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ABSTRACT

We have developedoperatingsysteminterfacesor CPU/FPGAhy-
brid systemgunningstandardapplications.This hybrid modelhas
not enjoyed widespreaduccesspartly dueto the lack of software
supporton the processor This paperpresentsa fully functional
systemwith the GNU/Linux operatingsystemrunningon a Pow-
erPCprocessoembeddeih acommerciaFPGA.Further thissys-
temis usedto prototypea hybrid processor/acceleratexecution
model, implementingthe acceleratorsn the FPGA fabric. This
modelof computationcombineghe e xibility of generalpurpose
processorsvith the performanceandenegy ef ciency of tailored
acceleratohardware. The systemsupportswo alternatve models
for integrating hardware acceleratorsvith the applicationrunning
ontheembeddegrocessarThedirectaccessnodelprovidessim-
ple, low operatingsystemoverheadcommunicationbetweenthe
CPU andthe acceleratorswhereasthe indirect accessmodelin-
creaseseliability andprotectionat the costof additionalrun-time
operatingsystemoverhead. Three standarddesktopapplications
areportedto the system.All shaved positive speedupvhenexe-
cutingwith theacceleratorsDetailedrealhardwaremeasurements
demonstratehe considerationshat mustbe taken into accountin
orderto achieve speedup~vhen porting applicationsinto our sys-
tem.

Categoriesand Subject Descriptors: C.1.3[ComputerSystems
Organization]: ProcessoiArchitectures—Heteogeneous(hybrid)

systemsC.5.m[ComputerSystemgOrganization]:ComputerSys-
temImplementation—Miscellaneous

General Terms: Design,ExperimentationPerformance

Keywords: FPGA, InterconnectsQperatingSysteminterfaces
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1. INTRODUCTION

Trendsin hardware suggesthattransistordensitywill continueto
increasebut betterusageof the availabletransistoraindbetterper
formanceperwatt is needed.Generalpurposeprocessorrovide
good performanceacrossa large variety of programs but are of-
ten too power hungry or too slow for mary embeddedapplica-
tions. Specializedcircuitry can provide the desiredperformance
and power efciency for computationkernels,but is not suitable
for supportinga dynamicmix of commonapplications A possible
hybrid modelis to supplementa generalpurposeprocessomwith
acceleratorsin sucha model,the processoexecutessophisticated
applicationsaswell asoperatingsystemserviceswhile off-loading
computeintensive partsof the applicationto acceleratorgor en-
hancedperformanceand/orpower ef ciency. FPGA devicesthat
incorporategeneral-purpos@rocessorcores, such as the Xilinx
Virtex-1l Pro series[19], provide a promisingmediumfor imple-
mentingthis hybrid model.

However, thework to constructanddeploy acceleratorin these
hybrid FPGA devices for sophisticatedcapplicationsthat execute
understandardperatingsystemsasbeenslow to come.Theneed
hasbecomeeven more urgentas mary video, audio, image and
gameapplicationghat requirestandardoperatingsystemservices
suchas le systemsand networking, are now being portedfrom
desktopwindows andLinux ervironmentsto cell phonesandmo-
bile mediadevices. It is extremely desirablethat future embed-
dedsystemsanruntheseapplicationswhile still achieving perfor
manceand power ef ciency goalswithout signi cant changego
thesourcecode.

We presentwo interfacedesignsin this paper The rst design
providesa direct form of accesgo the applicationon the general
purposeprocessomwhile the secondenablesbetter virtualization
and protectionby further leveragingthe operatingsystem. Fur
thermorewe have developedaswitchablanterconnectiometwork
thatsimpli es theinteractionsbetweerrecon gurableaccelerators
andthe operatingsystemandsenesasa vehiclefor future devel-
opment. We explore our two interface designsusing threeappli-
cation examples: H.263 video encoding,MP3 audio processing
andJPEGimagecompressionWe obtainedour applicationsfrom
opensourcelinux softwarerepositories All of theseapplications
dependuponLinux operatingsystemsupport,suchas le system



Figure 1. Computation Models

and audioand graphicsdevice drivers. If suchsupportis absent,
a substantiaBmountof applicationand systemmodi cations are
necessarjust to gettheapplicationto function.

This paperis organizedasfollows: Section2 describesn detail
our systemsetup;Section3 exploresa directmethodfor accessing
acceleratorsSection4 examinesa secondinterface methodand
a switchableinterconnecframevork incorporatednto this model;
Sectionb coversrelatedwork; Section6 describeduturework; and
Section?7 concludeghe paper

2. THE SYSTEM
2.1 Application DesignModels

Four differentapplicationdevelopmentmodelsare consideredn
the context of the prototypeplatform: two modelsfamiliar to the
recon gurablecomputingcommunityandtwo thatwe proposefor
moving toward the integration of recon gurablecomputingwith
generapurposeapplications Figurel shavstheabstractiodayers
for eachof thede ned models.

The way of approachingoftwaredesignon contemporangen-
eral purposecomputingplatformsis shawvn in Figurel(a). In such
amodel,theentireapplicationrunson agenerapurposeprocessor
withoutacceleratiout with operatingsystermsupport.Figurel(b)
shavs one methodfor developingapplicationghatmorefully uti-
lizestheresource®f an FPGAwith anembeddegrocessarThis
hybrid CPUwith acceleratomodeldoesnotallow for standardiser
andcommerciabpplicationgto run on the processorFurthermore,
the embeddedCPU is frequentlyrelegatedto merelydatatransfer
and minimal control tasks,which underutilizes the power of the
generapurposeprocessar

We exploretwo alternatve methodgo fully exploit the capabil-
ities of ahybrid CPUandFPGA system.The rst methodwe call
directaccessandis illustratedin Figurel(c). Partof theapplication
hasbeensynthesizedis acceleratorsn the recon gurablefabric.
The acceleratorsire mappeddirectly to the application,indicated
by the tunnelbetweenrthe part of the applicationon the CPU and
thepartonthe FPGA.This achiezesthelow overheadf themodel
shawvn in Figure 1(b) while keepingthe applicationin the context
of awidely available,conventionaloperatingsystem. Figure 1(d)
illustratesfurther encapsulatiorf the recon gurableresourcesn
our indirect accessmnodel. In this model, partsof the application
are isolatedand mappedthroughwell-de ned interfacesinto the
recon gurablesubstrateas acceleratorghat can be accessedn a
fashionsimilarto library calls. The operatingsystemabstractand
protectsthe acceleratoresourcedy providing indirectaccessia
stubsextendingfrom the differentpartsof the applicationinto 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.Althoughthe directaccessnethodprovidesless
virtualizationsupporthantheindirectaccessnethod wewereable
to performlow level timing optimizationsunderthatmethod asis
discussedn Section3.4.1.

The direct and indirect modelsenablethe applicationto make
useof all of the servicesthe operatingsystemoffers andto take
adwantageof the wide array of development,hardware, and soft-
warelibrary supportavailableunderLinux. Thiswork exploresthe
directmethodin Section3 andtheindirectmethodin Sectior4.

2.2 Hardware

We usethe Xilinx University Program (XUP) developmentboard
thatusesheVP30Virtex—Il Pro[19] FPGA.As shavnin Figure2,
two PonverPC405CPUsare embeddedn the FPGA fabric with
30,816logic cells. Only oneof theprocessorgunningat300MHz,
is usedfor this work. Thereare 136 hardwired2 KByte blocksof
dual-portednemoryembeddedn the recon gurablefabric. They
arereferredto asBlock RAM (BRAM). The BRAMSs areseparate
from the main memory and are capableof running at processor
clock speeds. The platform supportsthe 64-bit Processot.ocal
Bus (PLB) at 100 MHz, the 32-bit Data Side On-Chip Memory
bus (OCM), the On-chipPeripheraBus (OPB),and32-bit Device
Control Registers(DCR). Not all of the busesareinstantiatedor
all of thetestapplicationslt is importantto notethatall busesand
peripheralsareimplementedn the FPGAfabric.

Trade-ofs aboundwithin the context of the XUP infrastructure
(SeeTablel). The OCM enablesleterministicjJow lateny access
to smallamountsof memoryrealizedas BRAMs andis accessed
by the processousing 32-bitloadsandstores.The OCM requires
four cyclesfor the rst load,threecyclesfor the rst storeandcan
completea load or storeevery two cyclesafterthe rst. Further
more,the OCM requiresthatphysicalandvirtual addressematch,
placing an additionalconstrainton the bus. The PLB canaccess
a 32-hitaddresspaceallowing for large memories.Furthermore,
thePLB provideshighthroughputransfersThePLB canmake use
of directmemoryacces§yDMA) with the processqrsystemmem-
ory and acceleratoflocal buffers. The DCRs are a separatd/O
facility providing 1024possibleregisterssynthesizedh the FPGA.



The registersare accessedising privileged instructionsand take
threeprocessocyclesto complete. Their accesseare not routed
throughthe memorymanaementunit (MMU) of the PPC405ye-
moving contentiorissueswith otherbuses.Se€[12] for anin-depth
studyof thetrade-ofs inherentin thesebuses.The OPB connects
peripheralgo the system.The OPBis inferior to the PLB in every
respectandwasnot usedto interfaceaccelerators.

2.3 Software

Thehardwareplatformrunsthe GNU/Linux operatingsystenrun-
ning on oneof the PaverPC405rocessorslt is basedn the of -
cial PaverPCportof the Linux 2.4 kernel.

All timing measurementare madeusing the 64-bit time base

facility of the PonverPC[18] to give cycle accuratemeasurements.

Eachcall to the time baseis encapsulatedy sync instructions
to ensurethat all pending—andpossiblycostly—hus transactions
have completedprior to takingatime measurementnsertingsyn-
chronizationinstructionsalso makes certainthat no unrelatedin-
structionsareallowedto contrituteto the measurementOur mea-
surementshav that accessinghe time baseand synchronization
addsfewer thantenprocessocycles(34 ns)to our measurements.

3. DIRECT ACCESSMODEL

I n this model of applicationsrunning on a corventional operat-
ing systemaccessingecon gurableacceleratorsthe accelerator
resourcegremadedirectly accessiblao the applications.Theac-
celeratorareaccessewith standardoadandstoreinstructions.In
thedirectaccessnodel,the operatingsystemsetsup andremoves
thenecessarynappingshut is otherwiseransparento theapplica-
tion. Thedirectaccessnodelis basedon memorymappingfacil-
ities provided by the Linux kernelandareaccessiblesia standard
libraries.

3.1 Operating Systeminterface

The operatingsysteminterfacein the directaccessnodelconsists
of asingleopen() systemcall to accesshesystems physicalad-
dressspacedollowed by anmmap() systemcall to maptheaccel-
erators addresspacento the virtual addresspaceaccessiblédy
the application asillustratedin Figure1(c). The mappingenables
proper virtual-to-physicaladdresstranslationto accessBRAMs,
memory-mappedegistersor internalmemoryof the accelerators
attachedo eitherthe OCM or PLB.

Thememorymappingapproachallowstheapplicationto interact
directly with the acceleratousingstandardoad andstoreinstruc-
tions to virtual addressesieducingsoftware compleity. It also
reducegheoverheadf settingup andaccessingheacceleratoon
apercall basis.

Theregion mappednto theapplicationcanbe accessety mul-
tiple applicationsf themmap() call is madeandtheregionis not
subsequentlyocked. However, preemptionby the operatingsys-
templacesheburdenof synchronizatioron the application.When
themappings madeexclusive by locking, only oneapplicationcan
accesghe acceleratoat atime. If the acceleratois locked, each
applicationholdsthe acceleratountil it releasesccesdo it with
theunmap() systemcall or the applicationexits. If ary otherap-
plicationattemptso maptheacceleratowhile anotherapplication
hasit mappedthe operatingsystemwill causehemmap() call to
fail. Disallowing sharingin this modelrenderscritical sectionsun-
necessarandavoidsunnecessargverheadf thereis aone-to-one
mappingbetweerapplicationsandaccelerators.

Memory mappingfrom anapplicationrunningon top of afully-

edged operatingsystemenablesconsistentinterfaceswith low
overheado bedeveloped.Applicationdeveloperscanencapsulate
aportionof theirapplicationasafunctionandmapit to arecon g-
urableaccelerator A simplesoftwarestubwill thenbe generated
to encapsulatéheaccesso theacceleratarThedeveloperreplaces
thefunction call in the softwareapplicationwith a call to the stub
instead We presentwo examplesof suchaccessemanticsn Sec-
tion 3.3andSection3.4.

3.2 Lessond.earned

The datacommunicationoverheadbetweenthe CPU and the ac-
celeratoiis critical to performancevhenusing ne-grainedaccel-
erators,onesthatrequirefrequentcommunicatiorwith the restof
theapplication.Polling or aninterruptsynchronizationmechanism
is neededor acceleratorsvith largergranularity onesthatoperate
on biggersegmentsof data. Polling usingthe PLB will leadto a
biggeroverhead sinceeachreadto the PLB costsup to 21 CPU
cycleswhenthereis no contentionon the bus andfar moreshould
arbitrationbe necessaryTheimpactof arbitrationcaneasilyerase
ary gainsof ne—grainedacceleratorn our prototypeaseachar
bitrationcosts fteen cycles.

The cost of datatransferand synchronizatiorreadswould in-
creaseon a systemwheredatais streamedrom oneacceleratoto
anotherusingthe main systembus. In suchan environment,syn-
chronizationreadscoming from the processorand datatransfers
from one acceleratotto the otherwould be in contentionfor the
bus. As aresult,half of theaccessewould incuraddedateny and
could in effect slov down the computation further underscoring
theimportanceof prudentacceleratoto-interfacemapping.

From a practicalpoint of view, developing hardware accelera-
torsrequiresunderstanding setof bus protocols.Our experience
shavsthatmuchof thedevelopmentimeis devotedto dealingwith
the interfacebetweerthe acceleratoandthe bus. Acceleratorde-
velopmentis protractedby the useof multiple buses,optimizing
for acceptablg@erformanceandthe needto move betweerdiffer-
ing platforms. If a restrictedview of the system—optimizedor
acceleratointeractions—ispresentedo the acceleratodesigner
developmenteffort canbereducedgreatly

3.3 Example: Video Encoder

H.263videoencoding8] achiezeshigh compressiomatiosby tak-
ing advantageof both spatialandtemporalredundang in the sig-
nal. Spatialcompressiorfis achiezedthroughdiscretecosinetrans-
form (DCT) andquantizationsimilarto JPEGencoding.Temporal
compressiolis achievedthroughmotionestimationME). Thecur
rentframeof thevideois dividedinto macoblodks, eachof which
is a 16 by 16 pixel block. The macroblocksare then compared
againstthe previous frameto nd asclosea matchaspossibleby
calculatingthe sumof the absolutedifferences(SAD). The differ-
encedetweerthesamplewith thesmallestSAD in thesearcharea
andthe currentmacroblockis encodedas a motionvector (MV).
Sinceonly the changedrom frameto frameareencodedthe en-
coded le sizeis greatlyreduced.

3.3.1 Design

Full-searchME makesup 73%of thetotal executiontime in a soft-
wareimplementatiorof H.263. Consequently}cheapesearchalgo-
rithmssuchasdiamond-searchrenormallyemplo/edin software.
Thereare variousME algorithmsallowed underthe H.263 stan-
dard.Theprimarydifferencebetweereachalgorithmis thenumber
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Figure 3. H263 Video Encoder Data Flow

of comparisonggainsthe previous frameperformed.Full-search
ME is very expensve in softwaredueto thelargenumberof mem-
ory accessediranchesndsubtractionsequiredfor computingand
comparingthe SAD values.Diamondsearchs a heuristicthatre-

ducesthe computationakost of motion estimationby examining
only asmallsubsebf themacroblocksn thepreviousframe.How-

ever, this resultsin inferior encodingguality asthe searchcouldbe
trappedin alocal minimum. Our experimentsdemonstratea typi-

calincreaseof 20%in le sizefor diamondsearchoverfull-search
ME.

A versionof full-searchME is implementedasa hardware ac-
celeratorto demonstrateéhe potentialfor coarse-grainedccelera-
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.The currentmacroblockis comparecdhgainstall pos-
sible combinationswithin the searcharea,shifting pixel by pixel
to searchfor the bestmatch. This resultsin 256 comparisonsor
SAD computationspercurrentmacroblock/searchreapair. Since
the SAD computationganbeperformedn parallel,theaccelerator
was madewith 256 SAD unitsto realizefull parallelization. The
software-onlyversionperformsall 256 computationsequentially

Theoriginal MotionEstimation() functionis replacedvith
anew functionto performdatamarshalingdatatransfersandset-
ting the readybit on the acceleratoto initiate computation—albf
the corecomputation®of ME arenow performedon the hardware
acceleratorThesoftwarepolls a pre-de nedaddresandwaitsun-
til the acceleratois nished. A single2 KByte block of BRAM
con guredto be 32 bitswide with 512 entriesis instantiatedo act
asthe memoryinterfacebetweerthe CPU andacceleratorArchi-
tecturally the BRAM attachedo the OCM is mappednto arange
within thephysicaladdresspaceof theprocessoat synthesisThe
applicationthenusesthe methoddescribedn Section3.1to obtain
directaccesdgo theacceleratomemory

3.3.2 DataFlow

Figure 3 shavs the data o w for the H.263 video encoderwhen
usingthe hardwareaccelerator:

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

2. The applicationon the CPU writes the datafor the acceler
atorinto the BRAM thathasbeenmemorymappednto the
applications virtual addresspace.The applicationtells the
acceleratoto 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
AcceleratoitComputation 5,400 18
ReadFrom Accelerator 300 1
Total time percall
Full SearchHW) 96,480 322
DiamondSearchSW) 174,911 583
Full Search(SW) 639,925 2,133

Table 2. MotionEstimation() Transaction Times
3. The acceleratoreadsand writes to the BRAM while per
formingits computations.

4. Theacceleratosignalsto the applicationon the CPU thatit
is nished with its computations.The datais readfrom the
BRAM andputbackinto mainmemory

3.3.3 Results

We usethe time basefacility for all measurementssdetailedin
Section2.3. Table2 shavs the breakdavn of the time spentusing
the ME acceleratoendhow muchtime ME takesin software. The
acceleratoimplementatiorof full-searchME speedsip execution
by 6.6x. It is even 1.8x fasterthandiamondsearchin software.
open() andmmap() arecalledonceatthe beginningof the ap-
plication, thusthey areoverheadghatareeasilyamortized.A lot
of timeis spentmarshalingandtransferringthe datafrom the CPU
to the acceleratodueto the large amountof datainvolved. This
costis incurredon every invocationof the accelerator Figure 4
shaws the breakdavn in termsof percentages93.73%of thetime
is spentmarshalingandtransferringghe datafrom mainmemoryto
BRAM ontheacceleratqr6.06%is spentwaiting for theaccelera-
torto completecomputationand0.21%is spenteadingthemotion
vectorandSAD valuesbackto the CPU.However, theratio of data
transferredo andcomputatiorperformedontheacceleratocanbe
improved. Onepossibility is to leveragethe overlapof the search
areador differentmacroblocks Currentlythe entiresearchareais
sentanav with eachmacroblock.



3.4 Example: Audio Processing

Madplay[14] is an MP3 playerapplicationavailableon the Linux
platform. It decodesninput le andsendghe outputto theaudio
hardware,which expectsaudiosamplesof 16 or 24 bits. However,
therepresentatioof audiosampledrequentlygrows beyondthese
bit widthswhile undegoingprocessingConsequenththesamples
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 diskanddecodedt to produce
1192samplegerchannel. Therearetwo channels|eft andright.

Theinnerloop processeall of thesamplesfrom bothchannelsby

performingditheringandthentruncation.

Dithering takes one input sampleand producesan outputsam-
ple while maintainingprevioussamplesiecessarfor computation.
Ditheringcanperformbetteron hardwarethansoftwaredueto the
inherentparallelismof its algorithm, where several intermediate
datacanbeproducedn parallel. Theditheringacceleratoconsists
of two ditheringblocksthatoperateat 25 MHz, eachwith a 32-hit
inputregisteranda 16-bitoutputregister Thetwo ditheringblocks
representheleft andright channelsn audio. Theacceleratomter
faceswith the processoby meansf threememory-mappedegis-
ters. Theregistersconsistof two 32-bitinput registersanda single
32-bit outputregisterthat meigesthe outputfrom the two internal
dithering blocks. The CPU writes to the input registersone at a
time andthenperformsa singlereadto retrieve the output.

Madplay mapsthe dithering acceleratointo its virtual address
spaceby usingthe methoddescribedn Section3.1. Eachcall to
the software ditheringhasbeenreplacedwith two standardstores
to theinputregistersanda singlereadfrom the outputregister

Eventhoughwe leveragedhe interfacesupportin mappingthe
ditheringacceleratomto the virtual addres®f the application,we
werealsoableto take advantageof certaintiming characteristicin
the hardware. By takinginto accountthe intricaciesof communi-
catingover the PLB bus, we wereableto completelyoverlapthe
communicatiorbetweerthe CPU andthe acceleratowith the exe-
cutionof theacceleratoitself, providedthe executiontime is short
enough. This also allowed us to avoid introducing synchroniza-
tions. Our experimentsusingthe time baseshav thatin the best
casescenarioj.e., no arbitration,readsandwrites to the accelera-
tor take 21 and20 CPUcycles,respectiely. However, thesearethe
delaysasseenby the CPU. The acceleratoactuallyseeshe write
soonetbecausehereis anacknavledgmentfrom the PLB busback
to the CPU.The acceleratonlsoseeshe readsomecyclesafterit
is issuedby the CPU beforethe resultis taken back. Therefore,
thereis atleastan 18 cycle window betweernwhenthe accelerator
recevesthewrite andthereadrequesevenif thetwo instructions
areissuedback-to-back.Sincethe dithering acceleratotakes 12
CPU cyclesto complete,its executiontime is always completely
masled by the communicatiortime, evenif arbitrationlengthens
thecommunicatiortime. As long astheditheringacceleratois not
shared,jts designensureghat the outputremainsvalid until read
by the CPU.

3.4.2 DataFlow

The call to the software dithering routine hasbeensubstitutecby
two storesto the acceleratoinput registersandonereadfrom the
outputregister Thisvalueis thenwritteninto theapplicationoutput
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Figure 5. Dithering Data Flow

buffer by the processorFigure5 shavs the data o w for madplay
whenthe hardwareaccelerators used:

1. Onesampleper channelis readfrom the main memoryby
theprocessor

2. Theapplicationwritesboth samplesnto the acceleratoand
getstheresultback.

3. The processodoessomepost-processingndstoresthe re-
sultinto themainmemory

3.4.3 Results

Onthereferenceplatform,the softwareditheringtakes50 CPUcy-
cles per channel,whereasthe hardware implementatiorntakes 12
CPU cycles, resultingin an achieved speed-upof about4.1x for
ditheringexecution. However, thereis alot of datamovementin-
volvedin usingtheacceleratgrasindicatedby stepg1) through(3)
in Section3.4.2.If thedatamovementis takinginto consideration,
theachieved speed-upecomed.42xfor dithering.

The numberof CPU cyclesspenton eachof the previously de-
scribedstagesiasbeenmeasuredsingthetime baseregisterof the
PawverPCasdescribedn Section2.3. Figure4 shavs theseresults
asa percentag®f the total time for a single call to the dithering
accelerator The computatiortime in the acceleratodoesnot ap-
pearin the gure sinceit happensn parallelwith the datatransfer
Eachinputis processeavhile the acknavledgmentfor the storeis
sentbackto the processorThe communicatiortime from the CPU
to theacceleratotakes 82% of thetotal time, whereagettingthe
inputfrom theacceleratois 18%.

4. INDIRECT ACCESSMODEL

We have implementedca methodfor interfacingrecon gurableac-
celeratorawith embeddegrocessorin aconsistenandeasilyde-
buggablefashionusing the indirect accessmodel as depictedin
Figure1(d). Currently every time an acceleratois implemented
onanew platform,thesystemdesignemustlearntheintricaciesof
abus. Moreover, the designemustbe concernedvith application
integrationanddehuggingin aheterogeneousystem.Doing sore-
quireshoth extensie software developmentand hardware design
skills. Acceleratorintegrationis further exacerbatedy unavail-
able,or inaccuratenodelsof the system.Acceleratorsnteracting
with theoperatingsystemanduserapplicationgaiseshe comple-
ity that mustbe navigatedby the systemdesigner In an effort to
reducethe burdenon applicationdevelopersand acceleratorde-
signerswe have implementeda switchableinterconnectnterfaced
with userapplicationsusingthe indirectaccesamodeldeveloped.
Figure 6 depictsa high-level view of our system. We give JPEG
compressiomunningon our FPGA-baseglatformasanexample.
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Figure 7. JPEG Encoder

4.1 Operating Systeminterface

Accessinghe hardwaredirectly enableghe developmentof anef-
cient accessmodel without the recurring overheadincurred by
addingan abstractionlayer However, thereare mary caveatsto
suchadesign.Direct mappingof device resourceénto anapplica-
tion canlimit concurreng. In suchamodelonly a singleapplica-
tion canaccesshedevice, blockingaccesso it for anindeterminate
amountof time. Moreover, the natureof directmappingdoesnot
provide a mechanisnto protectuserapplicationsfrom eachother
nor the systemfrom the applications. The indirect accesamodel
forceseachcall to the acceleratoto go throughthe operatingsys-
tem providing a layer of protection. Furthermoresuchan access

modelallows for more ne-grainedresourcananagement.

The acceleratorsare interfacedwith the applicationthrougha
Linux charactedevice driver. A device driver interfaceis neces-
saryfor DMA andaccesgo protectedesourcesuchasthe DCRs
on our platform. The applicationobtainsaccessand resetsthe
acceleratoby rst issuinganopen() systemcall. The call to
the hardware acceleratedunctionin the software—onlyversionis
replacedby anioctl() systemcall. Whenthe applicationno
longerrequiresthe acceleratgrthe applicationcalls the driver im-
plementatiorof close()  to freetheaccelerator Concurrentac-
cessto the device is controlledat the granularityof anioctl()
call, i.e., multiple applicationscanhave the acceleratopbpencon-
currentlyandwill block whenattemptingto accesshe busyaccel-
erator

Whentheapplicationmalkesanioctl() call, it includesauser
spacepointerto anarrayof independentelateddatavaluesthatare
processedby the acceleratgror blodks andthe numberof blocks
in thearray Thedevice driverthenprocessetheblocks,executing

themontheacceleratorThecall returnscontrolto thecallingappli-
cationuponcompletionof the lastblock. Processindplocksinside
the systemcall bagins by copying the dataof a singleblock from
theuserarrayinto astaticallyallocatedMA—capablebuffer inside
the driver. The buffer is thenexplicitly ushed from the cacheto
ensurecoherencavith the systemmemoryvia thePLB. DMA con-
trol registersare setup for the transferandthe datamovementis
completedOnceall of thedatais movedfrom thebuffer in system
memoryvia the DMA controllerinto the local input buffer of the
acceleratarthedriver startsthe executionof theacceleratorDCRs
areusedby the acceleratorso communicatecontrolandstatusin-
formation. Thedriver pollsona DCR, waiting for theacceleratoto
complete.Whenthe acceleratois nished, the datais placedinto
an outputbuffer andthe driver is allowed to proceed. The driver
invalidatesentriesin the cacheto ensurecoherencéeforesetting
up aDMA transferfrom the acceleratoinput buffer to the system
memory Theresultdatais thencopiedfrom theDMA buffer to the
userspacebuffer thatoriginally containedheblock. Theaccelera-
tor continuego proces®locksof datain this mannerandwhenall
have completedthe systemcall returnsto the application.

4.2 Accelerator Inter connectFramework

To provide interfacedor acceleratodeveloperswe presentaiswitch-
able acceleratointerconnechetwork, a framavork providing the
componentsecessarjor mappingthe data o w of accelerators
into a simpleinterface. Whencombiningour framevork with the
indirectmethodof acceleratomccesspur switchableinterconnect
network providesinterfaceconsisteng andsimpli es development.
In contrast,by directly mappinghardware resourcesgvery nev
applicationmustdevelop a hardware interface, breakingcompat-
ibility and exacerbatinghe alreadydif cult taskof deluggingin
a heterogeneousrvironment. Moreover, redeseloping the inter-
connectionsn therecon gurablelogic for eachacceleratofailsto
take advantageof the commonality Partsof the designthatdo not
changebetweeracceleratorge.g.,the switchableinterconnecpre-
sentechere)canbeimplementedn faster denserembeddedogic
in theFPGAasmultipliersandBRAMSs aretoday

Thedevelopmentplatformasdescribedn Section2.2 allows for
awide rangeof choicesregardinghow acceleratorsreinterfaced
with thesystem Dueto themedium-sizediatatransferburstspos-
siblewith our examplesthe PLB is chosemasthe systeminterface
for theacceleratorssshavn in Figure7. By placingthe accelera-
torsonthePLB, burst-orientedMA transfersareenableetween
systemmemoryandthe acceleratorsinput and outputbuffers as
depictedin Figure6. In future systemsthe abstractiorprovided
by the framavork will allow designergo explore differentbuses
withoutconstantlyrekuilding theiracceleratorsControlsignalsare
exchangedwith the acceleratoiframevork using Device Control
Registerswhich areindependenof the PLB bus. ChoosingDCRs
avoids contentionfor the bus betweenthe processorand the ac-
celeratorcontrolregistersaswould be the caseif memory-mapped
registerswereused.

The acceleratoinput and outputbuffers areinstantiatedastwo
x ed-logicBRAMSs constitutingindependenbanksfor input and
output. Datamavementof blocks betweensystemmemoryand
acceleratomput andoutputbuffersis handledvia DMA transfers.
Providing largerinternalbuffers,addedacceleratocontrol,andex-
posingmoreparallelismin theapplicationwould allow for multiple
blocksto be sentpertransfer amortizingthe startupcost(Table 3
lines1, 2, and5) of aDMA transactioracrossmore executionon
theacceleratoframevork.

All component®f the acceleratointerconnecframevork have
beenimplementedas library componentsvailable 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. Eachacceleratoiis connectedo the switchablenetwork
via a setof well-de ned interfacesfor moving datainto andout of
theindividual acceleratorsThe goalis to provide a reduceccom-
plexity interfacethatremovesthe burdenof businterfacing, DMA
transfersand o w control betweermultiple acceleratorsvorking
in concert. Furthermoreproviding a constrainedriew of the sys-
temenableguturetechnologiegi.e.,compilers}o moreeasilymap
portionsof a softwareapplicationinto recon gurableaccelerators
runningon the switchableinterconnechetwork.

Wede ne arecon gurableframeastheprede nedareaof recon-
gurable fabricthatcanbecon guredasasingleacceleratoentity.
Eachframeconsistof asetof inputandoutputsignalshatinclude:
adatabusin eachdirection,anaddressusidentifying the current
valueenteringor exiting the acceleratqrhandshakingo convey to
thesubsequerdcceleratothatdatais available,andback-pressure
assertiorwhenthe currentacceleratomuststall. The useof hand-
shaking,an asynchronousnterface,allows for differentstageso
take variableamountsof time andallows for the removal of cen-
tralized controllogic from the acceleratoframevork. All datain
the network o ws in onedirectionfrom input to output. Besides
providing a consisteninterfacesothatacceleratorsanbe plugged
into andout of the switchablenetwork easily the oneroustask of
dehuggingis simpli ed. The acceleratodeveloperneedonly be
cognizanof thereducedcompleity interfaceto theswitchablenet-
work andnotwith thetiming of memorymovementandapplication
interfacing.

A long termgoal of this projectis to enabledynamicrecon gu-
ration of accelerator$o matchthe changingneedsof the applica-
tionsrunningon the system.An opportunityto adaptthe hardware
acceleratorgn-the- y is partialruntimerecon guration[4]. How-
ever, partialruntimerecon gurationis aslowv processomparedo
acceleratoexecutionand operatingsystemcontet switch times.
Having aswitchablenetwork allows for fastswitchingbetweernres-
identacceleratorsAn exampleis oneuserencodinga JPEGimage
while anotheris compressingan audio le. As the systemshares
the processoresourcedetweenthe two applicationst mayalso
beadwantageou$o sharerecon gurableresourcesBy having both
acceleratorgor JPEGandfor ditheringresidentin the switchable
interconnecframenork, the operatingsystemcantime multiplex
the acceleratoresourceswith the granularityof a few cycles. If
runtime recon guration were usedas the only meansof sharing
therecon gurableresourcesmary microsecondsvould bewasted
duringacceleratoswapping.A furtherbene t of a switchablenet-
work for interconnectingecon gurableframess theelectricaliso-
lation neededo enableruntimerecon guration.

4.3 Example: JPEG Encoder

JPEGimage compressiorhasbeenacceleratedy instrumenting
discretecosinetransform (DCT) and quantizationin the FPGA
fabric using the indirect mappingoperatingsysteminterface and

the switchableinterconnecframevork. JPEGimagecompression
provides numerousopportunitiesfor acceleratiorin FPGA-based
logic dueto its inherentmedium-grainedind coarse-grainegar
allelism. The cornversionof an uncompresseémageto a JPEG
compressedmageis performedon 8x8 pixel blocks called mac-
robloks The original imageis partitionedinto macroblockshat
canbe processedn parallel. Eachmacroblockis corvertedfrom
RGB colorto YUV color, representinguminanceandtwo chromi-
nancechannels A 2—dimensionaDCT is thenperformedon each
of the macroblockdor eachof the channels.Quantizationis then
appliedto the transformedmacroblock. All the macroblocksare
then sequentiallycompressedn two steps: run-lengthencoding
(RLE) andHuffman codingyielding the nal, compresseimage.
As motivatingexampleswe have choserDCT andquantizatioras
component®f JPEGto accelerataisingthe platformdescribedn
Section2.2.

4.3.1 Design

We have chosento acceleratehe IndependendPEGGroupss lib-
jpeg implementatiorof a JPEGcompressionitility—cijpeg [7]. In
the context of cjpeg, DCT and quantizationsene as examplesof
medium-grainedo coarse-grainedcceleratorsTheminimumblock
sizeof atransactiorwith eitheraccelerators the 64 elementson-
stituting a single macroblock. Eachelementis composedf two
bytesresultingin a minimum transferto or from the accelerator
of 128 bytesof data. An additional motive for choosingDCT
and quantizationto implementas acceleratorss their data ow
relationship—eacimacroblockmust rst betransformedandthen
quantizedIn cjpeg onal.4megabytetestimageusingintegeronly
arithmeticanddefault quality setting,27 percentof the processing
time wasfoundto be spentin quantizatiorandDCT. If bothDCT
andquantizeareimplementedn hardware and connectedthere-
sultsof DCT canbe pipelineddirectly into the quantizer Connect-
ing two acceleratorend-to-endsaresa costly bus transferfurther
increasingperformance.

To illustrate the switchableinterconnectnetwork, an example
of JPEGusingseparatddCT and quantizeracceleratorss imple-
mentedand integratedwith the framewvork asshavn in Figure 6.
A macroblockis computedwithin the JPEGencodersoftwareand
is availablein a 64-entryarray of 16-bit values. The application
deliversthis block to the acceleratothroughthe operatingsystem
interfaceasa pointerto the userlevel buffer. The call to the ker
nel replaceshe original DCT functioncall. A systemcall is then
made,moving the datafrom the systemmemoryto the accelera-
tor input buffer via aDMA transactionThe only changesnadeto
the original softwareversionof cjpeg arethatthe loop performing
guantizationis removed andthe call to a software DCT routineis
replacedby anioctl() systemcall to our driver interface.

4.3.2 DataFlow
Thedata o w throughthe acceleratorbegginswhenthedriver:

1. setsacontrolregisterwith thecon guration of theintercon-
nectsfor thegivenblock,

2. copiestheinputuserarrayinto asystemDMA buffer andin-
vokesDMA to transfertheinput datato theacceleratomput
buffer and

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



A simple statemachinethatis internalto the active accelerator
startsthe o w of databy communicatingvith thelocal storag€i.e.,
the input buffer) andobeying the interfaceprotocol. The acceler
atorsweredevelopedusingthe Xilinx DCT anddivider coresthat
arefully pipelinedacceptingonesample(of the 64 total) eachcy-
cle. Theacceleratorsun atthe PLB clock frequeng of 100 MHz
to avoid crossingclock domainsand addedplaceandroute effort
but arecapableof muchhigherspeedsThe DCT andquantizerare
fully pipelinedbut have mary cyclesof lateng betweennal input
andinitial output. Handshakingpccursbetweerthe quantizerand
the DCT to synchronizehe handoff of coefcients to bequantized
whennew datais availablefrom DCT. Thequantizemritesthere-
sultsin row-majororderinto the outputbuffer. Whenall 64 results
arecompletetheacceleratotogglesabit in thecontrolregisterthat
thedriveris polling. ThedriverthensetsuptheDMA transfetback
to systemmemory completingthetransactiorwith theaccelerator
Thedriver returnsto the application. The applicationnown hasthe
transformedandquantizeddataavailablein the samebuffer passed
to the system Applicationexecutioncontinuesunaltered.

4.3.3 Results

In the original software versionof cjpeg, DCT and quantization
take 8,310 processorcycles per macroblock. Table 3 shavs the
time to completeDCT andquantizatiorusingthe hardwareaccel-
erator In hardware,DCT andquantizatiortake 987 cycles,yield-

ing a speed-upf 8.42x. Whenthe overheadf the indirect ac-
cessmethodandswitchableinterconnecframevork (Figure4) are
takeninto accountthe speediupis 1.58xfor asingleDCT/ quanti-
zationcall.

Whentheindirectaccessnethodis usedwith the switchablein-
terconnechetwork, thereis a x edcostfor makingthe systemcall
thatlimits potentialspeed-up.A lighterweight systemcall could
be implementedo reducethe overheadfrom 35% of the call but
would still be of the sameorder of magnitudeand thus limiting.
However, the remainingcontributersto call overheadcan be re-
ducedin an effort to achieve better performance. Furthermore,
implementingmultiple pipelinesin hardware and exposingmore
parallelismto the acceleratofurther mitigatesthe costof the call
overhead.

Thecostof settingup DMA transfersconstitutesl 0% of thecall
time. The perblock costcould be reducedby increasingthe size
of the datablockssentto the acceleratorin the caseof JPEGthis
would meansendingan array of macroblocksas opposedo pro-
cessinga singlemacroblockwith eachcall. Furtheralterationsto
cjpeg would benecessario exposetheparallelismrequiredto send
alarge numberof macroblockdo the acceleratoduring eachsys-
temcall.

Transferringa macroblockirom the systemmemoryto theinput
buffer and backto the systemmemoryfrom the outputbuffer of
the acceleratotakes 9% of the call time. The datatransfertime
canbeoverlappedvith processoexecutionfurtherincreasingcon-
curreng, as DMA doesnot require CPU supervisiononce initi-
ated.Thedatacopying neededo move datainto DMA enablede-
gionsandto guarantyprotectioncanbeavoidedby usinguserspace
DMA buffers. The applicationdataarraysthat hold the accelera-
tor input canbe marked uncachablelf the processois not going
to make useof theinput dataagainsoon(or in the caseof JPEG,
never again),markingthe region uncachablevill remove the 20%
of the overheadattributableto coherenceandredistrituteit in the
form of word transactiongcrosghe PLB insteadof possiblymore
efcient cachdine ushes.

5. RELATED WORK

Previoushybrid platformshave tightly incorporatedecon gurable
logic with amicroprocessof2, 6, 15]. Thetight integrationcomes
from augmentingheinstructionsetarchitectur€ISA) andmicroar

chitectureof the processotto accesshe acceleratorwvia special
purposeinstructionsinsertedinto the application. The model pre-
sentecheretakesalesstightly-coupledapproactanddoesnot seek
to alter existing ISAs. By adoptingthe DLL modelandnot alter

ing the ISA, we retainthe portability of the applicationsacrosshe
generalpurposeprocessofamily.

Data movementis the critical bottleneckof mary accelerators
andwe have incorporatedhefollowing ideasinto our platform. In
[9], the authorsinvestigatetight integration of acceleratorsvhile
emphasizingheneedfor fast,coherenmemoryinterfaces.Recent
work using the samehardware platform hasinvestigatedvarious
bus interfacesavailable on the Virtex—Il Pro usinga single moti-
vating example[12]. In [12], hardware interfacesin the context
of free-standingpplicationsandthe trade-ofs involvedin attach-
ing hardwareaccelerator$o thesystembusesareinvestigatedThe
systemdoesnot have operatingsystemsupportnor canit run stan-
dardapplications.

A moreradicalapproacho systemnintegrationandcomputability
is the streamingcomputatiormodel[3]. By providing a consistent
interface,the developersno longerneedto worry aboutbeingtied
to a particularplatform. Largerdegreesof abstractiorareprovided
to the hardware and software developers,expediting development
in a heterogeneousystem. Operatingsystemlevel interfacesand
integrationinto software applicationssuchthatthey remaincom-
patibleis nota priority of the streamingcomputatiorwork to date.

Studiesintegratinghardwareacceleratorfto the operatingsys-
temandstandardapplicationsarelessmature.Pastefforts have in-
vestigatedschedulingandresourcesharingfor recon gurableplat-
forms by application[5]. However, the interfacesutilized by user
applicationsare not discussed.Thereare several proposalgo ex-
tendthreadabstractiornio exposehardwareacceleratorso userap-
plications[1, 11, 16, 17]. Thesesystemsmposean underlying
programmingmodelwhereone or more software threadsareim-
plementednto the logic (hardwarethread). In orderfor the soft-
wareandthe logic to communicatevith eachother synchroniza-
tion mechanismsuchassemaphorebave to beimplementednto
therecon gurablelogic [10]. Theinterfacebetweerthe accelera-
torsandthe operatingsystemis a pieceof logic commonlycalled
the hardware thread interfacethatis implementecby eachaccel-
erator Supportingadditionalfeatures,suchas messageassing,
into hardwarethreadsaddsmorecompleity to bothhardwareand
softwarethreadg13]. Theseworks may becomenecessaraswe
exploreinterfacingacceleratorinto multi-threadedapplications.

6. FUTURE WORK

This work representshe beginning of a two—prongedapproacho
developingfuture heterogeneousecon gurableplatformswith ef-
forts focusedon operatingsysteminterfacesand novel recon g-
urableplatforms. The rst major thrustof future work is operat-
ing systeninterfacesadvancedor recon gurableacceleratorsOur
secondine of futureresearchs to develop modelsthatre ect ad-
vancesin systeminterfacesand computermicroarchitecturegor
usein our framework andin ourinterfacemodels.

Protectionboundariesnustbe maintained. Usersneedprotec-
tion from eachotherandthe systemfrom maliciousor faulty ac-
celeratorsOperatingsysteminterfacesandthedevelopmentof our
framework arekey to investigatingthe protectionmodelnecessary



for integratingrecon gurableacceleratorénto contemporarsys-
tems.

We aredevelopingoperatingsysteninterfaceshatallow for vir-
tualizationof therecon gurableresourcedy providing bothhard-
wareand softwareimplementation®f the accelerator Virtualiza-
tion allows the operatingsystem,guided by systempolicies, to
sharerecon gurableresource®f ciently betweerprocessewhile
providing a consistentnterfaceto theuser

Goingforward we mustinvestigatethe trade-ofs possiblewhen
integrating our acceleratoframewvork with contemporanproces-
sors.Synthesize@PGAlogic providesarich prototypingplatform,
but routing the signal necessaryor a recon gurableinterconnect
network represents challenge. We ervision an acceleratomnet-
work, businterfacesandprotectionmechanisméuilt into the pro-
cessor/recon gurablégic hybrid CPU. We connecta smallnum-
berof acceleratordyut for future systemsvheremary accelerators
are available, a morerich setof interconnectionsvill be needed.
To thatend,appropriateopologiesfor futurerecon gurableaccel-
eratornetworksis afocusof ourfutureresearch.

Finally, thenew modelof accessingecon gurablehardvwareac-
celeratorshroughalibrary call interfacerequiresamethodfor soft-
ware developerto tamget recon gurableplatforms. The ultimate
goalis to automaticallyidentify section®of codesuitablefor accel-
erationat compiletime eitherthroughpro le data,codeanalysis,
or programmenotation.

7. CONCLUSION

In this work two operatingsysteminterfacemodelsare developed
for recon gurableacceleratorsWe usetheseinterfacesfor appli-
cationsrunningon the embeddedoverPCprocessopf a Virtex—
Il Pro FPGA. The direct accesamodel provides only the support
neededo exposethe acceleratodirectly to the application. The
indirect accesamodel further encapsulateghe acceleratorspro-
viding greateroperatingsystemcontrol at the expenseof added
overhead. A recon gurableinterconnectnetwork hasalso been
presentedvith the goalsof easingdevelopmentand dehugging of
applicationsacceleratedvith recon gurablehardware. Theframe-
work providesa consisteninterface, protectionmechanismsand
reducedlehuggingcompleity for bothapplicationslevelopersand
hardware designers.We have provided threeapplicationscapable
of beingrun on corventionalcomputingsystemsandinstrumented
themwithin the context of our prototypeplatform.

As moredie areabecomesvailableto processodesignersand
the performancdimits of power hungry out of ordersuperscalar
microarchitecturesre reached parallelismmust be exploited to
achieve future performancegains. Simply addingmorecoresto a
chip hasbeenonevenueexploredin commercialdesignsbut such
a philosophydoesnot immediatelyyield increasedperformance.
Integratinghardwareacceleratorfor heavily usedsectionf code
can provide speed-upwithout the addedcompleity, costandin-
creasedoower budgetof addedcores. This work is an effort to
motivateandenable ne-grainedrecon gurablehardwareacceler
atorsto beintegratedinto a broaderrangeof applicationsby utiliz-
ing a recon gurableinterconnechetwork andwell-de ned hard-
ware/softvareinterfaces.

The OS interface implementationis available from the UIUC
GSRCSoft SystemResearchvebsiteat:
http://www.crhc.uiuc.edu/IMRCT/gsrc
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