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ABSTRACT

Comple algorithmsandincreasedunctionality areexpandingthe
computationdemandf embeddedsystems.Hardware accelera-
torsarecommonlyusedto meetthesedemandsy executingcrit-
ical applicationloop nestsin customlogic, achiezing performance
requirementsvhile minimizing hardwarecost. Traditionally, these
loopacceleratoraredesignedn asingle-functiormanneywherein
eachloop nestis implementedas dedicatedhardware. This pa-
pers focuseson hardware sharingacrossloop nestsby creating
multi-functionloop acceleratorsyr acceleratorsapableof execut-
ing multiple algorithms. A compilerbasedsystemfor automati-
cally synthesizingnulti-functionloop acceleratoarchitecturefrom
highlevel speci cationsis presentedWe compareaheeffectiveness
of three synthesisapproachesvith varying levels of compleity:
unioned,phase-ordere@ndintegrated.Experimentshav thatin-
telligently designednulti-functionacceleratorachiere substantial
hardware sarings over their single-functioncounterpartson loop
kernelstakenfrom multimediaandsignalprocessinglomains.

1. INTRODUCTION

Themarketsfor wirelesshandsetsPDAs, andotherportablede-
vicescontinueto grow explosively. The growth is fueledby new
functionality addedcapabilitiesandhigherbandwidth. Thesede-
vicesdemanchigherperformanceandmoreenegy-efcient com-
puter systemsto satisfy the userrequirements.To achieve these
challenginggoals,specializechardwarein the form of loop accel-
eratorsare commonlyusedfor the compute-intensie portionsof
applicationghatwould run too slowly if implementedn software
on a programmablerocessorLow-costdesign,systematioveri -
cation,andshorttime-to-marlet arecritical objectivesfor design-
ing theseacceleratorsAutomatic synthesisof hardwareaccelera-
torsfrom high-level speci cationshasthe potentialto solve these
problems.

Thereis also a growing pushto increasethe functionality of
special-purposbardware. Marny applicationghatrun on portable
devices, suchas wirelessnetworking, do not have one dominant
loop nestthatrequiresacceleration Rather theseapplicationsare
composeddf a numberof compute-intense algorithms,includ-
ing lters, transformsgncodersanddecodersFurther increasing
functionality suchassupportingstreamingvideoor multiple wire-
lessprotocols,placesa larger burdenon the hardware designerto
supportmore functionality Dedicatedacceleratorgor eachcriti-

cal algorithmcould be createdandincludedin a system-on-chip.

However, the inability to sharehardware betweenindividual ac-
celeratorcreatesan extremelyinef cient design.Processebased
solutionsare the obvious approachto creatingmulti-purposede-

signsdueto their inherentprogrammability However, processor
basedsolutionsdo not offer the performancendenegy ef ciency
of acceleratorasthereis aninherentoverheado instruction-based
execution.

In this paper the focusis on automaticdesignof multi-function
loop acceleratordrom high-level speci cations. The goalis to
maintainthe efciency of single-functionacceleratorsyhile ex-
posingalarge numberof opportunitiesor hardwaresharingacross
multiple algorithms. The inputsto the systemarethe targetappli-
cationsexpressedn C, the desiredthroughput,andthe available
memorybandwidth. The proposedsystemis built upona single-
function loop acceleratodesignsystemthat employs a compiler
directedapproachsimilarto thePICO-NRA (Programin Chip Out)
system[21]. Acceleratorsare synthesizecby mappingthe algo-
rithm to a simple VLIW processomlandthen extracting a stylized
acceleratoarchitecturéfrom the compilermapping.

To accomplishmultifunction design,the single-functionsystem
is extendedusingthreealternatestrateies. First, thesimpleststrat-
egy is to createindividual accelerator$or eachalgorithmwithout
ary consideratiorfor the otheralgorithms. The dataand control
pathsfor the individual acceleratorsre then unionedtogetherto
createa single designcapableof all algorithms. The secondap-
proachisto iteratively synthesizecceleratorfor eachalgorithmin
a phase-orderethanner For the rst algorithm,a single-function
accelerators synthesizedFor eachsubsequerdlgorithm,synthe-
sis accountsfor with pre-eisting hardware createdfor the prior
algorithmsandattemptsto augmenthe designwith aslittle addi-
tional hardware aspossibleto supportthe desiredperformanceof
thatalgorithm. Finally, thethird approachis to performintegrated,
cost-avaresynthesiof all algorithms.We employ anintegerlinear
programmindormulationto nd asolutionwith optimalestimated
cost.Eachsuccessie strat@y representamorecomple approach
andhencetheability to extractmoreopportunitiedor sharing.But
asa consequencehe successie stratgiesrequiremoresynthesis
time and memoryusage which may becomeprohibitive for large
algorithms.

2. RELATED WORK

Datapattsynthesiss a eld thathasbeenstudiedfor mary years.
Thebasictechniquehiave beenwell established7]. Cathedralll
represents completesynthesisystemdevelopedat IMEC andil-
lustratesonecomprehensie approacho high-level synthesig§17].
Force-directedchedulings usedto synthesizelatapath$or ASIC
design[19]. The Sehva systemautomaticallydesignsprocess-
ing pipelinesfrom behaioral speci cations[18]. Clique based
partitioning algorithmswere developedin the FACET projectto
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Figure 1: Compiler-dir ecteddesignsystem o w.

jointly minimize functionunit andinter-functionunit communica-
tion costs[24].

Automaticmappingof applicationso FPGA-basedndotherre-
con gurablesystemdasalsobeeninvestigatedOneof the rst ef-
fortsto automaticallymapapplication®©ntoanFPGAwasSplasH9]
thatwassubsequentlproductizecasthe NAPA systen{10]. Other
automaticcompilersystemdgor FPGA-baseglatformsincludeGarp
[3], PRISM[25], Cameron[14], Match[13], DEFACTO [2], and
a SUIF-basedystem1]. Variousprogrammingnodelshave been
proposedto provide a more ef cient FPGA implementation,in-
cluding Transmogri er C [8], Picasso[26], and Machines[22].
Compilationfor architecturesonsistingof prede nedfunctionunits
andstoragewith recon gurableinterconnechave beeninvestigated,
including RaPiD[4] andPipeRench11]. Generatiorof moreef -
cientdesignsby sharinghardwareacrosshasicblockswasrecently
proposed16]. Costsensitve schedulingusedwithin thesynthesis
systemto reducehardware cost,hasbeenstudiedin the context of
interconnecminimizationin [23, 15].

This paperextendsprior work in anorthogonaldirectionby in-
vestigatingmulti-function acceleratorsA singleacceleratois de-
signedthatis capableof executingmultiple algorithms.While the
resultingdesignscould be implementedon an FPGA, our intent
is to designstandardcell implementations.The compiler synthe-
sis strat@y hasthe mostsimilarity to the PICO system[21]. But,
PICOis focusedon a single-functionaccelerators.

3. SINGLE FUNCTION DESIGN SYSTEM

The overall ow of the proposeddesignsystemis presentedn
Figurel. The designsystemtakesan applicationloop anda per
formancerequirementspeci ed astheinitiation interval (1) or the
numberof cyclesbetweeninitiating successie loop iterations,as
input. Additional constraintssuchas clock rate or bandwidthto
memorymay alsobe speci ed. Basedon the numberandtypesof
operationgn theloop andthesecostandperformanceonstraints,
an abstraciarchitectureor a hypotheticaMLIW processois cre-
ated. This abstractarchitecturaepresents high-level view of the
acceleratos functionality thatcanbe effectively compiledto, and
exposesresourcesharingopportunitieswithin the operationsof a
singleloop. This abstractarchitecturealso enablesthe compiler
to generatea modulo schedule. From this modulo schedule the
acceleratodatapaths lled in with functionunits (FUs), storage
elementsand interconnect. Finally, the control pathis generated
andtheaccelerators instantiatedn RTL andsynthesizedEachof
thesestepawill bediscussedh detailin thefollowing sectionswvith
anexamplefrom sobel , anedge-detectioalgorithm.

The hardware schemausedin this paperis shawvn in Figure 2.
Theacceleratois designedo exploit thehigh degreeof parallelism
availablein moduloscheduledoopswith a large numberof FUs.
EachFU writesto a dedicatedshift register le (SRF);eachcycle
thatthe FU produces new value,the contentof theregistersshift
downwardsto the next register The entriesin an SRF therefore
containthe valuesproducedby the correspondind-U in the order
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Figure2: Loop acceleratorschema.

they werecomputed Wiresfrom theregistersbackto theFU inputs
allow datatransferfrom producerto consumer Multiple registers
may be connectedo eachFU input; a multiplexer(MUX) is used
to selectthe appropriateone. Sincethe operationsexecutingin
a modulo scheduledoop are periodic, the selectorfor this MUX
is simply a modulo counter Otherthanthis counter no control
signalsareneededo addresshe SRFs.

Literals andstaticlive-in registervaluescannotbe storedin the
SRFs.Therefore Jiterals are hard-wiredto the appropriatd=U in-
puts,andlive-in valuesaresuppliedby a centralregister le which
is connectedo theinputsof FUsthatrequirethem.FUswhich ac-
cessmemoryare connectedo a local memorystructuresuchasa
scratchpadgache or streambuffer. The hostprocessocanlet the
loop acceleratobegin executionby settingsomecontrol registers
like theloop counter(LC) andassertinghe start signal. Whenthe
loop executionis complete the branchfunctionunit assert@a done
signalto the hostprocessor

3.1 Architecture Synthesis

The rst stepin the architecturesynthesisprocessis the cre-
ation of the abstractVLIW architectureto which the application
is mapped.The abstraciarchitecturds parameterizednly by the
numberof FUs andtheir capabilities;a singleuni ed register le
with in nite ports/elementthatis connectedo all FUsis assumed.
Giventhe operationsn the loop, the desiredthroughput,anda li-
brary of hardware cell capabilitiesand costs,the problemof FU
allocation is to comeup with a mix of FUs that minimizescost
while providing enoughresourceso meetthe performancecon-
straint. In the simplestcasewhereeachoperationcanbe executed
by only onetype of FU, dcompatible_ops=lI e instanceof each
FU typeshouldbecreated.

However, operationangenerallybeexecutedby multipletypes
of FUs. For example,bothADD andADDSUB unitsmaybeavail-
able,andthe bestchoiceof FUs dependsn the numberof ADD
and SUB operationsn the loop. In this case,the FU allocation
problembecomesgnore comple« and canbe formulatedasan in-
teger linear program, minimizing the sum of the FU costswhile



for( i= 0;i <NI1; i++) {
for( j=0 ;j< N2y j++) {
00= xi I I
t01= xi i+ 1
t02=X[i i+ 2]
t10= x[i+ 1] [ Il =4
t12=x[i+ 1]+ 2
t20= X[+ 2 I
t21= xi+ 2]+ 1J; FU #
©2= X+ 2[+ 2I; ADD 5
el=( (00 +t0 1)+ (01 +t02 )) — ADDSUB | 1
(t 20+ 21) +(t 21+ t22) ; MEM 3
e2=( (t00 +tl 0)+ (10 +t20 )) -
(t 02+ t12) +(t 12+ t22)) ; MPY 1
el2= el*el; e22= e2* e2; CMP 1
e=el 2+ e22

if (e >th resho Id) tmp= 1;
else tmp =0;
edgeli [ | = tmp;

Figure 3: sobel sourcecodeand resultof FU allocation with

11=4.
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Figure 4: A portion of the sobel modulo scheduledloop.
Edgesrepresentdata o w betweenoperations.

supportingall of the operations.Figure 3 shawvs the resultof FU
allocationfor sobel with II=4. Theoperationsn theloopinclude
22 ADD and?2 SUB operationswhich arecoveredby the 5 ADD
and1 ADDSUB units.

Next, theloop is moduloscheduledo the abstraciarchitecture.
The scheduleiis a backtrackingmodulo schedulemwhich assigns
operationsn priority orderto theresource# theabstracarchitec-
ture[20]. Thescheduleis augmentedvith a hardwarecostmodel,
detailedin Section3.2,in orderto make schedulingdecisionshat
will reducethe costof the resultinghardware. At the completion
of this phaseall of the loop operationsareboundto FUsandtime
slots, and thereforethe producerconsumerrelationshipsbetween
FUs have beendetermined.Figure4 shavs someoperationfrom
the moduloscheduldor sobel . Notethatthe numberassociated
with eachoperationindicatests width, andthewidth of a function
unitis setto thewidth of thelargestoperationassignedo it.

Thusthevirtual FUs of the abstractarchitectureconcretizedy
operationassignmentgjirectly becomethe FUs of the loop accel-
erator The restof the acceleratordatapathis derived from the
producerconsumerrelationshipsin the modulo schedule. Wires
connectan SRF entry at the outputof a producingFU to the in-
put of a consumingFU. The SRF entry that shouldbe connected
is determinedfrom the differencein executiontime betweenthe
producerandconsumerMore speci cally, theregisternumberthat
shouldbeconnectedo transferavaluefrom producingoperatiorp
to consumingoperationc is:
time (c¢)

time (p) + iter ation _distance(p;c) 11 latency(p)

The bitwidths of the FUs and SRFsare determinedfrom the
modulo scheduleas well; they arethe maximumbitwidth of the
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Figure 5: Datapath derived from the modulo scheduleshown
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Figure 6: Effect of scheduleon wir e cost.

datathatmustbe computedn the FU or containedn the SRE The
depthof an SRFis determinedrom thelongestlifetime of theval-
uesproducedby the corresponding-U. Figure 5 shavs the SRFs
and connectiongresulting from the scheduledoperationsin Fig-
ure4. Notethatthreeof the four SRFscanbe ssizedto 8-bit width.
Finally, the live-in registervaluesare allocatedto the centralreg-
ister le, andwires arecreatedto connectthe centralregister le
with FUsthathave live-in operands.

Theresultof architecturesynthesigs a high-level representation
of theacceleratoarchitectureconsistingof the major components
(FUs, SRFs,andcentralregister le) andtheinterconnectionbe-
tweenthem.

3.2 CostSensitve Scheduling

Typically, thegoalof aschedulers to maximizetheperformance
of anapplicationon a given machine.However, in the accelerator
designsystemthe applicationis scheduledn anabstractrchitec-
ture,andthenthe acceleratodatapattis synthesizedasedon this
schedule Therefore|t is importantthatthe schedulebe aware of
theimpactof its decisionn thethe costof theresultingmachine.

A moduloschedulerselectsa schedulingalternatve, or assign-
mentof FU andtime slot, for eachoperation.Thechoiceof schedul-
ing alternatve for anoperationhasa signi cant impacton the cost
of theresultingmachine A standard¢ost-unsvareschedulechooses
alternatvesnavely (for example schedulingall operationsasearly
aspossibleon an arbitraryfree FU). In Figure 6, assumehe two
pairsof operationsare32bitswide. A cost-unsvaremodulosched-
uler might producethe upperschedulewhich requires64 wires,
while thelower schedulevould have requiredonly 32.

3.2.1 GreedyModuloSdeduler

Thebasicschedulingalgorithmusedn oursysterris basedn [20].
The scheduleigoesthroughthe operationsn theloop in a depen-
denceheightbasedpriority order For every operation the sched-
ulerchooses FU andatime slot. Sincethe dependencesouldbe
cyclic, con icts canoccurwhile schedulingj.e.,theschedulemay
fail to nd avalid time slotandFU for anoperation.Backtracking
is usedto resole thesecon icts. Somepreviously scheduleaper
ationsareunscheduledb make roomfor con icting operations.

Note thatthe choiceof FU andtime slot affectsthe costof the
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resultingmachine. Thus, a cost aware schedulingframework is
used,shawn in Figure7. The main componenbf this framevork
is the hardware cost model. This hardware modelrepresentshe
costof FUs, SRFs,andinterconnectvires. Notethatthe nal cost
of hardware canbe computedonly whenall operationshave been
scheduled However, the scheduleneedso know the costimpact
of aschedulingalternatve whenit is in the middle of the schedul-
ing process. For this reason the hardware costmodelis able to
representhe costof a partialmachinethatis, the costof hardware
resourcesequiredto supportexecutionof just the scheduledper
ations. In addition,the costmodelercanestimatethe costof hard-
warethatwould berequiredto supportthe remaining,unscheduled
operations.

To choosethe bestlocal alternatve, the greedymodulo sched-
uler makes queriesaboutthe machinecostto the hardware cost
modeler The costmodelerreturnsa cost estimatethat includes
both the partial machinecostaswell asthe estimatedcostof un-
scheduledperationsBasedon this cost,the schedulechoosesn
alternatve and scheduleghe operationon that particularFU and
time slot. The scheduleinformsthe hardware costmodelerabout
thisdecisionsothatthe partialmachinecanbeupdated.Scheduling
anoperatiorcanchangehewidth of someFU, andit canaddsome
new connectiorbetweena registerandthe FU. Whenthe modulo
scheduleunplacesanoperationduring a backtrackingstep,it also
informs the hardware costmodeleraboutthe unplacedoperation,
sothatthe partial machinecanbe updated.

3.2.2 ILP-basedOptimal Scheduler

Optimalmoduloschedulerdasednintegerlinearprogramming
have beenextensiely studiedin [12] and[5]. Theobjective func-
tionsin theseformulationshave beencompilerorientedin nature,
for exampleminimum scheduldength,minimum registerrequire-
ment,etc. However, in our designsystemsincetheschedulaleter
minesthe costof the resultinghardware,an objective functionhas
to beformulatedwhich re ects the FU cost,storagecostandwire
cost.Dueto spaceconstraintspnly anhigh level descriptionof the
formulationis provided here.

The softwaresetupfor ILP-basedscheduleis similarto theone
shavn in gure 7. However, insteadof usinga detailedhardware
costmodeler differentcomponent®f hardware costsaredirectly
built into the ILP formulation. TheILP formulationemploys a bi-
nary variableto representhe assignmenbf anoperationto a par
ticularrow in themoduloresenationtable.Besideghesd | binary
variablesanintegervariablerepresentinghestagan whichtheop-

erationis scheduledcompletelydescribeghe scheduldime of an
operation.The basicconstraintsvhich ensurea valid scheduleare
identicalto the onespresentedn [5]. In addition,our formulation
emplagys binary variablesto representhe assignmenbf an opera-
tion to aparticularFU. Additional constraintareintroducedo get
avalid FU assignmentThe FU widths canbe derived from these
binary variables,asthe width of an FU is the maximumbitwidth
of operationsassignedo it. The depthof shift registersassociated
with anFU is derivedfrom thedifferencan scheduldgimesof oper
ationsassignedo the FU andtheir consumeioperations.The cost
of storagestructuresare derived from the width of FUs anddepth
of theshift register les. More detaileddescriptionsandequations
canbefoundin [6].

3.3 Architecture Instantiation

The goal of this stepis to generatea Verilog realizationof the
acceleratoffrom the high-level architecturecreatedin the previ-
oussection. This is doneby lowering eachmoduleinto primitive
moduleghathave pre-de nedbehaioral Verilog descriptions Af-
terthe primitive modulesareidenti ed, connectiondbetweermod-
ules are madeand MUXes are introducedfor multiple-producer
connections. For example,an FU that supportsADD, SUB and
SHRis loweredinto a setof primitive moduleswhich includesan
ADDSUB module,SHR moduleanda MUX combiningtwo out-
puts.

Dueto thediversityin width of thedatapathandthe useof sepa-
ratestorageslementgor eachFU, two typesof customizedMUXes
areintroducedn ourdesign.Oneis theextensionMUX thatcando
signedor unsignedxtensiononits inputsdependingnwhichtype
of datais transferredhroughit. Having this extensionMUX in the
datapathenablesemaoving most of the sign extensionoperations
in the original programas extensionis doneimplicitly. The other
typeof MUX is thedata-mege MUX which solvesthe problemof
multiple producerdeedinga singleconsumeunderdisjoint predi-
cates.In acorventionalarchitecturewith a centralizedegister le,
thisis notaproblemasall the producerswrite into the samestruc-
ture. However, in our dedicatedshift register le schememultiple
producersnayconditionallywrite to differentSRFsanddepending
onwhich FU executesheproducerthevalid oneis known only at
runtime. To addresshis problem,we extendedthe width of each
SRFby onebit thatindicatesvhetherthe datacontainedn thereg-
isterentryis valid. Usingthisvalid bit information,the data-mege
MUX selectghevalid dataatruntime.lt is legal for morethanone
entry to have its valid bit setto 1. In this case the mostrecently
generatedalid valueis selected.

Basednthedatapathhatis instantiatedthe controlpathis gen-
eratedor eachloop. To reduceglobalwiring of controlsignalswe
emplg adistributedcontrolschemeavhereineachhigh-level mod-
ule hasits own logic thatinternallygeneratesontrolsignalsfor all
of theenclosedgrimitive modules We currentlyutilize threelevels
of controllogic: FU controlactivatesthe appropriateprimitive FU
with the properfunctionality and setsary internal MUX selects;
Clustercontrol (a clusteris de ned asthe setof tightly intercon-
nectedFUs and SRFs)convertsthell valueto generatéhigh-level
FU opcodesandsetsthe input MUXes selectsignals;and,the top
level controlwhich generateshell countervalue.

A subsebf the nal lowereddatapattor sobel is presentedh
Figure8. TherightmostFU is realizedwith two primitive FUs, a
MPY anda CMP. The rst outputof the CMP is sharedwith the
outputof theMPY. In addition,input MUXes areaddedvhenmul-
tiple wiressharehesameFU input port,asshovn in thefourth FU
from theleft. Eachshift register le containsvalid bitsasdescribed
above.
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4. MULTIFUNCTION ACCELERATORS

Multifunction designrefersto generalizingthe loop accelerator
designto supporttwo or more separatdoop nests. One obvious
approachto creatinga multifunction acceleratoiis to separately
designacceleratordor the individual loops, and then stampout
theseloop acceleratorside by side. While this may save pack-
aging costsover creatingcompletelyseparateacceleratorsmore
hardware sharingcanbe achieed. By creatingan acceleratowith
asingledatapattihatcansupportmultiple loops,alargeamountof
hardware sharingis possiblewhile continuingto meetthroughput
constraintgor bothloops.

The costof a multifunction acceleratois affectedby the indi-
vidual functionsin several ways. First, the executionresources
requiredby the multifunction acceleratoiis a superseof the re-
sourcegequiredfor theindividual acceleratorsSincethe multiple
functionswill notbeexecutingsimultaneouslyary resourcegsom-
mon to the individual acceleratorsieedonly be instantiatedonce
in the combinedaccelerator Effectively, the multifunction accel-
eratorshouldhave the union of the FUsrequiredby theindividual
acceleratorsSecondthe costof the SRFsis sensitve to how the
sharingis doneacrossfunctions.Sinceevery FU hasan SRFatits
output,andthe SRFhasthe bitwidth of its widestmemberandthe
depthof its valuewith the longestlifetime, thereis a potentialfor
carelessharingto resultin large, underutilizedSRFs. Third, one
adwantageof a customizedASIC is thattherearefew control sig-
nalsthat needto be distributedacrossthe chip, sincethe datapath
is hard-wiredfor a speci c loop. Whenmultiple loopscomeinto
play, notonly mustthedatapattbeableto supporthecomputation
andcommunicatiomequirement®sf eachloop, but the controlpath
mustbe capableof directingthe datapathaccordingto which loop
is beingexecuted.

Threemethodsto extend the single-functiondesignsystemto
createmultifunction acceleratoraredescribedn the remainderof
this section.

4.1 Union of Accelerators

Onemultifunctionacceleratosynthesistratgy isto rst design
a single-functionacceleratorfor eachloop as describedin Sec-
tion 3, andthento combinetheseacceleratorso form the multi-
functionacceleratorThe multifunction acceleratodatapaths the
unionof thesingle-functiondatapathsandthereforehardwarecost
savingsoverthenave sumof acceleratorsanberealizedby taking
adwantageof hardwaresharingacrosdoops.

The unioningphaseis accomplishedy selectingan FU andits
correspondingshift register le (SRF)from eachsingle-function
acceleratoland combiningtheminto a single FU and SRFin the
resultantacceleratorThe new FU hasthe bitwidth andfunctional-

=4 FU #
ADDSUB,SHL | 1
lejD i# ADD,MOV 1
AND,MPY 1

MEM | 1
SHL |1 MEM !
SHR | 1 MEM,MOV 1
MoV | 2 MEM,SHR 1
ADD 4
CMP 1

Figure 9: FU allocation for fsed (left) and FU mix supporting
both sobel andfsed (right).

ity to executeall operationsupportedy theindividual FUsbeing
combined.Similarly, thenew SRFhassufcient width anddepthto
meetthe storagaequirementsf ary of the SRFsbeingcombined.
This processs repeatedor the remainingFUs and SRFsuntil all
of themhave beenunioned.At this point, theresultingaccelerator
supportsall of thefunctionality of theindividual accelerators.

Note that the most sharingof SRFsoccurswhentwo or more
large SRFswith similardimension@recombinedin thiscasepnly
asingleSRFis requiredin themultifunctionacceleratowhereses-
eralwereneededy thesingle-functionacceleratorsSimilarly, the
mostFU sharingoccurswhenFUs with similar functionality and
bitwidth are combined.However, it canbe advantageouso com-
bine FUswith dissimilarfunctionality In this case hardwareshar
ing in the FU doesnot improve, but the combinationmay enable
moresharingin the correspondin@RFs.

The simplestunioningmethodis a positionalunion, wherethe
FUsin eachacceleratoareorderedby functionality (multiple FUs
with the samefunctionality areunordered)and FUs and SRFsin
correspondingositionsareselectedor combination.For example,
the rst FU and SRFin acceleratoll are combinedwith the rst
FU and SRFin accelerato? to form the rst FU and SRFin the
multifunctionacceleratgrandso on. This unioningmethodyields
goodhardware sharingin the FUs. However, hardware sharingin
theSRFsoccurshy chanceij.e.,if thedimension®f theSRFsheing
combinedhappento be similar. Note thatin the worst case,it is
possiblefor the unionedSRFto have a highercostthanthe sumof
two individual SRFs: whenone SRFis wide andhasfew entries
andthe otheris narrav with mary entries,the unionwill both be
wide andhave mary entrieswith greatertotal areathanthe sumof
thetwo SRFs.

An improvedunioningmethodo increasénardwaresharingshould
considerll permutation®f FUsfrom thedifferentloops,andunion
thepermutatiorthatresultsn minimal cost. This canbeformulated
asanlILP problemwherebinaryvariablesareusedto representhe
possiblepairingsof FUs/SRFdrom differentloops. The objective
functionis setsuchthatthesetof pairingswith minimal costis cho-
sen.Unlikethepositionalunioning,ILP unioningis ableto actively
improve both FU and SRFhardware sharing,ratherthanallowing
SRFsharingto comeaboutby chance.In addition, ILP unioning
can combinedissimilar FUs (which increased=U costrelative to
thepositionalunion)if it resultsin signi cant SRFcostsavings.

The disadwantageof the unioning stratgy is that eachloop is

scheduledvithout knowledgeof the otherloops. Oncethe loops
are scheduledtheir individual FU and storagerequirementsare
x ed,andthe subsequentnioningphasecannotchangehe sched-
ulesto furtherimprove hardware sharingacrosdoops. Therefore,
this strateyy is unableto take adwantageof somehardwaresharing
opportunities.



4.2 PhaseOrdered Scheduling

The secondapproactto handlingmultiple loopsis to usephase
ordering. The loopsarescheduledndividually; however, they are
scheduledn order suchthat eachloop canaccountfor the hard-
ware createdby the scheduleof the previousloop. Thus,the rst
loop is scheduledusing the cost sensitve schedulerdescribedn
Section3.2. Whenthesecondoopis scheduledratherthanstarting
with anemptyvirtual hardwaremodel,thehardwareresultingfrom
the rst loopis used. The costsensitve schedulethereforenatu-
rally attemptdo reusehardwarefrom the rst loop asit minimizes
cost during schedulingof the secondloop. This continuesuntil
all loopsare scheduled.Currently the greedyschedulingmethod
(Section3.2.1)is usedasit cannaturallyaccounfor thepreeisting
hardvare.

One condition of the phaseorderedapproachis that all loops
shouldbe scheduledntothe sameabstractrchitecturen orderto
allow thedatapatto beincrementallyupdatecasloopsaresched-
uled. To generatethe abstractarchitecturefor the multifunction
acceleratqr=U allocationis rst performedon eachloop individu-
ally. As describedn Section3.1, FU allocationfor eachloop gen-
eratesan FU mix capableof executingtheindividual loops. These
virtual setsof FUs areunionedtogetherto getthe minimum setof
FUswhich cansupportexecutionof all theloops. Figure9 shavs
the minimum setof FUsrequiredto executesobel andfsed (a
halftoningalgorithm).

Notethatthe FU allocationfor individualloopscanresultin FUs
which are mutually exclusive betweentwo loops. For example,
Figures3 and 9 shaw thatthe MPY unit is usedby sobel but
not by fsed . Similarly, an AND unit is usedby fsed andnot
by sobel . We take advantageof this mutualexclusiity to reduce
the numberof shift register les. Note thatboth MPY and AND
FUs have to be presenin the multifunction acceleratowhich can
executebothfsed andsobel . But only oneof the FUswill be
active at ary time. Therefore,it is enoughto synthesizeone SRF
to hold the valuesproducedy both of theseFUs. Thesemutually
exclusive virtual FUsarepre-gmoupedandtreatedasa singleentity
for latersteps.

In this phaseorderedschedulingapproachit is clearthatthe or-
derin which loopsarescheduledffectsthe costof the nal hard-
ware.Themoduloscheduldor eachloopaccountgor thehardware
from previously scheduledoops, but cannotaccountfor loopsnot
yet scheduled.In this system,loopsare scheduledn order from
largesthardwarecostto smallesthardware cost(hardwarecostcan
be approximatedy synthesizinga single-functionacceleratofor
theloop). It wasfoundthatthis orderinggivesgoodsolutionsbe-
causethereis greatempotentialfor hardware sharingearlierin the
phaseorderedschedulingorocess.

4.3 Integrated Scheduling

Whenschedulingmultiple loops, it is necessaryo considerthe
costof the hardwareresultingfrom the combinedschedule®f all
loops. Another synthesisapproachwhich accountsfor this is to
jointly scheduleall loops simultaneously This entails consider
ing the effectson hardware costof the schedulingalternatves for
operationdn all loops, andselectingcombinationsof alternatves
to minimize cost. In general,this problemis quite comple, be-
causethe numberof possibleschedulegrows exponentiallyasthe
numberof loopsincreasegsincethe schedulingalternatesof op-
erationsin differentloopsareindependent)In our systemthein-
tegratedschedulinguisesanILP formulation,whichis basednthe
one usedfor schedulingsingle loops, describedn Section3.2.2.
Theschedulevalidity constraintdor individual loopsaretotally in-
dependenandrepresentedsingdisjoint variables.However there
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Figure 10: Gate costof multifunction accelerators.

is only onesetof variablesthat representhe hardware cost. For
examplethe costof anFU is representetby a singlevariable,but
dependson FU assignmenbf operationsin all loops. Similarly
storageandwire costsaremodeledusinga singlesetof variables.

5. EXPERIMENTAL RESULTS

Kernelsfrom threedifferentapplicatiordomainsareusedo eval-
uatetheloop acceleratodesigns Fromimageprocessingsharp ,
sobel , andfsed algorithmsareexamined.sharp performsim-
agesharpeningsobel performsedgedetection,andfsed per
formshalftoning.idct , dequant anddcacrecon arecompu-
tationally intensive loopsextractedfrom the MPEG-4application.
Fromthesignalprocessinglomain,thefollowing kernelsareeval-
uated:viterbi , fft , convolve ,fir andiir . Thesekernels
arecommonlyusedin applicationssuchaswirelessnetworking.

For eachmachinecon guration, we usethe compilerdirected
architecturesynthesisystemdescribedn this paperto designthe
loopacceleratoandgeneratdRTL. TheresultingVerilogis synthe-
sizedusingthe Synopsyslesigncompilerin 0.18 technology A
200-MHz clock rateis assumedFor all experimentsperformance
is held constantandis speci ed by thell value. A typical ll is se-
lectedfor eachbenchmarl(for example,l | = 4 for sobel and
Il = 8foridct ), andmultifunction hardwareis synthesizedor
combination®f benchmarksvithin the samedomain.Gatecounts
areusedto measurehe costof eachacceleratocon guration.

Figure 10 shaws the costin gatesof multifunction loop accel-
eratorsdesignedusingthe methodsdescribedn this paper Each
groupof four barsrepresents benchmarkcombination shaving,
from left to right, the sum of individual acceleratorsthe intelli-
gentunion of independentlydesignedacceleratorgSection4.1),
the phase-orderedesign(Section4.2), andthe integratedILP so-
lution (Section4.3). Eachbaris vertically divided into threesey-
ments,representinghe contrikution of FUs, storageandMUXes
to the overall cost. Sincethe integratedsolutionrelieson the NP-
completelLP formulation,it did notcompletefor somebenchmark
groups. Thus, the costof the integratedsolutionis not shavn for
the MPEG-4groupof benchmarks.

The rst barof eachsetrepresentsurrentstate-of-the-annulti-
loopacceleratodesignmethodologies,e. creatingsingle-function
acceleratorgor eachloop. Thus,the differencebetweenthis bar
andthe otherthreebarsin eachgrouprepresenthe savzings avail-
able by synthesizingmultifunction designs. As the gure shaws,
this savings is signi cant, especiallyas the numberof loopsin-
creases.

Onethingto noticeis thatthe FU costin themultifunctionaccel-
eratorincreasesery little asmoreloopsaremappedntothesame
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hardware. As the hardware supportanoreloops,chancesrehigh
thatthe FU requirement®f a new loop canbe metby FUsalready
presenin theaccelerator

The costof the storageareain the multifunction acceleratois
alsoreducedhroughsharing.lt canbe seenthatin all of the mul-
tifunction acceleratorsthe costof the storages signi cantly less
thanthe sumof the storagerequiredin theindividual accelerators.
In the signalprocessinglomain,for example,the acceleratosup-
portingall ve benchmarkasa storagecostof about25K gates,
while the total cost of the storagewithout sharingis about82K
gates.

An areain whichthemultifunctionacceleratodoesnotimprove
on the individual acceleratorss in the MUX cost. Although the
multifunction acceleratohasfewer FUs (andthusfewer MUXes)
than the sum of individual acceleratorseachMUX must select
amonga potentiallylarger setof datalocations,asmoreoperations
executeon eachFU.

An importantobsenationis thatthe unionof independenaccel-
eratorshasvirtually the samecostasthe acceleratodesignedvith
the integratedILP solution. Hence,intelligently unioning single-
function acceleratorgan give a nearly optimal solution. This is
signi cant becausehe integratedsolutiondoesnot scalewith the
numberof loopscombinedn a multifunctionacceleratorAnother
point is that generallythe union of independentcceleratorhas
lower costthanthe acceleratodesignedvith phaseordering. This
is becausehe independenticceleratorare scheduledoptimally,
while a greedyschedulingalgorithmis usedfor the phaseordered
accelerator

Figure 11 shaws the effectivenesof the differentcost-sensitie
schedulersliscussedh Section3.2. Thebenchmarlgroupsarethe
sameasthosein the previous gure. For eachgroup,accelerators
are designedindependentlyusing ndve, greedy and ILP sched-
ulers, and then unionedintelligently as discussedn Section4.1.
The rst setof benchmarlgroups(from theimageprocessinglo-
main) shaws the expectedresult: the greedycost-sensitie sched-
uler reduceshardware costfrom the nave schedulerandthe ILP
solutionfurtherreduceghe costbeyondthe greedyschedulerThe
next setof benchmarkgfrom MPEG-4) shavs the anomalythat
the ILP solutionis very poor. Thisis becausehe problemis NP-
completeby nature,and the ILP solver did not completewhen
schedulingthe idct  benchmarkeven when running for several
days. An intermediatenon-optimalsolutionwastakenfor idct ,
which negatively impactedthe hardware cost of acceleratorsor
groupsof benchmarksvhichincludedidct . Finally, thethird set
of benchmarkgsignalprocessingshav thatthe greedyscheduler
canperformworsethanthe nave scheduler This is becauseur
rently the greedyschedulecaninaccuratelyestimatethe hardware
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Figure 12: Effect of differ ent unioning methods.

cost of unscheduledperations,which canleadto bad schedul-
ing decisionsasin the caseof the viterbi benchmark. Thus,
thebenchmarlgroupscontainingviterbi have higherhardware
cost.Improving the greedyscheduleis anareaof futurework.

Figure 12 shaws the effect of the unioning methodwhencom-
bining independenthdesignedacceleratorsThe rst barfor each
benchmarlgroupshavsthecostof hardwareobtainedy justsum-
ming up the accelerator®f individual benchmark.Clearly, it has
the worst costbecauseno hardwareis sharedacrossaccelerators.
The secondbar shavs the hardware costwhenthe datapathsare
unionedin the worst possiblemanner This is achieved by max-
imizing the objective function in the ILP formulation of union-
ing describedn Section4.1. This resultis includedto highlight
the ineffectivenessof positionalunioning (third bar). For exam-
ple, the hardware costfor positionalunioningandworstunioning
is samefor the vit-fft-con-fir group of benchmarks.For
other benchmarkgroups, positionalunioning resultsin hardware
costlower thanthatachiezed by worstunioning. But asdescribed
in Section4.1,thisis moreby chancethanby design.Thelastbar
shaws the hardware cost achieved by ILP basedsmartunioning,
andit consistentlygetsbettercostcomparedwith otherforms of
unioning.

A side-efectin multifunctiondesignds thatadditionalintercon-
nectis necessaryo accomplishsharingin the datapath. The ad-
ditionalinterconnectonsistanostly of wider MUXes attheinputs
of FUs. This canaffectthecritical paththroughtheacceleratodata
pathandhencehemaximalclockrateof thedesign.Theadditional
interconnectncreasedhe critical pathfrom 2.3%to 6.8%with an
averageof 4.3%overthelongesteritical pathof thesingle-function
designs.However, all multifunction designswvereableto meetthe
targetclock rateof 200MHz.

6. CONCLUSION

This paperpresentsan automatedcompilerdirectedsystemfor
synthesizingacceleratorgor modulo scheduledoops. The syn-
thesissystembuilds anabstractarchitecturdbasedon the compute
requirement®f theloop, moduloscheduleshe loop, andthende-
rivesthe datapathandcontrol pathfor theacceleratorThe system
canbeusedfor synthesizingeustomacceleratorshatcanrun mul-
tiple loops, utilizing hardware sharingin orderto realizecostsav-
ings over synthesizingndividual loop acceleratorsvhile meeting
the performanceequirement®f eachloop. Threemethodsf syn-
thesizingmultifunctionacceleratorarepresentedunioning,phase
ordering, and integrated. It is shavn that intelligently unioning
single-functionacceleratoryields multifunction acceleratorghat



are nearly optimal in cost. By evaluating multifunction acceler

atorsdesignedor variousapplicationdomains,hardware savings

of up to 60% arerealizeddueto sharingof resourcesndstorage
betweeroops.
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