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ABSTRACT
In this paper, we presenta methodologyfor designinga pipeline
of acceleratorsfor an application. The applicationis modeledus-
ing sequentialC languagewith simplestylizations. The synthesis
of the acceleratorpipelineinvolvesdesigningloop acceleratorsfor
individual kernels,instantiatingbuffersfor arraysusedin theappli-
cation,andhookingup thesebuilding blocksto form a pipeline. A
compiler-basedsystemautomaticallysynthesizesloop accelerators
for individual kernelsatvaryingperformancelevels.An integerlin-
ear programformulationwhich simultaneouslyoptimizesthe cost
of loop acceleratorsandthecostof memorybuffers is proposedto
composethe loop acceleratorsto form an acceleratorpipeline for
thewholeapplication.Casesstudiesfor someapplications,includ-
ing FMRadio andBeamformer , arepresentedto illustrateourde-
sign methodology. Experimentsshow signi�cant cost savings are
achieved throughhardwaresharing,while achieving theprescribed
throughputrequirements.

Categoriesand SubjectDescriptors
B.5.2 [Register-transfer-level Implementation]: DesignAids—
Automaticsynthesis

GeneralTerms
Algorithms,Design,Experimentation

Keywords
system-level synthesis,application-speci�chardware,loop acceler-
ator

1. INTRODUCTION
As communicationbandwidthsare scaledor more featuresare

addedto portabledevices,suchashigh-de�nition video,embedded
computingsystemsarerequiredto performincreasinglydemanding
computationtasks.Programmableprocessorsareunableto meetin-
creasingperformancerequirementsanddecreasingcostandenergy
budgets.Applicationspeci�c hardwarein theform of loop acceler-
atorsareoftenusedto addresstheseissues.A loop acceleratorim-
plementsa critical loop from anapplicationwith far greaterperfor-
manceandef�ciency thanwould bepossiblewith a programmable
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implementation.However, a singleacceleratordesignedandoper-
atedin isolationis insuf�cient. Thesetasksarecommonlystream-
ing applicationsthatconsistof multiplecompute-intensive functions
(e.g.,�lters) thatoperatein turn on streamingdata.Thenaturalre-
alizationof thesetasksis a hardwarepipelineof accelerators,each
implementingoneor morefunctionswhich processthedata.These
acceleratorsmustbe designedto meetoverall throughputrequire-
mentswhile minimizing thehardwarecost.

Designinga highly customizedsystemof acceleratorspresents
several dif�cult challenges.Thedesignspaceis enormousbecause
of the large numberof variables,which include the number, type,
andspeci�c designof eachaccelerator, mappingof applicationloops
to accelerators,arrangementof acceleratorsin theoverall pipeline,
andmethodof inter-acceleratorcommunication.In thefaceof such
challenges,anautomatedacceleratorpipelinedesignsystemenables
the systematicexploration of a much larger portion of the design
spacethanis possiblewith manualdesigns,leadingto higher-quality
results.In addition,anautomatedsystemdesignspipelinesthatare
correctby constructionby usinga parameterizedtemplate,greatly
reducingtheveri�cation portion of the productcycle. All of these
factorsenableautomateddesignsystemsto deliverhigh-performance,
low-costsolutionswith shortertime-to-market,whichis critical par-
ticularly in theembeddeddomain.

In this paper, we presentanautomatedsystemfor designingstyl-
izedacceleratorpipelinesfrom streamingapplications,referredto as
Streamroller. Streamrollersynthesizesahighly customizedpipeline
thatminimizeshardwarecostwhile meetinga user-prescribedper-
formancelevel. The input to thesystemis a behavioral description
of theapplicationspeci�ed in C thatis comprisedof a systemspec-
i�cation anda setof kernels.Thesystemspeci�cationdescribesthe
organizationandcommunicationin the pipeline,while the kernels
describethe functionality of eachstageon a singlepacket of data.
Streamrollerdesignsthecompleteacceleratorpipelineby determin-
ing the throughputof eachstageas well as the inter-stagebuffer
organization. A uniqueaspectof the systemis the utilization of
multifunctionloopacceleratorsto enablemultiplepipelinestagesto
time multiplex the hardware for a single pipeline stage. This ap-
proachsacri�cesperformanceaskernelexecutionis sequentialized,
but greatlyincreasestheability to sharehardwarein thedesignand
thusdrive down theoverall cost.

Thecontributionsof thiswork arethreefold:
� A systematicdesignmethodologyfor creatingrate-matched

acceleratorpipelineswith minumumcostat a user-speci�ed
throughput.

� A systemthatcanexploit high degreesof hardwarereuseby
mappingmultiple loopsto multifunctionaccelerators.

� A stylizedacceleratorpipelinetemplateoptimizedfor stream-
ing applications.

RelatedWork. High level synthesisconvertsa high-level speci-
�cation into a structuraldesign.Most high level synthesissystems
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Figure1: Overview of the Streamroller synthesissystem.

build an operation-level data �o w representationof the speci�ca-
tion, andderive thedatapathfor thehardwarefrom thescheduleof
theDFG. However, thegranularityof synthesishasvariedover the
years. One of the earliestsystems,Chippe[1], useda PASCAL-
like languageastheinput speci�cation. It synthesizedhardwarefor
acyclic basicblockswithout memoryaccesses.The granularityof
synthesiswasa basicblock for mostof the earliersystems[12, 3,
2, 4]. MIMOLA [8] andCathedralIII [10] representcomprehen-
sive approachesto high level synthesis.They performmemoryand
datapathsynthesisfor a restricteddomainof applications.[19, 9,
17] arealso someof the earlier systemsthat varied widely in the
input speci�cationlanguageandgranularityof synthesis.While the
above systemstook a hardware-centricview of the high level syn-
thesisproblem,our systemtakesa programmercentricview, simi-
lar to [14]. The input speci�cation is sequentialC which makes it
easyfor thedesignerto developanddebugapplicationsquickly, and
thesystemautomaticallyderivesthearchitectureatadesiredperfor-
mancelevel.

Ourapproachhaslot of similaritiestosystemlevel designmethod-
ologiesbasedon processnetworks. [5] and[15] mapapplications
expressedasKahnprocessnetworksto multiprocessorarchitectures.
[5] producesstandardcell implementations,whereas[15] mapsto
FPGAs.Theirsolutionreduceshardwarecost,while meetingperfor-
manceconstraints.While they use�x edestimatesfor theprocessing
timesof individualnodes,oursystemactively selectstheprocessing
ratefor eachnodeto controltheoverall cost.[16] and[21] arecom-
pilationsystemsthatmapprocessnetworksto a�x edmultiprocessor
system.Modelingof performanceconstraintsin oursystemis simi-
lar to theseworks.Also, [21] achieveshardwaresharingby mapping
mutually exclusive tasksto the samehardware. However, we map
arbitrary loops to the samehardware when thereis enoughslack.
The loop graphusedin our systemis similar to a processnetwork.
However, themaindifferencebetweentheseworksandoursis that
processnetworkshave parallelsemantics,which makesit harderto
develop applications.Our systemderivesthe loop graphautomati-
cally from thesequentialC program.

2. SYSTEM OVERVIEW
Figure1 shows a broadoverview of our acceleratorpipelinesyn-

thesissystem.Thesystemtakesasinputtheapplicationwrittenin C,
expressedasa setof communicatingkernels.Performanceandde-
signconstraints,suchasoverall throughputof thepipeline,clockpe-
riod andmemorybandwidth,arealsospeci�ed. Thefrontendof the
systemperformsdatadependency analysison theapplicationto de-
rive theloop graph,which is a representationof thecommunication
structurebetweenthekernels.Thesystemsynthesizesanaccelera-
tor pipelinewith minimumcostto meettheperformanceconstraints.
Thepipelineconsistsof a numberof loop accelerators(LAs) to ex-
ecutethekernelsin the applicationandping-pongmemorybuffers
for communicatingvalues.The following subsectionsdescribethe
input speci�cationandtheacceleratorpipelineschemain morede-
tail.

2.1 Input Speci�cation
The input to the synthesissystemis the whole applicationwrit-

ten in C. Simplestylizationsareimposedon the structureof the C
program.Thestylizationsmake theanalysisof theprogramsimpler,
but still enablea wide varietyof mediaandnetwork applicationsto
beexpressed.SequentialC semanticsmake it easyfor applications
to bedevelopedanddebuggedquickly, evenwith thestylizationre-
strictions.Theinputprogramconsistsof two logicalparts,viz., aset
of kernelspeci�cationsandthesystemspeci�cation.

Kernel speci�cation. Conceptually, kernelsform onestageof
processingin theapplication.For example,in wirelessapplications,
a low pass�lter can be a single kernel. In our system,a kernel
is expressedasa singleC function. All inputsandoutputsto the
kernelhave to beprovidedasargumentsto thefunction.Arguments
canbeC arraysor scalars.Thebodyof thekernelfunctionshave to
beperfectlynestedfor loops.Separatingkernelsinto independent
functionsenablesreuseandmodularity. For example,many image
procecessingapplicationsperformthe sametransformon an input
imagein multiple stages.The samekernel function canbe called
with appropriateargumentsto accomplishthis.

Systemspeci�cation. The systemspeci�cation describesone
“packet's” forward�o w throughthepipeline.Thesystemspeci�ca-
tion is expressedasaC functionwhosebodycontainsasequenceof
calls to the kernel functions. The systemfunction will be invoked
continuouslyon consecutive packets of data. What constitutesa
packet dependson the application. In imageprocessingapplica-
tions, a packet canbe a sub-blockof a bigger image. In wireless
applications,apacket canbeachunkof datareceivedover thewire-
lesschannel. Typically, the applicationsin thesedomainsprocess
continuousstreamsof suchpackets. However, the processingthat
happenson a singlepacket is sequentialin nature.Thus,our input
speci�cation�ts well for expressingapplicationsin thesedomains.

Figure2 shows anexampleinputspeci�cation.Thesystemspec-
i�cation function is fmradio , which is shown in Figure2(b). It
takesthearrayinp astheinputandoutputsout . Thebodyis made
of calls to differentkernelsshown in Figure2(a). fmradio uses
local arraysto passdatabetweenthe kernels. A simple data�ow
analysisof the systemspeci�cation yields the loop graph shown
in Figure2(c). The nodesin the loop graphcorrespondto kernels
whereastheedgesindicatesdata�ow throughanarraybetweenker-
nels.Notethatarbitrarily complex loop graphscanbeexpressedby
usingjust straightline C code.

Performance speci�cation. The applicationstargetedby our
synthesissystemhave real time requirementsusuallyexpressedat
the highestlevel in termsof, say, frames/secondor Kbps. Since
theinput speci�cationcorrespondsto end-to-endprocessingof one
packet, thereal time constraintcanbeeasilytranslatedto thenum-
ber of timesthe systemspeci�cation function hasto be calledper
second.Given the clock period, the performancespeci�cation re-
ducesto the numberof cyclesbetweenconsecutive invocationsof
thesystemspeci�cationfunction. For example,considertheappli-
cation in Figure2. The fmradio function completelyprocesses



voi d Fi r Fi l t er ( shor t  i np[ N1] ,  
shor t  coef f s [ N2] ,
shor t  out [ N1- N2] )

{
i nt i ,  j ;

f or ( i =0;  i <N1- N2;  i ++)  {
f or ( j =0;  j <N2;  j ++)  {

out [ i ]  += coef f s [ j ]  *  i np[ i +j ] ;
}

}
}

voi d di s t r i but e ( shor t  i np[ N1] ,
shor t  out 1[ N1] ,  
shor t  out 2[ N1] )
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}
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{
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shor t  out 1[ M] ,  out 2[ M] ;

di s t r i but e ( i np,  f i r i n1,  f i r i n2) ;
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. . . .

}
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Figure2: Input speci�cation

one input packet inp . SupposeN1 is 512, fmradio processes
512 � 16 = 8192bits percall. To achieve a real time requirement
of 128Mbps,fmradio hasto becalled (128 � 1024 � 1024)

8192 = 16384
timesevery second. If the clock frequency underconsiderationis
200 MHz, thefmradio functionhasto beinvokedapproximately
onceevery 12208cyclesto meettherealtime requirement.

2.2 Accelerator PipelineHardwareSchema
Eachkernel is mappedto a loop accelerator (LA). Depending

on the performancerequirements,multiple kernelscanbe mapped
to the sameLA, which performsthe functionsof both the kernels.
Thesemultifunction LAs form the building blocksfor the acceler-
ator pipeline. The intermediatearraysusedin the input speci�ca-
tion aremappedto SRAMs with portsconnectedto producerand
consumerLAs. This sectionpresentsthe hardwareschemaof the
individual LAs andtheacceleratorpipeline.

Multifunction Loop Accelerator. The hardwareschemaused
in this paperis shown in the inset on the right side of Figure 1.
Theinnermostloopsof thekernelspeci�cationfunctionaremodulo
scheduled,andthearchitecturefor theLAs is deriveddirectly from
theschedule.Modulo schedules[13] arecharacterizedby initiation
interval (II), which is thenumberof cyclesbetweeninvocationsof
successive iterationsof a loop. Therefore,high performancesched-
ulesof a loop have lower IIs. Theacceleratoris designedto exploit
thehigh degreeof parallelismavailablein moduloscheduledloops
with a large numberof function units (FUs). EachFU writes to a
dedicatedshift register �le (SRF); in eachcycle, the registercon-
tentsshift downwardsby oneregister. Wiresfrom theregistersback
to theFU inputsallow datatransferfrom producersto consumers.

Multifunction LAs aredesignedto executemore than one loop
nest.Thegeneralhardwareschemafor multifunctionLAs is similar
to a singlefunctionLA. Thesetof FUs in themultifunction LA is
theunionof FUsrequiredby the individual loops. Thewidthsand
depthsof SRFsaresetsuchthat they cansupportvaluesof opera-
tions from all loopsassignedto thecorrespondingFUs. A detailed
descriptionof how anoptimaldatapathfor amultifunctionLA is de-
rivedis beyondthescopeof thispaper;readersarereferredto [7] for
moreinformation.Instead,this paperfocusesonhow multifunction
LAs canbe usedasbuilding blocksto build an acceleratorfor the
wholeapplication.

Accelerator Pipeline Schema. The acceleratorpipelineis de-
signedsuchthatall processingonasinglepacketof data(henceforth
referredto asa task) is donesequentiallyto respecttheprogramor-
der in the systemspeci�cation function. However, multiple tasks
canbe in progressin thepipelineat thesametime. Thesequential
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executionis achieved by usingthe two control signalsSTARTand
DONE. TheLA begins executionof a loop whentheSTARTsignal
goeshigh,andraisestheDONEsignalat theend.By connectingthe
DONEsignalof a producerLA to theSTARTsignalof a consumer
LA, sequentialexecutionof a taskis ensured.Arraysusedfor com-
municationaremappedto SRAMsin theaccelerator. Sincemultiple
taskscanbe in �ight in the pipeline,morethanoneSRAM buffer
couldbeallocatedto a programarray.

Figure3(b) shows the acceleratorpipelinecorrespondingto the
loop graphin Figure3(a). TherearethreeloopsK1, K2, andK3 in
theapplication,eachwith a trip count(TC) of 100. Theaccelerator
shown in Figure3(b) is capableof executingtheapplicationwith an
overall throughputof 100 cycles. Eachloop is moduloscheduled
with II=1. Therefore,the approximatelatency of eachloop (one
stagein the acceleratorpipeline) is 100 cycles. Figure3(c) shows
the executiontimeline for 3 tasksexecutingin the pipeline. Note
that executionof K1 in task2 is overlappedwith executionof K2
in task1. This meansthatK1 will beproducingnew valuesfor the
array tmp1 while K2 is still using the old values. To avoid this
andstill provide overlappedexecutionof tasks,two SRAM buffers
areallocatedto tmp1 . Alternatetasksping-pongbetweenthese2
buffers.Similarly, two buffersareallocatedfor tmp2 .

Figure 4(b) shows a different acceleratorpipeline for the same
application. This pipeline hasa lower throughputof 200 cycles,
asopposedto 100 cyclescapableby Figure3(b). In this pipeline,
K1 is moduloscheduledwith II=2, which is a lower performance
implementation.Also, LA2 is a multifunction acceleratorcapable
of executingK2 andK3, eachwith an II of 1. Figure4(c) shows
the executiontimeline of 2 tasksthroughthe pipeline. Note that
executionof K2 andK3 never overlapacrosstasks.Therefore,only
onebuffer is allocatedfor tmp2 .

3. DESIGN METHODOLOGY
This sectionpresentsourmethodologyfor designinganaccelera-

tor pipelinefor anapplication.Section3.1describesthecosttrade-
offs for variouscomponentsof theacceleratorpipeline.Section3.2
describesanintegerlinearprogramming(ILP) formulationfor �nd-
ing anoptimal costacceleratorpipelineat a prescribedthroughput.
Section3.3 presentsa practicalend-to-endsystemthat generates
VerilogRTL from thesequentialC application.

3.1 CostComponents
Thecostof individual loopacceleratorsformsamajorcomponent

of thecostof theacceleratorpipeline. As describedin Section2.2,
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thedatapathfor anLA is derived from themoduloscheduleof the
innermostloop of a kernelfunction.An LA consistsof a numberof
FUs connectedto SRFs. Sinceall operationsin the loop body are
packedwithin II cyclesin a moduloschedule,thenumberof FUsis
determinedsolelyby the II. Thecostof FUs is alsodeterminedby
thebitwidthsof operationsassignedto it. Note that thebitwidth of
anFU hasto beaslargeasthewidestoperationassignedto it. The
bitwidth of aSRFis sameastheFU connectedto it. Thedepth,how-
ever, dependson theschedule.TheSRFhasto hold all live values
producedby anFU. If theconsumerof anoperationis scheduledfar
away from its producer, theSRFconnectedto theproducerFU will
be deep.Also, whenthe loopshave recurrences,thevariablesthat
carrythedependencesacrosstherecurrencemustbelive for at least
II cycles.Thus,thecostof SRFstendsto increasefor very largeIIs.

Figure 5 shows a plot of the cost of a single LA with increas-
ing II. The loop for which this LA wasbuilt is a partof theBeam-
former [11] application. The costsareobtainedby schedulingthe
loop at differentIIs usinga costsensitive moduloscheduler[6] and
synthesizingthe resultantVerilog usingthe Synopsysdesigncom-
piler. The highestcostcorrespondsto the lowest II of 1, which is
the highestperformanceimplementationof the loop. As II is in-
creased,the numberof FUs in the datapathandthe corresponding
SRFsdecrease.Therefore,we seethe generaltrendof decreasing
overall costwith increasingIIs. However, beyond II of 10, thereis
nodecreasein cost.At high IIs, thedepthof SRFscorrespondingto
therecurrencevariablesgrow disproportionatelycomparedto other
SRFs.Thus,thereis no furthercostimprovementbeyondII of 10.

Apart from II, theotherdimensionthataffectsmultifunctionac-
celeratorcostis thedifferentloopsthattheLA implements.A multi-
functionLA savescostovertwo singlefunctionLAs. Theamountof
costsaveddependson themix of operationsin thetwo loopbodies.
The moresimilar they are, the morecostsaved. However, a mul-
tifunction LA hasanadverseeffect on performance.Sincethereis
only onephysicalhardwareto executetwo loops,instancesof these
two loops in different taskscannotbe overlapped.To achieve the
sameoverall throughputof thepipeline,themultifunctionLA might
have to implementa higherperformanceversionof the individual
loops.Thus,thetradeoff of independentLAs with low performance
versusonemultifunction LA implementinghigh performancever-
sionsof theloops,hasto beconsidered.

Theothermajorcomponentof costof theacceleratorpipelineis
that of the memorybuffers. Note that therehasto be at leastone
buffer for every array in the application. To allow for task over-
lap, morethanonebuffer might have to allocatedto an array. The
sizeandbitwidth of anarrayis applicationdependentandthemod-
ulo schedulefor a loop hasno control over the costof a memory
buffer. However, dependingon theamountof taskoverlaprequired,
which is dictatedby theoverall throughputrequirement,thenumber
of buffersfor anarrayvary.

3.2 ILP Formulation
Theacceleratorpipelinedesignsystemhasto judiciouslychoose

the IIs for eachkernel in the loop, and the numberof buffers al-

Minimize:
P p

i =1 Ci + B UF COST
Subject to:

I I M I N i � I I i � I I M AX i 8i (1)
L i = TCi � I I i (2)
L i � � 8i (3)P

k 2 path i ! j L k � da;i;j � � 8paths i ! j (4)P p
j =1 bi;j = 1 8i (5)P p
i =1 bi;j � L i � � 1 � j � p (6)

TL i;j � 0
TL i;j � P � bi;j

TL i;j � L i

TL i;j � L i � (1 � bi;j ) � PP p
i =1 TL i;j � �

9
>>>=

>>>;

(7)

I I i =
I I M AX iX

k = I I M I N i

k � ii i;k ii i;k 2 f 0; 1g (8)

I I M AX iX

k = I I M I N i

ii i;k = 1 (9)

CL i =
I I M AX iX

k = I I M I N i

Cost(i; k) � ii i;k (10)

SUM Cj =
pX

i =1

bi;j � CL i (11)

M AX Cj � bi;j � CL i 1 � i � p (12)
Cj = M AX Cj + 0:5 � (SUM Cj � M AX Cj ) (13)
B UF COST =

P
a da;i;j � M emcost(a) (14)

Figure6: ILP formulation for systemlevel synthesis

locatedfor eachprogramarraysuchthat the overall throughputis
achieved,andat thesametime,costis minimized.Thesystemalso
hasto considercombiningmany loops into onemultifunction LA
whenevercostsavingsarepossible.In thissection,wedevelopanin-
tegerlinearprogramming(ILP) formulationthatoptimizestheover-
all costof the acceleratorpipelineby choosingIIs andthenumber
of buffers for thearrays.Figure6 shows theinteger linearprogram
for theoptimizationproblem.

Considerthe loop graph constructedfrom the systemspeci�ca-
tion function.For everykernelinstancei in thesystemspeci�cation
function, the loop graphhasa vertex vi . If a kernel i writes to an
arraya, andkernelj readsfrom thearray, andedgeea;i;j is added
betweenverticesvi andvj . Notethatthearraynamea is alsoapart
of theedgelabel.This is becausemorethanonearraycouldbeused
for communicationbetweena pair of loops.An integervariableI I i

is introducedfor every kernel i , andequation1 boundsit between
I I M I N i andI I M AX i . Section3.3 describeshow I I M I N i and
I I M AX i aredetermined.If the trip countof loop i is TCi , then
thelatency L i of theLA implementingloop i canbeapproximated
by equation2.

For every edgeea;i;j , an integer variableda;i;j is introducedto
denotethenumberof buffersthataresynthesizedfor thearraya. Let
theoverall throughputfor theentirepipelinebedenotedby � . The
latency of any loop i shouldbe no morethanthe throughput� , as
shown in equation3. Notethat,if thereisonlyonebuffer for anarray
a, thentheproduceri cannotbegin executionin thenext taskbefore
theconsumerj in theprevious taskis doneexecuting. Effectively,
the buffer is occupiedfor L i + L j cycles. However, i and j can
be overlappedacrossconsecutive tasksif more than onebuffer is
allocatedfor arraya. Giventhatda;i;j denotesthenumberof buffers
allocatedfor array a, equation4 formalizesthe above constraint.
Equation4 simpli�es to L i + L j � da;i;j � � whenthereis adirect
edgefrom i to j . In this case,da;i;j canhave a maximumvalueof
2, i.e., two buffers for the arraya is suf�cient to supportmaximal
taskoverlap. However, i andj maynot bedirectly connected,and
therecouldbemany paths(possiblyof lengthlongerthan2) from i



to j in theloop graph.In thegeneralcase,morethan2 buffersmay
be requiredfor arraya, andconsecutive tasksusethe buffers in a
round-robinfashion.

Multiple loopscanbecombinedinto onemultifunctionLA. The
assignmentof IIs to the loops is independentof whetheror not it
becomespartof a multifunctionLA. Supposethenumberof kernel
instancesin the systemspeci�cation function is p. Therecanbe a
maximumof p acceleratorsin thepipeline. This extremecasecor-
respondsto thedesignwherethereareno multifunctionLAs in the
system. Binary variablesbi;j are introducedto denotethe assign-
mentof loop i to the acceleratorj . Equation5 ensuresthat every
loop is assignedto at mostoneLA. The latency of a multifunction
acceleratornow becomesthesumof thelatenciesof individual loops
assignedto it, which shouldbeno morethantheoverall throughput
� , asshown in equation6. Equation6 involvestheproductof a bi-
naryvariableandanintegervariable,andis non-linear. However, it
canbelinearizedusingauxiliary variablesTL i;j asshown in equa-
tion 7. P is a suitablelargeconstantin equation7.

Equations1–7canprovideavalid selectionof IIs 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 i

are introducedto denotethe costof a single function LA that just
implementsloop i . Notethatthis costdependssolelyon I I i . How-
ever, CL i is not a linear function of I I i asshown in Figure5. To
overcomethis, a one-hotencodingof I I i is usedto expressCL i

in termsof I I i asshown in equations8–10. Note that Cost(i; k)
denotesthecostof a singlefunction LA implementingloop i with
II=k, and is a constant. The cost Cj of a multifunction LA j is
a function of the loopsassignedto it. It cannotbe expressedasa
simplelinearfunction,andcanbeobtainedonly by actuallysynthe-
sizing themultifunctionLA. To approximateCj , we introducetwo
variables,SUM Cj andM AX Cj in equations11and12whichrep-
resentthesumof costsof singlefunctionLAs thatimplementloops
assignedto j , andthemaximumof costsof thoseLAs, respectively.
Equation11 is not linear. However it can be linearizedusing the
sametechniqueshown in equation7. The costCj of a multifunc-
tion LA j is boundedby M AX Cj andSUM Cj . As an approx-
imation, we useequation13 to representCj . The actualcostof a
multifunctionmight vary widely betweenM AX Cj andSUM Cj .
If the loops that are combinedare exactly identical, the cost will
be sameasM AX Cj . If they have lessoverlap in termsof kinds
of operationsin the loop body, thenthe costof combinedLA will
becloseto SUM Cj . Empirically, we foundsettingCj at themid-
point betweenM AX Cj andSUM Cj worked satisfactorily for a
wide rangeof applications.Gettinga betterestimatefor Cj with-
out actuallysynthesizingthemultifunctionLAs will strengthenthe
objective function,andis a subjectof futureresearch.

Theothercomponentof cost,thearraybuffers,doesnot depend
on assignmentof loops to a multifunction LA, and can be easily
calculatedfrom da;i;j 's. Sinceda;i;j denotesthenumberof buffers
allocatedfor the arraya, theoverall costof memorybuffers in the
systemis givenby equation14. M emcost(a) is aconstantdepend-
ing on thesizeandbitwidth of thearraya. Theobjective of theILP
solver is to minimizethesum,sump

i =1 Cj + B UF COST, subject
to theconstraintsgivenby equations1–14.

3.3 Implementation
WeusetheSUIFcompilerinfrastructure[20] to processtheinput

speci�cationandbuild the loop graph. High level informationlike
trip countsof thekernels,thesizesandbitwidthsof arraysusedfor
communication,andthe communicationstructurebetweenkernels
is gatheredin a SUIF pass.Theapplicationis convertedto assem-
bly format, which is the input to the Trimaran[18] compiler tool
chain.Operationlevel data�o w analysisis performedto determine
I I M I N i 's for eachkernel.NotethattheminimumachievableII is
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Figure8: Pipelinecon�gurations for Simple

a function of recurrencecycles in the loop body. A costsensitive
moduloscheduleris usedto schedulethe loop bodiesat increasing
IIs, beginning with I I M I N i . The datapathfor the LA is derived
from thescheduleandsynthesizedusingSynopsysdesigncompiler.
Thus,Cost(i; k)'s, thegatecountestimatesfor theLA implement-
ing loop i at II=k, areobtained.As II is increased,Cost(i; k) de-
creasesup to a point. As describedin Section3.1, thecostof LAs
beginsto increaseat higherIIs. Thevalueof I I M AX i is setto the
point wherethis happens.M emcost(a)'s arecomputedusingthe
Artisan memorycompilerwhich synthesizesSRAMs for the com-
municationarrays. Using the constantsobtainedasabove andthe
throughputspeci�cation,theILP programis formedandsolvedus-
ing theCPLEX solver. Thus,theI I i 's for all loopsandda;i;j 's, the
numberof buffersallocatedfor thearrays,areobtained.

4. CASE STUDIES
This sectionpresentsacceleratorpipelinesfor differentapplica-

tions designedusingour system. Simple is a syntheticapplica-
tion includedto illustratehow differentcomponentsof costareop-
timized. Beamformer andFMRadio arestreamingapplications
from the VersaBench[11] suite. For eachapplication,accelerator
pipelinesweredesignedwith varying throughputs,andthe system
arearesultsarepresented.
Simple. This applicationsconsistsof a sequenceof eight loops,
eachwith a trip countof 256andcontainingamix of addandmulti-
ply operations.Theloop iterationsarecompletelyparallel,allowing
moduloscheduleswith IIs of 1. Thehighestperformancepipeline
for thisapplicationcanhavea throughputof 256cycles.Figure7(a)
shows the cost of acceleratorpipelinesdesignedfor Simple for
throughputsvaryingfrom 256cyclesto 2816cycles.

The costsshown aregatecounts,andarerelative to the costof
the pipelinewith a throughputof 256 cycles. The setof pointsla-
beled“Without HardwareSharing”correspondto the designswith
nomultifunctionLAs. TheILP formulationwasmodi�ed to getthe
lowestcostdesignwithout combiningany loops. We seethatmul-
tifunction LAs areableto achieve signi�cant costsavings through
sharinghardwareacrossmultiple loops. On an average,40% cost
savingsareachievedby hardwaresharing.

Figure 8 illustratesthe use of multifunction LAs in the accel-
eratorpipeline. The loop graphis shown with the IIs next to the
nodes.Boxesindicatewhich loopswerecombinedinto multifunc-
tion LAs. Whentherequiredthroughputis 512cycles(Figure8(a)),
adjacentloops are combinedinto multifunction LAs, resultingin
only 4 stagesin the pipeline. Eachmultifunction LA now hasa
latency of 512 cycles,as it implementstwo loopsat II of 1. Fig-
ure8(b) illustratesthecomplexity of designingapipelinefor a large
application.Whenthe requiredthroughputis 1792,the numberof
possibilitiesaretoo many for a designerto manuallyexplore. Our
automatedmethodsystematicallyderivesthepipelinecon�guration
with minimumcostasshown.
FMRadio. FMRadiois a softwareimplementationof an FM Ra-
dio receiver. Figure7 shows the costsof the acceleratorpipeline
for FMRadio capableof receiving varying maximumfrequencies.
The frequencieswerederived assuminga clock rateof 200 MHz.
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Our implementationhas27 loops in the loop graph. On an aver-
age,multifunctionLAs cause20%costsavingsby sharingresources
acrossmultiple loops. Even thoughthe generaltrendis lower cost
for lower throughputcon�gurations, the “With hardware sharing”
curve is not smooth.For example,thecostfor 112.5MHz con�gu-
ration is about10%higherthanthe117.5MHz con�guration. The
approximationadoptedusingEquation13causesthissub-optimality
in somecases.However, thecostof thepipelinewith multifunction
LAs is still muchlower thanwithout hardwaresharing.Themem-
ory componentof the costwas45% of the overall cost for low II
designs,indicating that moreFUs are requiredin the datapath in
high performanceimplementations.Thememorycomponentof the
costwasup to 70%of theoverall costfor high II, low performance
designs.
Beamformer. Beamformeris aspatial�lter operatingondatafrom
anarrayof sensors.Again, thedataratesshown in Figure7(c) are
derived assuminga 200 MHz clock. Our implementationhas10
loopsin theloop graph.15%costsavingsareachieveddueto hard-
waresharingon anaverage.Thememorycomponentof theoverall
costrangedfrom 60%for low II designsto 70%for high II designs.
Discussion. Someof thesalientpointsaboutthedesignsgenerated
in ourcasestudiesareasfollows:

� Multifunction LAs reducecostover having two independent
low performanceaccelerators.As Figure5 shows, thereduc-
tion in costof a singleacceleratoris not linear with respect
to decreasein performance.However, combiningtwo similar
loopscanhalve thecost.Thus,thesystemcombinesasmany
loopsaspossibleto save cost.

� Pipelineswith alow prescribedthroughputoftencontainover-
designedLAs. Increasingthe IIs beyonda certainpoint only
increasesthe cost. Therefore,the systemjust picks a higher
performanceLA to save cost.

� Memory buffers area signi�cant portion of overall cost. In
somecases,reducingthe numberof buffers to 1 while re-
tainingtheproducerandconsumerloopsathigh performance
saved morecostthansynthesizinglow performanceLAs for
theloopswith two buffersfor thearray.

5. CONCLUSION
This paperpresentsStreamroller, an automatedsystemfor de-

signingacceleratorpipelinesfor compute-intensive streamingappli-
cationsat a user-prescribedperformancelevel. Synthesisconsists
of designinga setof communicatingloop acceleratorsandbuffers
for storingintermediateresults,andorchestratingthe pipelineexe-
cution. Multifunction acceleratorsareusedto reducecost through
hardwaresharingbetweenpipelinestages.

Threecasestudiesarepresentedto highlight thecapabilitiesand
effectivenessof the designsystem. The studiesreveal three im-
portant�ndings aboutacceleratorpipelines:multifunctionLAs are
found to be morecostef�cient than having multiple independent,
lower performanceaccelerators;reducingtheperformanceof a sin-
gle LA below a certainpoint only servesto increasecost; andthe

memorybuffers aresigni�cant andthe con�guration mustbeopti-
mizedto minimizeoverall systemcost.
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