframework. All datain
the network �o ws in onedirectionfrom input to output. Besides
providing aconsistentinterfacesothatacceleratorscanbeplugged
into andout of the switchablenetwork easily, theoneroustaskof
debugging is simpli�ed. The acceleratordeveloperneedonly be
cognizantof thereducedcomplexity interfaceto theswitchablenet-
work andnotwith thetiming of memorymovementandapplication
interfacing.

A long termgoalof this projectis to enabledynamicrecon�gu-
ration of acceleratorsto matchthechangingneedsof theapplica-
tionsrunningon thesystem.An opportunityto adaptthehardware
acceleratorson-the-�y is partialruntimerecon�guration[4]. How-
ever, partialruntimerecon�gurationis a slow processcomparedto
acceleratorexecutionandoperatingsystemcontext switch times.
Having aswitchablenetwork allowsfor fastswitchingbetweenres-
identaccelerators.An exampleis oneuserencodingaJPEGimage
while anotheris compressingan audio�le. As the systemshares
the processorresourcesbetweenthe two applications,it mayalso
beadvantageousto sharerecon�gurableresources.By having both
acceleratorsfor JPEGandfor ditheringresidentin theswitchable
interconnectframework, the operatingsystemcantime multiplex
the acceleratorresourceswith the granularityof a few cycles. If
runtime recon�gurationwere usedas the only meansof sharing
therecon�gurableresources,many microsecondswould bewasted
duringacceleratorswapping.A furtherbene�t of a switchablenet-
work for interconnectingrecon�gurableframesis theelectricaliso-
lationneededto enableruntimerecon�guration.

4.3 Example: JPEG Encoder
JPEGimagecompressionhasbeenacceleratedby instrumenting
discretecosinetransform(DCT) and quantizationin the FPGA
fabric using the indirect mappingoperatingsysteminterfaceand

theswitchableinterconnectframework. JPEGimagecompression
providesnumerousopportunitiesfor accelerationin FPGA-based
logic dueto its inherentmedium-grainedandcoarse-grainedpar-
allelism. The conversion of an uncompressedimageto a JPEG
compressedimageis performedon 8x8 pixel blockscalledmac-
roblocks. The original imageis partitionedinto macroblocksthat
canbe processedin parallel. Eachmacroblockis convertedfrom
RGBcolor to YUV color, representingluminanceandtwo chromi-
nancechannels.A 2–dimensionalDCT is thenperformedon each
of themacroblocksfor eachof thechannels.Quantizationis then
appliedto the transformedmacroblock. All the macroblocksare
then sequentiallycompressedin two steps: run-lengthencoding
(RLE) andHuffmancodingyielding the �nal, compressedimage.
As motivatingexamples,we have chosenDCT andquantizationas
componentsof JPEGto accelerateusingtheplatformdescribedin
Section2.2.

4.3.1 Design

We have chosento acceleratethe IndependentJPEGGroup's lib-
jpeg implementationof a JPEGcompressionutility—cjpeg [7]. In
the context of cjpeg, DCT andquantizationserve asexamplesof
medium-grainedto coarse-grainedaccelerators.Theminimumblock
sizeof a transactionwith eitheracceleratoris the64elementscon-
stituting a singlemacroblock. Eachelementis composedof two
bytesresultingin a minimum transferto or from the accelerator
of 128 bytes of data. An additional motive for choosingDCT
and quantizationto implementas acceleratorsis their data �o w
relationship—eachmacroblockmust�rst betransformedandthen
quantized.In cjpeg ona1.4megabytetestimageusinginteger-only
arithmeticanddefault quality setting,27 percentof theprocessing
time wasfoundto bespentin quantizationandDCT. If bothDCT
andquantizeareimplementedin hardwareandconnected,the re-
sultsof DCT canbepipelineddirectly into thequantizer. Connect-
ing two acceleratorsend-to-endsavesa costlybus transferfurther
increasingperformance.

To illustrate the switchableinterconnectnetwork, an example
of JPEGusingseparateDCT andquantizeracceleratorsis imple-
mentedand integratedwith the framework asshown in Figure6.
A macroblockis computedwithin theJPEGencodersoftwareand
is available in a 64-entryarrayof 16-bit values. The application
deliversthis block to theacceleratorthroughtheoperatingsystem
interfaceasa pointerto the userlevel buffer. The call to the ker-
nel replacestheoriginal DCT functioncall. A systemcall is then
made,moving the datafrom the systemmemoryto the accelera-
tor input buffer via a DMA transaction.Theonly changesmadeto
theoriginal softwareversionof cjpeg arethat theloop performing
quantizationis removed andthecall to a softwareDCT routineis
replacedby anioctl() systemcall to ourdriver interface.

4.3.2 DataFlow

Thedata�o w throughtheacceleratorsbeginswhenthedriver:

1. setsa control registerwith thecon�gurationof theintercon-
nectsfor thegivenblock,

2. copiestheinputuserarrayinto asystemDMA buffer andin-
vokesDMA to transfertheinputdatato theacceleratorinput
buffer and

3. setsanotherregister signalingthat the acceleratorsa mac-
roblockis availablein theinput buffer.



A simplestatemachinethat is internalto the active accelerator
startsthe�o w of databycommunicatingwith thelocalstorage(i.e.,
the input buffer) andobeying the interfaceprotocol. The acceler-
atorsweredevelopedusingtheXilinx DCT anddivider coresthat
arefully pipelinedacceptingonesample(of the64 total) eachcy-
cle. Theacceleratorsrun at thePLB clock frequency of 100MHz
to avoid crossingclock domainsandaddedplaceandrouteeffort
but arecapableof muchhigherspeeds.TheDCT andquantizerare
fully pipelinedbut havemany cyclesof latency between�nal input
andinitial output. Handshakingoccursbetweenthequantizerand
theDCT to synchronizethehandoff of coef�cients to bequantized
whennew datais availablefrom DCT. Thequantizerwritesthere-
sultsin row-majororderinto theoutputbuffer. Whenall 64 results
arecomplete,theacceleratortogglesabit in thecontrolregisterthat
thedriver is polling. Thedriver thensetsuptheDMA transferback
to systemmemory, completingthetransactionwith theaccelerator.
Thedriver returnsto theapplication.Theapplicationnow hasthe
transformedandquantizeddataavailablein thesamebuffer passed
to thesystem.Applicationexecutioncontinuesunaltered.

4.3.3 Results

In the original software versionof cjpeg, DCT and quantization
take 8,310processorcycles per macroblock. Table 3 shows the
time to completeDCT andquantizationusingthehardwareaccel-
erator. In hardware,DCT andquantizationtake 987cycles,yield-
ing a speed-upof 8.42x. Whenthe overheadsof the indirect ac-
cessmethodandswitchableinterconnectframework (Figure4) are
takeninto account,thespeedup is 1.58xfor a singleDCT/ quanti-
zationcall.

Whentheindirectaccessmethodis usedwith theswitchablein-
terconnectnetwork, thereis a �x edcostfor makingthesystemcall
that limits potentialspeed-up.A lighter-weightsystemcall could
be implementedto reducethe overheadfrom 35% of the call but
would still be of the sameorder of magnitudeandthus limiting.
However, the remainingcontributersto call overheadcan be re-
ducedin an effort to achieve better performance. Furthermore,
implementingmultiple pipelinesin hardware andexposingmore
parallelismto the acceleratorfurthermitigatesthe costof the call
overhead.

Thecostof settingupDMA transfersconstitutes10%of thecall
time. The per block costcould be reducedby increasingthe size
of thedatablockssentto theaccelerator. In thecaseof JPEGthis
would meansendingan arrayof macroblocksasopposedto pro-
cessinga singlemacroblockwith eachcall. Furtheralterationsto
cjpeg wouldbenecessaryto exposetheparallelismrequiredto send
a largenumberof macroblocksto theacceleratorduringeachsys-
temcall.

Transferringa macroblockfrom thesystemmemoryto theinput
buffer andback to the systemmemoryfrom the outputbuffer of
the acceleratortakes9% of the call time. The datatransfertime
canbeoverlappedwith processorexecutionfurtherincreasingcon-
currency, as DMA doesnot requireCPU supervisiononceiniti-
ated.Thedatacopying neededto move datainto DMA enabledre-
gionsandto guarantyprotectioncanbeavoidedbyusinguserspace
DMA buffers. The applicationdataarraysthat hold the accelera-
tor input canbe markeduncachable.If theprocessoris not going
to make useof the input dataagainsoon(or in thecaseof JPEG,
never again),markingtheregion uncachablewill remove the20%
of theoverheadattributableto coherenceandredistribute it in the
form of word transactionsacrossthePLB insteadof possiblymore
ef�cient cacheline �ushes.

5. RELATED WORK
Previoushybridplatformshave tightly incorporatedrecon�gurable
logic with a microprocessor[2, 6, 15]. Thetight integrationcomes
from augmentingtheinstructionsetarchitecture(ISA) andmicroar-
chitectureof the processorto accessthe acceleratorsvia special
purposeinstructionsinsertedinto theapplication.Themodelpre-
sentedheretakesalesstightly-coupledapproachanddoesnotseek
to alter existing ISAs. By adoptingtheDLL modelandnot alter-
ing theISA, we retaintheportability of theapplicationsacrossthe
generalpurposeprocessorfamily.

Datamovementis the critical bottleneckof many accelerators
andwe have incorporatedthefollowing ideasinto our platform. In
[9], the authorsinvestigatetight integrationof acceleratorswhile
emphasizingtheneedfor fast,coherentmemoryinterfaces.Recent
work using the samehardware platform hasinvestigatedvarious
bus interfacesavailableon the Virtex–II Pro usinga singlemoti-
vating example[12]. In [12], hardware interfacesin the context
of free-standingapplicationsandthe trade-offs involved in attach-
ing hardwareacceleratorsto thesystembusesareinvestigated.The
systemdoesnot have operatingsystemsupportnor canit runstan-
dardapplications.

A moreradicalapproachto systemintegrationandcomputability
is thestreamingcomputationmodel[3]. By providing a consistent
interface,thedevelopersno longerneedto worry aboutbeingtied
to a particularplatform.Largerdegreesof abstractionareprovided
to thehardwareandsoftwaredevelopers,expeditingdevelopment
in a heterogeneoussystem.Operatingsystemlevel interfacesand
integration into softwareapplicationssuchthat they remaincom-
patibleis nota priority of thestreamingcomputationwork to date.

Studiesintegratinghardwareacceleratorsinto theoperatingsys-
temandstandardapplicationsarelessmature.Pastefforts have in-
vestigatedschedulingandresourcesharingfor recon�gurableplat-
formsby application[5]. However, the interfacesutilized by user
applicationsarenot discussed.Thereareseveral proposalsto ex-
tendthreadabstractionto exposehardwareacceleratorsto userap-
plications[1, 11, 16, 17]. Thesesystemsimposean underlying
programmingmodelwhereoneor moresoftware threadsareim-
plementedinto the logic (hardwarethread). In orderfor the soft-
wareandthe logic to communicatewith eachother, synchroniza-
tion mechanismssuchassemaphoreshave to beimplementedinto
the recon�gurablelogic [10]. The interfacebetweentheaccelera-
torsandtheoperatingsystemis a pieceof logic commonlycalled
the hardware threadinterfacethat is implementedby eachaccel-
erator. Supportingadditionalfeatures,suchas messagepassing,
into hardwarethreadsaddsmorecomplexity to bothhardwareand
softwarethreads[13]. Theseworksmay becomenecessaryaswe
exploreinterfacingacceleratorsinto multi-threadedapplications.

6. FUTURE WORK
This work representsthebeginningof a two–prongedapproachto
developingfutureheterogeneousrecon�gurableplatformswith ef-
forts focusedon operatingsysteminterfacesand novel recon�g-
urableplatforms. The �rst major thrustof future work is operat-
ing systeminterfacesadvancesfor recon�gurableaccelerators.Our
secondline of futureresearchis to developmodelsthat re�ect ad-
vancesin systeminterfacesand computermicroarchitecturesfor
usein our framework andin our interfacemodels.

Protectionboundariesmustbe maintained.Usersneedprotec-
tion from eachotherandthe systemfrom maliciousor faulty ac-
celerators.Operatingsysteminterfacesandthedevelopmentof our
framework arekey to investigatingtheprotectionmodelnecessary



for integratingrecon�gurableacceleratorsinto contemporarysys-
tems.

Wearedevelopingoperatingsysteminterfacesthatallow for vir-
tualizationof therecon�gurableresourcesby providing bothhard-
wareandsoftwareimplementationsof theaccelerator. Virtualiza-
tion allows the operatingsystem,guided by systempolicies, to
sharerecon�gurableresourcesef�ciently betweenprocesseswhile
providing a consistentinterfaceto theuser.

Goingforwardwe mustinvestigatethetrade-offs possiblewhen
integratingour acceleratorframework with contemporaryproces-
sors.SynthesizedFPGAlogicprovidesarich prototypingplatform,
but routing the signalnecessaryfor a recon�gurableinterconnect
network representsa challenge. We envision an acceleratornet-
work, businterfaces,andprotectionmechanismsbuilt into thepro-
cessor/recon�gurablelogic hybrid CPU.We connecta smallnum-
berof accelerators,but for futuresystemswheremany accelerators
areavailable,a morerich setof interconnectionswill be needed.
To thatend,appropriatetopologiesfor futurerecon�gurableaccel-
eratornetworksis a focusof our futureresearch.

Finally, thenew modelof accessingrecon�gurablehardwareac-
celeratorsthroughalibrary call interfacerequiresamethodfor soft-
ware developer to target recon�gurableplatforms. The ultimate
goalis to automaticallyidentify sectionsof codesuitablefor accel-
erationat compiletime eitherthroughpro�le data,codeanalysis,
or programmernotation.

7. CONCLUSION
In this work two operatingsysteminterfacemodelsaredeveloped
for recon�gurableaccelerators.We usetheseinterfacesfor appli-
cationsrunningon theembeddedPowerPCprocessorof a Virtex–
II Pro FPGA. The direct accessmodelprovidesonly the support
neededto exposethe acceleratordirectly to the application. The
indirect accessmodel further encapsulatesthe accelerators,pro-
viding greateroperatingsystemcontrol at the expenseof added
overhead. A recon�gurableinterconnectnetwork hasalso been
presentedwith thegoalsof easingdevelopmentanddebuggingof
applicationsacceleratedwith recon�gurablehardware.Theframe-
work providesa consistentinterface,protectionmechanisms,and
reduceddebuggingcomplexity for bothapplicationsdevelopersand
hardwaredesigners.We have provided threeapplicationscapable
of beingrun on conventionalcomputingsystemsandinstrumented
themwithin thecontext of ourprototypeplatform.

As moredie areabecomesavailableto processordesignersand
the performancelimits of power hungry, out of ordersuperscalar
microarchitecturesare reached,parallelismmust be exploited to
achieve futureperformancegains. Simply addingmorecoresto a
chip hasbeenonevenueexploredin commercialdesigns,but such
a philosophydoesnot immediatelyyield increasedperformance.
Integratinghardwareacceleratorsfor heavily usedsectionsof code
canprovide speed-upwithout the addedcomplexity, costand in-
creasedpower budgetof addedcores. This work is an effort to
motivateandenable�ne-grainedrecon�gurablehardwareacceler-
atorsto beintegratedinto a broaderrangeof applicationsby utiliz-
ing a recon�gurableinterconnectnetwork andwell-de�ned hard-
ware/softwareinterfaces.

The OS interface implementationis available from the UIUC
GSRCSoftSystemResearchwebsiteat:
http://www.crhc.uiuc.edu/IMPACT/gsrc
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