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ABSTRACT

In this paper we presenta methodologyfor designinga pipeline
of acceleratorgor an application. The applicationis modeledus-
ing sequentialC languagewith simple stylizations. The synthesis
of the acceleratopipelineinvolves designingloop acceleratorgor
individual kernels,instantiatingbuffersfor arraysusedin the appli-
cation,andhookingup thesebuilding blocksto form a pipeline. A
compilerbasedsystemautomaticallysynthesize$oop accelerators
for individual kernelsat varying performancdevels. An integerlin-
ear programformulation which simultaneouslyoptimizesthe cost
of loop accelerator&ndthe costof memorybuffersis proposedo
composethe loop acceleratorgdo form an acceleratopipeline for
thewhole application.Casesstudiesfor someapplicationsjnclud-
ing FMRadio andBeamformer , arepresentedo illustrateour de-
sigh methodology Experimentsshav signi cant costsavings are
achieved throughhardware sharing,while achiezing the prescribed
throughputrequirements.

Categoriesand Subject Descriptors

B.5.2 [Registertransfer-level Implementation]: Design Aids—
Automaticsynthesis

General Terms
Algorithms, Design,Experimentation

Keywords

system-lgel synthesisapplication-speci chardware,loop acceler
ator

1. INTRODUCTION

As communicationbandwidthsare scaledor more featuresare
addedto portabledevices,suchashigh-de nition video,embedded
computingsystemsrerequiredto performincreasinglydemanding
computatiortasks.Programmabl@rocessorareunableto meetin-
creasingperformanceequirementanddecreasingostandenegy
budgets.Application speci ¢ hardwarein the form of loop acceler
atorsareoften usedto addresgheseissues.A loop acceleratoim-
plementsa critical loop from anapplicationwith far greatemperfor
manceandef ciency thanwould be possiblewith a programmable
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implementation.However, a single acceleratodesignedand oper

atedin isolationis insufcient. Thesetasksarecommonlystream-
ing applicationghatconsistof multiple compute-intensk functions
(e.g., Iters) thatoperatein turn on streamingdata. The naturalre-

alizationof thesetasksis a hardware pipelineof acceleratorseach
implementingoneor morefunctionswhich processhe data. These
acceleratorsnustbe designedo meetoverall throughputrequire-
mentswhile minimizing the hardwarecost.

Designinga highly customizedsystemof acceleratorpresents
several dif cult challenges.The designspaces enormousbecause
of the large numberof variables,which include the number type,
andspeci c designof eachacceleratgmappingof applicationoops
to acceleratorsarrangementf acceleratorsn the overall pipeline,
andmethodof inter-acceleratocommunicationln thefaceof such
challengesanautomatedcceleratopipelinedesignsystemenables
the systematicexploration of a much larger portion of the design
spacehanis possiblewith manualdesigns|eadingto higherquality
results.In addition,an automatedsystemdesignspipelinesthatare
correctby constructionby usinga parameterizedemplate,greatly
reducingthe veri cation portion of the productcycle. All of these
factorsenableautomatedlesignsystemgo deliver high-performance,
low-costsolutionswith shortertime-to-marlet, whichis critical par
ticularly in theembeddedlomain.

In this paper we presentan automatedystentfor designingstyl-
izedacceleratopipelinesfrom streamingapplicationsreferredto as
Streampller. Streamrollessynthesizea highly customizegipeline
that minimizeshardware costwhile meetinga userprescribedper
formancelevel. Theinputto the systemis a behaioral description
of theapplicationspeci edin C thatis comprisedf a systemspec-
i cation andasetof kernels.Thesystemspeci cationdescribeshe
organizationand communicatiorin the pipeline, while the kernels
describethe functionality of eachstageon a single paclet of data.
Streamrolledesignghe completeacceleratopipelineby determin-
ing the throughputof eachstageas well asthe inter-stagebuffer
organization. A unique aspectof the systemis the utilization of
multifunctionloop accelerator$o enablemultiple pipelinestageso
time multiplex the hardware for a single pipeline stage. This ap-
proachsacri cesperformanceaskernelexecutionis sequentialized,
but greatlyincreaseshe ability to sharehardwarein thedesignand
thusdrive down the overall cost.

Thecontributionsof this work arethreefold:

A systematicdesignmethodologyfor creatingrate-matched
acceleratopipelineswith minumumcostat a userspeci ed
throughput.

A systemthatcanexploit high degreesof hardwarereuseby
mappingmultiple loopsto multifunctionaccelerators.

A stylizedacceleratopipelinetemplateoptimizedfor stream-
ing applications.

Related Work. High level synthesisorvertsa high-level speci-
cation into a structuraldesign. Most high level synthesisystems
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Figure 1: Overview of the Streamroller synthesissystem.

build an operation-lgel data o w representatiorof the speci ca-
tion, andderive the datapathor the hardware from the scheduleof
the DFG. However, the granularityof synthesishasvariedover the
years. One of the earliestsystems Chippe[1], useda PASCAL-
like languageastheinput speci cation. It synthesizedhardwarefor
agyclic basicblockswithout memoryaccessesThe granularityof
synthesisvas a basicblock for mostof the earliersystemg12, 3,
2, 4]. MIMOLA [8] and Cathedrallll [10] representomprehen-
sive approacheso high level synthesis.They performmemoryand
datapath synthesidor a restricteddomainof applications.[19, 9,
17] are also someof the earlier systemsthat varied widely in the
input speci cationlanguageandgranularityof synthesisWhile the
above systemsook a hardware-centricview of the high level syn-
thesisproblem,our systemtakesa programmeicentricview, simi-
lar to [14]. Theinput speci cationis sequentialC which malesit
easyfor thedesigneto developanddehug applicationgjuickly, and
thesystemautomaticallyderivesthearchitectureat a desirecperfor
mancelevel.

Ourapproaclhhaslot of similaritiesto systemevel designmethod-
ologiesbasedon processnetworks. [5] and[15] mapapplications
expresse@sKahnprocessietworksto multiprocessoarchitectures.
[5] producesstandardcell implementationswhereag15] mapsto
FPGAs.Theirsolutionreducedardwarecost,while meetingoerfor
manceconstraintsWhile they use x edestimategor theprocessing
timesof individual nodes pur systemactively selectghe processing
ratefor eachnodeto controltheoverall cost.[16] and[21] arecom-
pilationsystemghatmapprocessietworksto a x edmultiprocessor
system.Modeling of performanceonstraintsn our systemis simi-
lar to theseworks. Also, [21] achiezeshardwaresharingby mapping
mutually exclusive tasksto the samehardware. However, we map
arbitrary loopsto the samehardware whenthereis enoughslack.
The loop graphusedin our systemis similar to a processetwork.
However, the main differencebetweertheseworks andoursis that
processnetworks have parallelsemanticswhich makesit harderto
develop applications.Our systemderivesthe loop graphautomati-
cally from the sequentialC program.

2. SYSTEM OVERVIEW

Figurel shavs a broadoverview of our acceleratopipelinesyn-
thesissystem Thesystemakesasinputtheapplicationwrittenin C,
expressedisa setof communicatingernels. Performanceandde-
signconstraintssuchasoverallthroughpubf thepipeline,clock pe-
riod andmemorybandwidth,arealsospeci ed. The frontendof the
systemperformsdatadependengcanalysison the applicationto de-
rive theloop graph,whichis arepresentationf thecommunication
structurebetweerthe kernels. The systemsynthesizesn accelera-
tor pipelinewith minimumcostto meetthe performanceonstraints.
The pipelineconsistsof a numberof loop accelerator¢LAs) to ex-
ecutethe kernelsin the applicationand ping-pongmemorybuffers
for communicatingvalues. The following subsectionslescribethe
input speci cationandthe acceleratopipelinescheman morede-
tail.

2.1 Input Speci cation

The input to the synthesissystemis the whole applicationwrit-
tenin C. Simplestylizationsareimposedon the structureof the C
program.Thestylizationsmalke theanalysisof the programsimpler
but still enablea wide variety of mediaandnetwork applicationso
be expressed SequentialC semanticsnale it easyfor applications
to be developedanddehuggedquickly, evenwith the stylizationre-
strictions.Theinput programconsistof two logical parts,viz., aset
of kernelspeci cationsandthe systenspeci cation

Kernel speci cation. Conceptuallykernelsform one stageof
processingn theapplication.For example,in wirelessapplications,
a low pass Iter canbe a single kernel. In our system,a kernel
is expressedasa single C function. All inputsandoutputsto the
kernelhave to be providedasamgumentdo thefunction. Arguments
canbeC arraysor scalars.Thebody of the kernelfunctionshave to
be perfectlynestedor loops. Separatindernelsinto independent
functionsenablegeuseand modularity For example,mary image
procecessingpplicationsperformthe sametransformon an input
imagein multiple stages. The samekernel function can be called
with appropriateargumentgo accomplistthis.

Systemspeci cation.  The systemspeci cation describesone
“packet's” forward o w throughthepipeline. The systemspeci ca-
tion is expressedhsa C functionwhosebody containsa sequencef
callsto the kernelfunctions. The systemfunction will be invoked
continuouslyon consecutie paclets of data. What constitutesa
paclet dependson the application. In image processingapplica-
tions, a paclet canbe a sub-blockof a biggerimage. In wireless
applicationsa paclet canbea chunkof datarecevved over thewire-
lesschannel. Typically, the applicationsin thesedomainsprocess
continuousstreamsof suchpaclets. However, the processinghat
happenn a single paclet is sequentialn nature. Thus,our input
speci cation ts well for expressingapplicationsn thesedomains.

Figure2 shavs anexampleinput speci cation. The systemspec-
i cation functionis fmradio , which is shavn in Figure 2(b). It
takesthearrayinp astheinputandoutputsout . Thebodyis made
of callsto differentkernelsshavn in Figure2(a). fmradio uses
local arraysto passdatabetweenthe kernels. A simple data ow
analysisof the systemspeci cation yields the loop graph shavn
in Figure 2(c). The nodesin the loop graphcorrespondo kernels
whereaghe edgesndicatesdata ow throughanarraybetweerker-
nels. Notethatarbitrarily complex loop graphscanbe expressedy
usingjuststraightline C code.

Performance speci cation.  The applicationstargetedby our
synthesissystemhave real time requirementsisually expressedat
the highestlevel in termsof, say frames/seconar Kbps. Since
theinput speci cationcorresponds$o end-to-endorocessingf one
paclet, therealtime constraintcanbe easilytranslatedo the num-
ber of timesthe systemspeci cation function hasto be calledper
second. Given the clock period, the performancespeci cation re-
ducesto the numberof cycles betweenconsecutie invocationsof
the systemspeci cationfunction. For example,considerthe appli-
cationin Figure2. The fmradio function completelyprocesses



void fnradio (short inp[Ni],
short out[M)
{

void FirFilter (short inp[Ni],
short coeffs[N2],
short out[N1-N2])

short coeffs[N2];
short firinl[N1], firin2[N1];
short tenpl[N1-N2], tenmp2[ N1-N2];
short outl[M, out2[M;
int i, j;
distribute (inp, firinil, firin2);
for(i=0; i<N1-N2; i++) {
for(j=0; j<N2; j++) {
out[i] += coeffs[j] *
}
} denod (tenmpl, outl);
} denod (tenp2, out2);

FirFilter (firinl, coeffs, tenpl);

inpli+il; FirFilter (firin2, coeffs, temp2);

void distribute (short inp[N1],
short out1[Ni], }
short out2[ N1])

{ (b) System Specification

,

voi d denod (short inp[NL-N2],
short out[M)
{

)

(a) Kernel Specification

(c) Loop Graph

Figure 2: Input speci cation

oneinput paclet inp . SupposeNl is 512 fmradio processes
512 16 = 8192bits percall. To achieve arealtime requirement

of 128Mbps,fmradio hasto becalled 222021029 - 16384

times every second. If the clock frequeng underconsideratioris
200 MHz, thefmradio function hasto be invoked approximately
onceevery 12208cyclesto meettherealtime requirement.

2.2 Accelerator Pipeline Hardware Schema

Eachkernelis mappedto a loop accelertor (LA). Depending
on the performanceaequirementsmultiple kernelscan be mapped
to the samel A, which performsthe functionsof both the kernels.
Thesemultifunction LAs form the building blocksfor the acceler
ator pipeline. The intermediatearraysusedin the input speci ca-
tion are mappedto SRAMs with ports connectedo producerand
consumelLAs. This sectionpresentshe hardware schemaof the
individual LAs andthe acceleratopipeline.

Multifunction Loop Accelerator. The hardware schemaused
in this paperis shavn in the inset on the right side of Figure 1.
Theinnermostioopsof thekernelspeci cationfunctionaremodulo
scheduledandthearchitecturdor the LAs is derived directly from
the schedule Modulo schedule$13] arecharacterizedby initiation
interval (II), which is the numberof cyclesbetweeninvocationsof
successie iterationsof aloop. Therefore high performancesched-
ulesof aloop have lower lls. Theacceleratois designedo exploit
the high degreeof parallelismavailablein moduloscheduledoops
with a large numberof function units (FUs). EachFU writesto a
dedicatedshift register le (SRF);in eachcycle, the register con-
tentsshift dowvnwardsby oneregister Wiresfrom theregistersback
to the FU inputsallow datatransferfrom producergo consumers.

Multifunction LAs are designedo executemore than oneloop
nest.Thegenerahardwareschemdor multifunctionLAs is similar
to asinglefunction LA. The setof FUsin the multifunction LA is
the union of FUsrequiredby theindividual loops. The widths and
depthsof SRFsare setsuchthatthey cansupportvaluesof opera-
tions from all loopsassignedo the correspondind-Us. A detailed
descriptiorof how anoptimaldatapattfor amultifunctionLA is de-
rivedis beyondthescopeof this paperreadersarereferredto [7] for
moreinformation. Instead this paperfocuseson how multifunction
LAs canbe usedasbuilding blocksto build an acceleratofor the
wholeapplication.

Accelerator Pipeline Schema. The acceleratopipelineis de-
signedsuchthatall processingnasinglepaclet of data(henceforth
referredto asatask is donesequentiallyto respecthe programor-
der in the systemspeci cation function. However, multiple tasks
canbein progressn the pipelineat the sametime. The sequential
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Figure 4: Example acceleratorpipeline (Low performance)

executionis achiered by usingthe two control signalsSTARTand
DONEThe LA bayins executionof aloop whenthe STARTSsignal
goeshigh, andraisesthe DONEsignalattheend. By connectinghe
DONEsignalof a producerLA to the STARTSsignalof a consumer
LA, sequentiakxecutionof ataskis ensured Arraysusedfor com-
municationaremappedo SRAMsin theacceleratorSincemultiple
taskscanbein ight in the pipeline, morethanone SRAM buffer
couldbeallocatedo a programarray

Figure 3(b) shavs the acceleratopipeline correspondingdo the
loop graphin Figure3(a). TherearethreeloopsK1, K2, andK3 in
theapplication,eachwith atrip count(TC) of 100. Theaccelerator
shavn in Figure3(b) is capableof executingtheapplicationwith an
overall throughputof 100 cycles. Eachloop is modulo scheduled
with 1I=1. Therefore,the approximatelateny of eachloop (one
stagein the acceleratopipeline)is 100 cycles. Figure 3(c) shavs
the executiontimeline for 3 tasksexecutingin the pipeline. Note
that executionof K1 in task2 is overlappedwith executionof K2
in task1. This meanshatK1 will be producingnew valuesfor the
arraytmpl while K2 is still usingthe old values. To avoid this
andstill provide overlappedexecutionof tasks,two SRAM buffers
areallocatedto tmpl. Alternatetasksping-pongbetweenthese2
buffers. Similarly, two buffersareallocatedfor tmp2 .

Figure 4(b) shavs a different acceleratopipeline for the same
application. This pipeline hasa lower throughputof 200 cycles,
asopposedo 100 cyclescapableby Figure 3(b). In this pipeline,
K1 is modulo scheduledwith 11=2, which is a lower performance
implementation.Also, LA2 is a multifunction acceleratocapable
of executingK2 andK3, eachwith anll of 1. Figure4(c) shavs
the executiontimeline of 2 tasksthroughthe pipeline. Note that
executionof K2 andK3 never overlapacrosgasks.Therefore pnly
onebuffer is allocatedfor tmp2 .

3. DESIGN METHODOLOGY

This sectionpresentour methodologyfor designinganaccelera-
tor pipelinefor anapplication.Section3.1 describeghe costtrade-
offs for variouscomponent®f the acceleratopipeline. Section3.2
describesnintegerlinearprogrammingILP) formulationfor nd-
ing anoptimal costacceleratopipelineat a prescribedhroughput.
Section3.3 presentsa practical end-to-endsystemthat generates
Verilog RTL from thesequentiaC application.

3.1 CostComponents

Thecostof individualloop acceleratorformsamajorcomponent
of the costof the acceleratopipeline. As describedn Section2.2,
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the datapatifor an LA is derived from the moduloscheduleof the
innermostoop of akernelfunction. An LA consistsof a numberof
FUs connectedo SRFs. Sinceall operationsin the loop body are
pacledwithin Il cyclesin amoduloschedulethe numberof FUsis
determinedsolely by thell. The costof FUsis alsodeterminecdby
the bitwidths of operationsassignedo it. Note thatthe bitwidth of
anFU hasto be aslarge asthe widestoperationassignedo it. The
bitwidth of a SRFis sameastheFU connectedoit. Thedepth,how-
ever, dependon the schedule.The SRFhasto hold all live values
producecdby anFU. If theconsumenf anoperations scheduledar
away from its produceythe SRFconnectedo the producer=U will
be deep. Also, whenthe loopshave recurrencesthe variablesthat
carrythedependenceacrosgherecurrencenustbelive for atleast
Il cycles. Thus,the costof SRFstendsto increasedor verylargells.

Figure 5 shaws a plot of the costof a single LA with increas-
ing Il. Theloop for which this LA washuilt is a partof the Beam-
former [11] application. The costsare obtainedby schedulingthe
loop at differentlls usinga costsensitve moduloschedulef6] and
synthesizinghe resultantVerilog usingthe Synopsysdesigncom-
piler. The highestcostcorrespondso the lowestll of 1, which is
the highestperformancamplementationof the loop. As Il is in-
creasedthe numberof FUs in the datapathandthe corresponding
SRFsdecrease.Therefore ,we seethe generaltrend of decreasing
overall costwith increasindls. However, beyond Il of 10, thereis
nodecreasén cost. At highlls, thedepthof SRFscorrespondingo
therecurrencevariablesgrow disproportionatelycomparedo other
SRFs.Thus,thereis no furthercostimpraovementbeyondll of 10.

Apart from II, the otherdimensionthat affects multifunction ac-
celeratorcostis thedifferentloopsthatthe LA implements A multi-
functionLA sarescostovertwo singlefunctionLAs. Theamountof
costsaveddependon themix of operationsn thetwo loop bodies.
The moresimilar they are, the more costsaved. However, a mul-
tifunction LA hasanadwerseeffect on performance Sincethereis
only onephysicalhardwareto executetwo loops,instance®f these
two loopsin differenttaskscannotbe overlapped. To achiere the
sameoverallthroughpubf the pipeline,themultifunctionLA might
have to implementa higher performanceversionof the individual
loops. Thus,thetradeof of independentAs with low performance
versusone multifunction LA implementinghigh performancever
sionsof theloops,hasto be considered.

The othermajor componenbf costof the acceleratopipelineis
that of the memorybuffers. Note that therehasto be at leastone
buffer for every arrayin the application. To allow for task over-
lap, morethanonebuffer might have to allocatedto anarray The
sizeandbitwidth of anarrayis applicationdependenandthe mod-
ulo schedulefor a loop hasno control over the costof a memory
buffer. However, dependingon theamountof taskoverlaprequired,
whichis dictatedby the overallthroughputrequirementthe number
of buffersfor anarrayvary.

3.2 ILP Formulation

The acceleratopipelinedesignsystemhasto judiciously choose
the lls for eachkernelin the loop, andthe numberof buffers al-

P P
P, Ci+BUFCOST
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k=11MIN;
Il IXAX i
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TINAX
CL; = Cost(i; k) i ix (10)
k=11MIN;
xP
SUMC; = bj CL; (11)
i=1
MAXC, h; CL, 10 p (12)
Ci = MAXC; p05 (SUMC; MAXC) (13)
BUFCOST = _da; M emcost(a) (14)

Figure6: ILP formulation for systemlevel synthesis

locatedfor eachprogramarray suchthat the overall throughputis

achieved,andat the sametime, costis minimized. The systemalso
hasto considercombiningmary loopsinto one multifunction LA

wheneercostsaszingsarepossible.n thissectionwedevelopanin-

tegerlinearprogrammingILP) formulationthatoptimizesthe over-

all costof the acceleratopipelineby choosinglls andthe number
of buffersfor thearrays.Figure6 shavs theintegerlinear program
for the optimizationproblem.

Considerthe loop graph constructedrom the systemspeci ca-
tion function. For every kernelinstance in the systemspeci cation
function, the loop graphhasa vertex v;. If akerneli writesto an
arraya, andkernelj readsfrom thearray andedgee,;; is added
betweerverticesv; andv; . Notethatthearraynamea is alsoa part
of theedgelabel. Thisis becausenorethanonearraycouldbeused
for communicatiorbetweera pair of loops. An integervariablel [
is introducedfor every kerneli, andequationl boundsit between
IIMIN; andl I M AX ;. Section3.3describediow | | M I N; and
I M AX ; aredetermined.If thetrip countof loopi is TC;, then
thelateng L; of the LA implementingloopi canbeapproximated
by equation2.

For every edgee,;ij , anintegervariabledy;; is introducedto
denotehenumberof buffersthataresynthesizedor thearraya. Let
the overall throughputfor the entire pipelinebe denotedby . The
latengy of ary loop i shouldbe no morethanthe throughput , as
shavn in equatior. Notethat,if thereis only onebuffer for anarray
a, thentheproducer cannotbegin executionin the next taskbefore
the consumey in the previoustaskis doneexecuting. Effectively,
the buffer is occupiedfor L; + L; cycles. However, i andj can
be overlappedacrossconsecutie tasksif more than one buffer is
allocatedor arraya. Giventhatda;i; denoteshenumberof buffers
allocatedfor array a, equation4 formalizesthe above constraint.
Equatiodd simpliestoL; + Lj  daj; whenthereis adirect
edgefromi toj. Inthiscasedai; canhave amaximumvalueof
2, i.e., two huffers for the arraya is sufcient to supportmaximal
taskoverlap. However, i andj may not be directly connectedand
therecould be mary paths(possiblyof lengthlongerthan2) from i



toj intheloop graph.In thegeneralkcase morethan?2 buffersmay
be requiredfor arraya, and consecutie tasksusethe buffersin a
round-robinfashion.

Multiple loopscanbe combinedinto onemultifunction LA. The
assignmenbf lIs to the loopsis independenbf whetheror not it
becomegpartof a multifunctionLA. Supposehe numberof kernel
instancesn the systemspeci cation functionis p. Therecanbe a
maximumof p acceleratorén the pipeline. This extremecasecor-
respondgo the designwherethereareno multifunctionLAs in the
system. Binary variablesh;; areintroducedto denotethe assign-
mentof loop i to the acceleratoj . Equation5 ensureghat every
loop is assignedo at mostoneLA. Thelateny of a multifunction
acceleratonov becomeshesumof thelatencief individualloops
assignedo it, which shouldbe no morethanthe overall throughput

, asshown in equation6. Equation6 involvesthe productof a bi-
naryvariableandanintegervariable,andis non-linear However, it
canbelinearizedusingauxiliary variablesT L; asshavn in equa-
tion 7. P is asuitablelarge constanin equation?.

Equationsl—7canprovideavalid selectiorof lIs for theloopsand
numberof buffers for the arrays,anda valid combinationof loops
into multifunctionLAs. An objective functionis designedsuchthat
the costof the overall pipelineis minimized. First, variablesCL;
areintroducedto denotethe costof a single function LA thatjust
implementdoopi. Notethatthis costdependsolelyon| I ;. How-
ever, CL; is notalinearfunctionof I I; asshown in Figure5. To
overcomethis, a one-hotencodingof | |; is usedto expressCL i
in termsof | I; asshavn in equations8—10. Note that Cost(i; k)
denoteghe costof a singlefunction LA implementingloop i with
II=k, andis a constant. The costC; of a multifunction LA j is
a function of the loopsassignedo it. It cannotbe expressechsa
simplelinearfunction,andcanbeobtainedonly by actuallysynthe-
sizingthe multifunction LA. To approximateC; , we introducetwo
variablesSUM C; andM AX C; in equationd1and12whichrep-
resenthe sumof costsof singlefunction LAs thatimplementoops
assignedo j , andthe maximumof costsof thosel As, respectiely.
Equation11 is not linear However it canbe linearizedusing the
sametechniqueshavn in equation7. The costC; of a multifunc-
tion LA j is boundedby M AX Cj andSUM C;. As anapprox-
imation, we useequationl13 to represenC; . The actualcostof a
multifunction might vary widely betweerM AX C; andSUM C; .
If the loops that are combinedare exactly identical, the cost will
be sameasM AX C;. If they have lessoverlapin termsof kinds
of operationdn theloop body thenthe costof combinedLA will
becloseto SUM C; . Empirically, we found settingC; atthe mid-
point betweenM AX C; andSUM C; worked satisactorily for a
wide rangeof applications. Getting a betterestimatefor C; with-
out actuallysynthesizinghe multifunction LAs will strengtherihe
objective function,andis a subjectof futureresearch.

The othercomponenbf cost,the arraybuffers, doesnot depend
on assignmentf loopsto a multifunction LA, and can be easily
calculatedrom da;i;; 's. Sinceda;; denoteshe numberof buffers
allocatedfor the arraya, the overall costof memorybuffersin the
systemis givenby equationl4. M emcost(a) is aconstantdepend-
ing onthesizeandbitwidth of thearraya. The objective of thelLP
solweris to minimizethesum,sumi"=1 Cj + BUFCOST, subject
to the constraintgivenby equationsl—14.

3.3 Implementation

We usethe SUIF compilerinfrastructurg20] to procesgheinput
speci cationandbuild the loop graph. High level informationlike
trip countsof the kernels the sizesandbitwidths of arraysusedfor
communicationandthe communicationstructurebetweenkernels
is gatheredn a SUIF pass. The applicationis cornvertedto assem-
bly format, which is the input to the Trimaran[18] compilertool
chain. Operationevel data o w analysisis performedto determine
I M I N;i'sfor eachkernel. Note thatthe minimumachievablell is
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(a) Throughput =512 (c) Throughput = 2048

Figure8: Pipeline con gurations for Simple

a function of recurrencecyclesin the loop body A costsensitve

moduloscheduleiis usedto schedulehe loop bodiesat increasing
IIs, beginning with 1 1 M I N;. The datapathfor the LA is derived
from the scheduleandsynthesizedisingSynopsyslesigncompiler

Thus,Cost(i; k)'s, the gatecountestimategor the LA implement-
ing loopi atll=k, areobtained.As Il is increasedCost(i; k) de-
creasesip to a point. As describedn Section3.1, the costof LAs

beginsto increaseat higherlls. Thevalueof | | M AX ; is setto the
point wherethis happens.M emcost(a)'s are computedusingthe
Artisan memorycompilerwhich synthesize SRAMs for the com-
municationarrays. Using the constantsobtainedas above andthe
throughputspeci cation, the ILP programis formedandsolved us-
ing the CPLEX solwer. Thus,thel I;'sfor all loopsandda;;; 's,the
numberof buffersallocatedfor thearrays,areobtained.

4. CASE STUDIES

This sectionpresentsacceleratopipelinesfor differentapplica-

tions designedusing our system. Simple is a syntheticapplica-
tion includedto illustrate how differentcomponent®f costareop-
timized. Beamformer andFMRadio are streamingapplications
from the VersaBencl11] suite. For eachapplication,accelerator
pipelineswere designedwith varying throughputsandthe system
arearesultsarepresented.
Simple. This applicationsconsistsof a sequencef eightloops,
eachwith atrip countof 256 andcontaininga mix of addandmuilti-
ply operationsTheloopiterationsarecompletelyparallel,allowing
moduloschedulesvith Ils of 1. The highestperformancepipeline
for this applicationcanhave athroughpuof 256 cycles.Figure7(a)
shaws the cost of acceleratompipelinesdesignedfor Simple for
throughputsrsarying from 256 cyclesto 2816cycles.

The costsshavn are gatecounts,and arerelative to the costof
the pipelinewith a throughputof 256 cycles. The setof pointsla-
beled“Without Hardware Sharing” correspondo the designswith
no multifunctionLAs. ThelLP formulationwasmodi ed to getthe
lowestcostdesignwithout combiningary loops. We seethat mul-
tifunction LAs areableto achie/e signi cant costsavings through
sharinghardware acrossmultiple loops. On an average,40% cost
savingsareachieved by hardwaresharing.

Figure 8 illustratesthe use of multifunction LAs in the accel-

eratorpipeline. The loop graphis shavn with the lls next to the
nodes.Boxesindicatewhich loopswere combinedinto multifunc-
tion LAs. Whentherequiredthroughputis 512 cycles(Figure8(a)),
adjacentloops are combinedinto multifunction LAs, resultingin
only 4 stagesin the pipeline. Eachmultifunction LA now hasa
latengy of 512 cycles, asit implementstwo loopsat Il of 1. Fig-
ure8(b)illustratesthecompleity of designinga pipelinefor alarge
application. Whenthe requiredthroughputis 1792, the numberof
possibilitiesaretoo mary for a designerto manuallyexplore. Our
automatednethodsystematicallyderivesthe pipelinecon guration
with minimum costasshavn.
FMRadio. FMRadiois a softwareimplementatiorof an FM Ra-
dio recever. Figure7 shavs the costsof the acceleratopipeline
for FMRadio capableof receving varying maximumfrequencies.
The frequenciesvere derived assuminga clock rate of 200 MHz.
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Figure 7: Costvs. throughput

Our implementatiorhas27 loopsin the loop graph. On an aver-
age multifunctionLAs cause20%costsasingsby sharingresources
acrossamultiple loops. Eventhoughthe generaltrendis lower cost
for lower throughputcon gurations, the “With hardware sharing”
curwe is not smooth.For example,the costfor 112.5MHz con gu-
rationis about10% higherthanthe 117.5MHz con guration. The
approximatioradoptedisingEquationl 3 causeshis sub-optimality
in somecasesHowever, the costof the pipelinewith multifunction
LAs is still muchlower thanwithout hardware sharing. The mem-
ory componenif the costwas 45% of the overall costfor low Il
designs,indicating that more FUs are requiredin the datapathin
high performanceémplementationsThe memorycomponenbf the
costwasup to 70% of the overall costfor highll, low performance
designs.

Beamformer. Beamformeis aspatial Iter operatingon datafrom
anarrayof sensors.Again, the dataratesshovn in Figure7(c) are
derived assuminga 200 MHz clock. Our implementationhas 10
loopsin theloop graph.15% costsavingsareachiered dueto hard-
waresharingon anaverage.The memorycomponenof the overall
costrangedrom 60%for low Il designgo 70%for highll designs.
Discussion. Someof the salientpointsaboutthedesignggenerated
in our casestudiesareasfollows:

Multifunction LAs reducecostover having two independent
low performanceacceleratorsAs Figure5 shavs, thereduc-
tion in costof a single acceleratois not linear with respect
to decreasén performanceHowever, combiningtwo similar
loopscanhalve the cost. Thus,the systemcombinesasmary
loopsaspossibleto save cost.

Pipelineswith alow prescribedhroughpubftencontainover-
designed_As. Increasinghells beyonda certainpoint only
increaseghe cost. Therefore the systemjust picks a higher
performancd.A to sase cost.

Memory buffers are a signi cant portion of overall cost. In
somecases,reducingthe numberof buffers to 1 while re-
tainingthe producerandconsumetoopsat high performance
saved more costthan synthesizindow performance_As for
theloopswith two buffersfor thearray

5. CONCLUSION

This paperpresentsStreampller, an automatedsystemfor de-
signingacceleratopipelinesfor compute-intense streamingappli-
cationsat a userprescribedpoerformancdevel. Synthesisconsists
of designinga setof communicatingoop acceleratorand buffers
for storingintermediateresults,and orchestratinghe pipeline exe-
cution. Multifunction acceleratorsre usedto reducecostthrough
hardwaresharingbetweerpipelinestages.

Threecasestudiesare presentedo highlight the capabilitiesand
effectivenessof the designsystem. The studiesreveal threeim-
portant ndings aboutacceleratopipelines: multifunctionLAs are
found to be more costef cient thanhaving multiple independent,
lower performanceacceleratorsteducingthe performancef a sin-
gle LA below a certainpoint only senesto increasecost; andthe

memorybuffers aresigni cant andthe con guration mustbe opti-
mizedto minimize overall systemcost.
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