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ABSTRACT
Complex algorithmsandincreasedfunctionalityareexpandingthe
computationdemandsof embeddedsystems.Hardwareaccelera-
torsarecommonlyusedto meetthesedemandsby executingcrit-
ical applicationloop nestsin customlogic, achieving performance
requirementswhile minimizing hardwarecost.Traditionally, these
loopacceleratorsaredesignedin asingle-functionmanner, wherein
eachloop nest is implementedas dedicatedhardware. This pa-
pers focuseson hardware sharingacrossloop nestsby creating
multi-functionloopaccelerators,or acceleratorscapableof execut-
ing multiple algorithms. A compiler-basedsystemfor automati-
cally synthesizingmulti-functionloopacceleratorarchitecturesfrom
highlevel speci�cationsis presented.Wecomparetheeffectiveness
of threesynthesisapproacheswith varying levels of complexity:
unioned,phase-ordered,andintegrated.Experimentsshow thatin-
telligentlydesignedmulti-functionacceleratorsachieve substantial
hardware savings over their single-functioncounterpartson loop
kernelstakenfrom multimediaandsignalprocessingdomains.

1. INTRODUCTION
Themarketsfor wirelesshandsets,PDAs, andotherportablede-

vicescontinueto grow explosively. The growth is fueledby new
functionality, addedcapabilities,andhigherbandwidth.Thesede-
vicesdemandhigherperformanceandmoreenergy-ef�cient com-
puter systemsto satisfy the userrequirements.To achieve these
challenginggoals,specializedhardwarein theform of loop accel-
eratorsarecommonlyusedfor the compute-intensive portionsof
applicationsthatwould run too slowly if implementedin software
on a programmableprocessor. Low-costdesign,systematicveri�-
cation,andshorttime-to-market arecritical objectivesfor design-
ing theseaccelerators.Automaticsynthesisof hardwareaccelera-
tors from high-level speci�cationshasthe potentialto solve these
problems.

There is also a growing push to increasethe functionality of
special-purposehardware. Many applicationsthat run on portable
devices, suchas wirelessnetworking, do not have one dominant
loop nestthat requiresacceleration.Rather, theseapplicationsare
composedof a numberof compute-intensive algorithms,includ-
ing �lters, transforms,encoders,anddecoders.Further, increasing
functionality, suchassupportingstreamingvideoor multiplewire-
lessprotocols,placesa largerburdenon the hardwaredesignerto
supportmorefunctionality. Dedicatedacceleratorsfor eachcriti-
cal algorithmcould be createdandincludedin a system-on-chip.
However, the inability to sharehardware betweenindividual ac-
celeratorscreatesanextremelyinef�cient design.Processor-based
solutionsare the obvious approachto creatingmulti-purposede-

signsdueto their inherentprogrammability. However, processor-
basedsolutionsdonotoffer theperformanceandenergy ef�ciency
of acceleratorsasthereis aninherentoverheadto instruction-based
execution.

In this paper, thefocusis on automaticdesignof multi-function
loop acceleratorsfrom high-level speci�cations. The goal is to
maintainthe ef�ciency of single-functionaccelerators,while ex-
posingalargenumberof opportunitiesfor hardwaresharingacross
multiple algorithms.The inputsto thesystemarethe targetappli-
cationsexpressedin C, the desiredthroughput,and the available
memorybandwidth. The proposedsystemis built upona single-
function loop acceleratordesignsystemthat employs a compiler-
directedapproach,similarto thePICO-NPA (ProgramIn ChipOut)
system[21]. Acceleratorsaresynthesizedby mappingthe algo-
rithm to a simpleVLIW processorand thenextractinga stylized
acceleratorarchitecturefrom thecompilermapping.

To accomplishmultifunctiondesign,thesingle-functionsystem
is extendedusingthreealternatestrategies.First,thesimpleststrat-
egy is to createindividual acceleratorsfor eachalgorithmwithout
any considerationfor the otheralgorithms. The dataandcontrol
pathsfor the individual acceleratorsare thenunionedtogetherto
createa singledesigncapableof all algorithms. The secondap-
proachis to iteratively synthesizeacceleratorsfor eachalgorithmin
a phase-orderedmanner. For the �rst algorithm,a single-function
acceleratoris synthesized.For eachsubsequentalgorithm,synthe-
sis accountsfor with pre-existing hardware createdfor the prior
algorithmsandattemptsto augmentthedesignwith aslittle addi-
tional hardwareaspossibleto supportthe desiredperformanceof
thatalgorithm.Finally, thethird approachis to performintegrated,
cost-awaresynthesisof all algorithms.Weemploy anintegerlinear
programmingformulationto �nd asolutionwith optimalestimated
cost.Eachsuccessivestrategy representsamorecomplex approach
andhencetheability to extractmoreopportunitiesfor sharing.But
asa consequence,thesuccessive strategiesrequiremoresynthesis
time andmemoryusage,which maybecomeprohibitive for large
algorithms.

2. RELATED WORK
Datapathsynthesisisa�eld thathasbeenstudiedfor many years.

Thebasictechniqueshave beenwell established[7]. CathedralIII
representsa completesynthesissystemdevelopedat IMEC andil-
lustratesonecomprehensive approachto high-level synthesis[17].
Force-directedschedulingis usedto synthesizedatapathsfor ASIC
design[19]. The Sehwa systemautomaticallydesignsprocess-
ing pipelinesfrom behavioral speci�cations[18]. Clique based
partitioning algorithmswere developedin the FACET project to
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Figure1: Compiler-dir ecteddesignsystem�o w.

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

Automaticmappingof applicationsto FPGA-basedandotherre-
con�gurablesystemshasalsobeeninvestigated.Oneof the�rst ef-
fortsto automaticallymapapplicationsontoanFPGAwasSplash[9]
thatwassubsequentlyproductizedastheNAPA system[10]. Other
automaticcompilersystemsfor FPGA-basedplatformsincludeGarp
[3], PRISM [25], Cameron[14], Match [13], DEFACTO [2], and
a SUIF-basedsystem[1]. Variousprogrammingmodelshave been
proposedto provide a more ef�cient FPGA implementation,in-
cluding Transmogri�er C [8], Picasso[26], and Machines[22].
Compilationfor architecturesconsistingof prede�nedfunctionunits
andstoragewith recon�gurableinterconnecthavebeeninvestigated,
includingRaPiD[4] andPipeRench[11]. Generationof moreef�-
cientdesignsby sharinghardwareacrossbasicblockswasrecently
proposed[16]. Costsensitivescheduling,usedwithin thesynthesis
systemto reducehardwarecost,hasbeenstudiedin thecontext of
interconnectminimizationin [23, 15].

This paperextendsprior work in anorthogonaldirectionby in-
vestigatingmulti-functionaccelerators.A singleacceleratoris de-
signedthat is capableof executingmultiple algorithms.While the
resultingdesignscould be implementedon an FPGA, our intent
is to designstandardcell implementations.The compilersynthe-
sis strategy hasthemostsimilarity to thePICOsystem[21]. But,
PICOis focusedona single-functionaccelerators.

3. SINGLE FUNCTION DESIGN SYSTEM
The overall �o w of the proposeddesignsystemis presentedin

Figure1. The designsystemtakesan applicationloop anda per-
formancerequirement,speci�edastheinitiation interval (II) or the
numberof cyclesbetweeninitiating successive loop iterations,as
input. Additional constraintssuchas clock rateor bandwidthto
memorymayalsobespeci�ed. Basedon thenumberandtypesof
operationsin theloop andthesecostandperformanceconstraints,
anabstractarchitecturefor a hypotheticalVLIW processoris cre-
ated.This abstractarchitecturerepresentsa high-level view of the
accelerator's functionality, thatcanbeeffectively compiledto, and
exposesresourcesharingopportunitieswithin the operationsof a
single loop. This abstractarchitecturealso enablesthe compiler
to generatea moduloschedule.From this modulo schedule,the
acceleratordatapathis �lled in with functionunits (FUs), storage
elementsand interconnect.Finally, the control path is generated
andtheacceleratoris instantiatedin RTL andsynthesized.Eachof
thesestepswill bediscussedin detailin thefollowing sectionswith
anexamplefrom sobel , anedge-detectionalgorithm.

The hardwareschemausedin this paperis shown in Figure2.
Theacceleratoris designedto exploit thehighdegreeof parallelism
availablein moduloscheduledloopswith a largenumberof FUs.
EachFU writes to a dedicatedshift register�le (SRF);eachcycle
thattheFU producesanew value,thecontentsof theregistersshift
downwardsto the next register. The entriesin an SRF therefore
containthevaluesproducedby thecorrespondingFU in theorder
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they werecomputed.Wiresfrom theregistersbackto theFU inputs
allow datatransferfrom producerto consumer. Multiple registers
may be connectedto eachFU input; a multiplexer(MUX) is used
to selectthe appropriateone. Sincethe operationsexecutingin
a moduloscheduledloop areperiodic, the selectorfor this MUX
is simply a modulo counter. Other than this counter, no control
signalsareneededto addresstheSRFs.

Literalsandstaticlive-in registervaluescannotbestoredin the
SRFs.Therefore,literalsarehard-wiredto theappropriateFU in-
puts,andlive-invaluesaresuppliedby a centralregister�le which
is connectedto theinputsof FUsthatrequirethem.FUswhichac-
cessmemoryareconnectedto a local memorystructuresuchasa
scratchpad,cache,or streambuffer. Thehostprocessorcanlet the
loop acceleratorbegin executionby settingsomecontrol registers
like theloop counter(LC) andassertingthestart signal.Whenthe
loop executionis complete,thebranchfunctionunit assertsa done
signalto thehostprocessor.

3.1 Ar chitecture Synthesis
The �rst step in the architecturesynthesisprocessis the cre-

ation of the abstractVLIW architectureto which the application
is mapped.Theabstractarchitectureis parameterizedonly by the
numberof FUs andtheir capabilities;a singleuni�ed register�le
with in�nite ports/elementsthatis connectedto all FUsis assumed.
Given theoperationsin the loop, thedesiredthroughput,anda li-
brary of hardware cell capabilitiesandcosts,the problemof FU
allocation is to comeup with a mix of FUs that minimizescost
while providing enoughresourcesto meetthe performancecon-
straint. In thesimplestcasewhereeachoperationcanbeexecuted
by only onetype of FU, dcompatible ops=II e instancesof each
FU typeshouldbecreated.

However, operationscangenerallybeexecutedby multipletypes
of FUs.For example,bothADD andADDSUB unitsmaybeavail-
able,andthe bestchoiceof FUs dependson the numberof ADD
and SUB operationsin the loop. In this case,the FU allocation
problembecomesmorecomplex andcanbe formulatedasan in-
teger linear program,minimizing the sum of the FU costswhile



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

t00 = x[i ][j  ];
t01 = x[i ][j+ 1];
t02 = x[i ][j+ 2];
t10 = x[i+ 1][j  ];
t12 = x[i+ 1][j+ 2];
t20 = x[i+ 2][j  ];
t21 = x[i+ 2][j+ 1];
t22 = x[i+ 2][j+ 2];

e1 = ( (t00  + t0 1) + (t01 + t02 ))  –
((t 20 +  t21)  + (t 21 + t22)) ;     

e2 = ( (t00  + t1 0) + (t10 + t20 ))  –
((t 02 +  t12)  + (t 12 + t22)) ;

e12 = e1* e1;   e22 =  e2* e2;
e = e1 2 + e22;
if (e > th resho ld) t mp = 1;
else t mp = 0;
edge[i ][j ]  = tmp;

}
}

II = 4

FU #
ADD 5
ADDSUB 1
MEM 3
MPY 1
CMP 1

Figure 3: sobel sourcecodeand result of FU allocation with
II=4.
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Figure 4: A portion of the sobel modulo scheduled loop.
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supportingall of the operations.Figure3 shows the resultof FU
allocationfor sobel with II=4. Theoperationsin theloop include
22 ADD and2 SUB operations,which arecoveredby the5 ADD
and1 ADDSUB units.

Next, the loop is moduloscheduledto theabstractarchitecture.
The scheduleris a backtrackingmoduloschedulerwhich assigns
operationsin priority orderto theresourcesin theabstractarchitec-
ture[20]. Thescheduleris augmentedwith ahardwarecostmodel,
detailedin Section3.2, in orderto make schedulingdecisionsthat
will reducethe costof the resultinghardware. At the completion
of this phase,all of the loop operationsareboundto FUsandtime
slots,and thereforethe producer-consumerrelationshipsbetween
FUshave beendetermined.Figure4 shows someoperationsfrom
themoduloschedulefor sobel . Notethat thenumberassociated
with eachoperationindicatesits width, andthewidth of a function
unit is setto thewidth of thelargestoperationassignedto it.

Thusthevirtual FUsof theabstractarchitecture,concretizedby
operationassignments,directly becometheFUsof theloop accel-
erator. The rest of the acceleratordatapathis derived from the
producer-consumerrelationshipsin the modulo schedule. Wires
connectan SRFentry at the outputof a producingFU to the in-
put of a consumingFU. The SRFentry that shouldbe connected
is determinedfrom the differencein executiontime betweenthe
producerandconsumer. Morespeci�cally, theregisternumberthat
shouldbeconnectedto transferavaluefrom producingoperationp
to consumingoperationc is:

time (c) � time (p) + iter ation distance(p;c) � I I � latency(p)

The bitwidths of the FUs and SRFsare determinedfrom the
modulo scheduleas well; they are the maximumbitwidth of the
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datathatmustbecomputedin theFU or containedin theSRF. The
depthof anSRFis determinedfrom thelongestlifetime of theval-
uesproducedby the correspondingFU. Figure5 shows the SRFs
and connectionsresultingfrom the scheduledoperationsin Fig-
ure4. Notethatthreeof thefour SRFscanbesizedto 8-bit width.
Finally, the live-in registervaluesareallocatedto the centralreg-
ister �le, andwires arecreatedto connectthe centralregister�le
with FUsthathave live-inoperands.

Theresultof architecturesynthesisis ahigh-level representation
of theacceleratorarchitectureconsistingof themajorcomponents
(FUs,SRFs,andcentralregister�le) andthe interconnectionsbe-
tweenthem.

3.2 Cost SensitiveScheduling
Typically, thegoalof ascheduleris to maximizetheperformance

of anapplicationon a givenmachine.However, in theaccelerator
designsystemtheapplicationis scheduledon anabstractarchitec-
ture,andthentheacceleratordatapathis synthesizedbasedon this
schedule.Therefore,it is importantthat theschedulerbeawareof
theimpactof its decisionson thethecostof theresultingmachine.

A moduloschedulerselectsa schedulingalternative, or assign-
mentof FUandtimeslot,for eachoperation.Thechoiceof schedul-
ing alternative for anoperationhasa signi�cant impacton thecost
of theresultingmachine.A standard,cost-unawareschedulerchooses
alternativesnä�vely (for example,schedulingall operationsasearly
aspossibleon an arbitraryfree FU). In Figure6, assumethe two
pairsof operationsare32bitswide. A cost-unawaremodulosched-
uler might producethe upperschedule,which requires64 wires,
while thelower schedulewould have requiredonly 32.

3.2.1 GreedyModuloScheduler
Thebasicschedulingalgorithmusedin oursystemisbasedon[20].

Theschedulergoesthroughtheoperationsin the loop in a depen-
denceheightbasedpriority order. For every operation,thesched-
uler choosesa FU anda time slot. Sincethedependencescouldbe
cyclic, con�icts canoccurwhile scheduling,i.e.,theschedulermay
fail to �nd a valid time slot andFU for anoperation.Backtracking
is usedto resolve thesecon�icts. Somepreviouslyscheduledoper-
ationsareunscheduledto make roomfor con�icting operations.

Note that the choiceof FU andtime slot affectsthe costof the
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resultingmachine. Thus, a cost aware schedulingframework is
used,shown in Figure7. Themaincomponentof this framework
is the hardware costmodel. This hardware model representsthe
costof FUs,SRFs,andinterconnectwires. Notethatthe�nal cost
of hardwarecanbecomputedonly whenall operationshave been
scheduled.However, theschedulerneedsto know thecostimpact
of a schedulingalternative whenit is in themiddleof theschedul-
ing process.For this reason,the hardware costmodel is able to
representthecostof a partialmachine,thatis, thecostof hardware
resourcesrequiredto supportexecutionof just thescheduledoper-
ations.In addition,thecostmodelercanestimatethecostof hard-
warethatwouldberequiredto supporttheremaining,unscheduled
operations.

To choosethe bestlocal alternative, the greedymodulosched-
uler makes queriesabout the machinecost to the hardware cost
modeler. The cost modelerreturnsa cost estimatethat includes
both the partial machinecostaswell asthe estimatedcostof un-
scheduledoperations.Basedon this cost,theschedulerchoosesan
alternative andschedulesthe operationon that particularFU and
time slot. Theschedulerinformsthehardwarecostmodelerabout
thisdecisionsothatthepartialmachinecanbeupdated.Scheduling
anoperationcanchangethewidth of someFU,andit canaddsome
new connectionbetweena registerandtheFU. Whenthemodulo
schedulerunplacesanoperationduringa backtrackingstep,it also
informs the hardwarecostmodeleraboutthe unplacedoperation,
sothatthepartialmachinecanbeupdated.

3.2.2 ILP­basedOptimalScheduler
Optimalmoduloschedulersbasedonintegerlinearprogramming

have beenextensively studiedin [12] and[5]. Theobjective func-
tions in theseformulationshave beencompiler-orientedin nature,
for exampleminimumschedulelength,minimumregisterrequire-
ment,etc.However, in ourdesignsystem,sincethescheduledeter-
minesthecostof theresultinghardware,anobjective functionhas
to beformulatedwhich re�ects theFU cost,storagecostandwire
cost.Dueto spaceconstraints,only anhigh level descriptionof the
formulationis providedhere.

Thesoftwaresetupfor ILP-basedscheduleris similar to theone
shown in �gure 7. However, insteadof usinga detailedhardware
costmodeler, differentcomponentsof hardwarecostsaredirectly
built into theILP formulation. TheILP formulationemploys a bi-
naryvariableto representtheassignmentof anoperationto a par-
ticularrow in themoduloreservationtable.BesidestheseI I binary
variables,anintegervariablerepresentingthestagein whichtheop-

erationis scheduled,completelydescribesthescheduletime of an
operation.Thebasicconstraintswhich ensurea valid scheduleare
identicalto theonespresentedin [5]. In addition,our formulation
employs binaryvariablesto representtheassignmentof anopera-
tion to aparticularFU. Additionalconstraintsareintroducedto get
a valid FU assignment.TheFU widthscanbederived from these
binary variables,asthe width of an FU is the maximumbitwidth
of operationsassignedto it. Thedepthof shift registersassociated
with anFU is derivedfrom thedifferencein scheduletimesof oper-
ationsassignedto theFU andtheir consumeroperations.Thecost
of storagestructuresarederived from thewidth of FUsanddepth
of theshift register�les. More detaileddescriptionsandequations
canbefoundin [6].

3.3 Ar chitecture Instantiation
The goal of this stepis to generatea Verilog realizationof the

acceleratorfrom the high-level architecturecreatedin the previ-
oussection.This is doneby lowering eachmoduleinto primitive
modulesthathave pre-de�nedbehavioral Verilogdescriptions.Af-
ter theprimitivemodulesareidenti�ed, connectionsbetweenmod-
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,SHRmoduleanda MUX combiningtwo out-
puts.

Dueto thediversityin width of thedatapathandtheuseof sepa-
ratestorageelementsfor eachFU, two typesof customizedMUXes
areintroducedin ourdesign.Oneis theextensionMUX thatcando
signedor unsignedextensiononits inputsdependingonwhichtype
of datais transferredthroughit. Having thisextensionMUX in the
datapathenablesremoving mostof the sign extensionoperations
in theoriginal programasextensionis doneimplicitly. Theother
typeof MUX is thedata-mergeMUX whichsolvestheproblemof
multiple producersfeedinga singleconsumerunderdisjoint predi-
cates.In aconventionalarchitecturewith acentralizedregister�le,
this is not a problemasall theproducerswrite into thesamestruc-
ture. However, in our dedicatedshift register�le scheme,multiple
producersmayconditionallywrite to differentSRFsanddepending
on whichFU executestheproducer, thevalid oneis known only at
run time. To addressthis problem,we extendedthewidth of each
SRFby onebit thatindicateswhetherthedatacontainedin thereg-
isterentryis valid. Usingthisvalid bit information,thedata-merge
MUX selectsthevalid dataat runtime.It is legal for morethanone
entry to have its valid bit setto 1. In this case,the mostrecently
generatedvalid valueis selected.

Basedonthedatapaththatis instantiated,thecontrolpathis gen-
eratedfor eachloop. To reduceglobalwiring of controlsignals,we
employ adistributedcontrolschemewhereineachhigh-level mod-
ulehasits own logic thatinternallygeneratescontrolsignalsfor all
of theenclosedprimitivemodules.Wecurrentlyutilize threelevels
of control logic: FU controlactivatestheappropriateprimitive FU
with the properfunctionality andsetsany internalMUX selects;
Clustercontrol (a clusteris de�ned asthe setof tightly intercon-
nectedFUsandSRFs)convertsthe II valueto generatehigh-level
FU opcodesandsetstheinput MUXes selectsignals;and,the top
level controlwhich generatestheII countervalue.

A subsetof the�nal lowereddatapathfor sobel is presentedin
Figure8. The rightmostFU is realizedwith two primitive FUs,a
MPY anda CMP. The �rst outputof the CMP is sharedwith the
outputof theMPY. In addition,inputMUXesareaddedwhenmul-
tiple wiressharethesameFU inputport,asshown in thefourthFU
from theleft. Eachshift register�le containsvalid bitsasdescribed
above.
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Figure8: Lowered datapath for sobel .

4. MULTIFUNCTION ACCELERATORS
Multifunction designrefersto generalizingthe loop accelerator

designto supporttwo or moreseparateloop nests. Oneobvious
approachto creatinga multifunction acceleratoris to separately
designacceleratorsfor the individual loops, and then stampout
theseloop acceleratorsside by side. While this may save pack-
aging costsover creatingcompletelyseparateaccelerators,more
hardwaresharingcanbeachieved. By creatinganacceleratorwith
asingledatapaththatcansupportmultiple loops,a largeamountof
hardwaresharingis possiblewhile continuingto meetthroughput
constraintsfor bothloops.

The costof a multifunction acceleratoris affectedby the indi-
vidual functions in several ways. First, the execution resources
requiredby the multifunction acceleratoris a supersetof the re-
sourcesrequiredfor theindividual accelerators.Sincethemultiple
functionswill notbeexecutingsimultaneously, any resourcescom-
mon to the individual acceleratorsneedonly be instantiatedonce
in the combinedaccelerator. Effectively, the multifunction accel-
eratorshouldhave theunionof theFUsrequiredby theindividual
accelerators.Second,the costof theSRFsis sensitive to how the
sharingis doneacrossfunctions.Sinceevery FU hasanSRFat its
output,andtheSRFhasthebitwidth of its widestmemberandthe
depthof its valuewith the longestlifetime, thereis a potentialfor
carelesssharingto result in large,underutilizedSRFs.Third, one
advantageof a customizedASIC is that therearefew control sig-
nalsthatneedto bedistributedacrossthechip, sincethedatapath
is hard-wiredfor a speci�c loop. Whenmultiple loopscomeinto
play, notonly mustthedatapathbeableto supportthecomputation
andcommunicationrequirementsof eachloop,but thecontrolpath
mustbecapableof directingthedatapathaccordingto which loop
is beingexecuted.

Threemethodsto extend the single-functiondesignsystemto
createmultifunctionacceleratorsaredescribedin theremainderof
this section.

4.1 Union of Accelerators
Onemultifunctionacceleratorsynthesisstrategy is to �rst design

a single-functionacceleratorfor eachloop as describedin Sec-
tion 3, andthento combinetheseacceleratorsto form the multi-
functionaccelerator. Themultifunctionacceleratordatapathis the
unionof thesingle-functiondatapaths,andthereforehardwarecost
savingsoverthenä�vesumof acceleratorscanberealizedby taking
advantageof hardwaresharingacrossloops.

Theunioningphaseis accomplishedby selectinganFU andits
correspondingshift register �le (SRF) from eachsingle-function
acceleratorandcombiningtheminto a singleFU andSRFin the
resultantaccelerator. Thenew FU hasthebitwidth andfunctional-

II = 4

FU #
AND 1
MEM 1
SHL 1
SHR 1
MOV 2

II = 4

FU #
ADDSUB,SHL 1
ADD,MOV 1
AND,MPY 1
MEM 1
MEM,MOV 1
MEM,SHR 1
ADD 4
CMP 1

Figure9: FU allocation for fsed (left) and FU mix supporting
both sobel and fsed (right).

ity to executeall operationssupportedby theindividual FUsbeing
combined.Similarly, thenew SRFhassuf�cient width anddepthto
meetthestoragerequirementsof any of theSRFsbeingcombined.
This processis repeatedfor the remainingFUsandSRFsuntil all
of themhave beenunioned.At this point, theresultingaccelerator
supportsall of thefunctionalityof theindividual accelerators.

Note that the mostsharingof SRFsoccurswhen two or more
largeSRFswith similardimensionsarecombined;in thiscase,only
asingleSRFis requiredin themultifunctionacceleratorwheresev-
eralwereneededby thesingle-functionaccelerators.Similarly, the
mostFU sharingoccurswhenFUs with similar functionality and
bitwidth arecombined.However, it canbe advantageousto com-
bineFUswith dissimilarfunctionality. In this case,hardwareshar-
ing in the FU doesnot improve, but the combinationmay enable
moresharingin thecorrespondingSRFs.

The simplestunioningmethodis a positionalunion, wherethe
FUsin eachacceleratorareorderedby functionality(multiple FUs
with the samefunctionalityareunordered),andFUs andSRFsin
correspondingpositionsareselectedfor combination.For example,
the �rst FU andSRFin accelerator1 arecombinedwith the �rst
FU andSRFin accelerator2 to form the �rst FU andSRFin the
multifunctionaccelerator, andsoon. This unioningmethodyields
goodhardwaresharingin theFUs. However, hardwaresharingin
theSRFsoccursbychance,i.e.,if thedimensionsof theSRFsbeing
combinedhappento be similar. Note that in the worst case,it is
possiblefor theunionedSRFto have a highercostthanthesumof
two individual SRFs: whenoneSRFis wide andhasfew entries
andtheotheris narrow with many entries,the union will both be
wideandhavemany entries,with greatertotalareathanthesumof
thetwo SRFs.

An improvedunioningmethodto increasehardwaresharingshould
considerall permutationsof FUsfromthedifferentloops,andunion
thepermutationthatresultsin minimalcost.Thiscanbeformulated
asanILP problemwherebinaryvariablesareusedto representthe
possiblepairingsof FUs/SRFsfrom differentloops.Theobjective
functionis setsuchthatthesetof pairingswith minimalcostis cho-
sen.Unlikethepositionalunioning,ILP unioningis ableto actively
improve bothFU andSRFhardwaresharing,ratherthanallowing
SRFsharingto comeaboutby chance.In addition,ILP unioning
cancombinedissimilarFUs (which increasesFU cost relative to
thepositionalunion)if it resultsin signi�cant SRFcostsavings.

The disadvantageof the unioning strategy is that eachloop is
scheduledwithout knowledgeof the other loops. Oncethe loops
are scheduled,their individual FU and storagerequirementsare
�x ed,andthesubsequentunioningphasecannotchangethesched-
ulesto further improve hardwaresharingacrossloops. Therefore,
this strategy is unableto take advantageof somehardwaresharing
opportunities.



4.2 PhaseOrdered Scheduling
Thesecondapproachto handlingmultiple loopsis to usephase

ordering.The loopsarescheduledindividually; however, they are
scheduledin order, suchthat eachloop canaccountfor the hard-
warecreatedby thescheduleof theprevious loop. Thus,the �rst
loop is scheduledusing the cost sensitive schedulerdescribedin
Section3.2.Whenthesecondloopisscheduled,ratherthanstarting
with anemptyvirtual hardwaremodel,thehardwareresultingfrom
the �rst loop is used.Thecostsensitive schedulerthereforenatu-
rally attemptsto reusehardwarefrom the�rst loop asit minimizes
cost during schedulingof the secondloop. This continuesuntil
all loopsarescheduled.Currently, the greedyschedulingmethod
(Section3.2.1)is usedasit cannaturallyaccountfor thepreexisting
hardware.

One condition of the phaseorderedapproachis that all loops
shouldbescheduledontothesameabstractarchitecturein orderto
allow thedatapathto beincrementallyupdatedasloopsaresched-
uled. To generatethe abstractarchitecturefor the multifunction
accelerator, FU allocationis �rst performedoneachloop individu-
ally. As describedin Section3.1,FU allocationfor eachloop gen-
eratesanFU mix capableof executingtheindividual loops.These
virtual setsof FUsareunionedtogetherto gettheminimumsetof
FUswhich cansupportexecutionof all the loops. Figure9 shows
theminimumsetof FUsrequiredto executesobel andfsed (a
halftoningalgorithm).

NotethattheFU allocationfor individual loopscanresultin FUs
which are mutually exclusive betweentwo loops. For example,
Figures3 and 9 show that the MPY unit is usedby sobel but
not by fsed . Similarly, an AND unit is usedby fsed andnot
by sobel . We take advantageof this mutualexclusivity to reduce
the numberof shift register �les. Note that both MPY andAND
FUshave to bepresentin themultifunctionacceleratorwhich can
executeboth fsed andsobel . But only oneof theFUs will be
active at any time. Therefore,it is enoughto synthesizeoneSRF
to hold thevaluesproducedby bothof theseFUs. Thesemutually
exclusive virtual FUsarepre-groupedandtreatedasasingleentity
for latersteps.

In this phaseorderedschedulingapproach,it is clearthattheor-
der in which loopsarescheduledaffectsthecostof the�nal hard-
ware.Themoduloschedulefor eachloopaccountsfor thehardware
from previously scheduledloops,but cannotaccountfor loopsnot
yet scheduled.In this system,loopsarescheduledin order from
largesthardwarecostto smallesthardwarecost(hardwarecostcan
be approximatedby synthesizinga single-functionacceleratorfor
the loop). It wasfoundthat this orderinggivesgoodsolutionsbe-
causethereis greaterpotentialfor hardwaresharingearlierin the
phaseorderedschedulingprocess.

4.3 Integrated Scheduling
Whenschedulingmultiple loops,it is necessaryto considerthe

costof thehardwareresultingfrom thecombinedschedulesof all
loops. Another synthesisapproachwhich accountsfor this is to
jointly scheduleall loops simultaneously. This entailsconsider-
ing theeffectson hardwarecostof theschedulingalternativesfor
operationsin all loops,andselectingcombinationsof alternatives
to minimize cost. In general,this problemis quite complex, be-
causethenumberof possibleschedulesgrows exponentiallyasthe
numberof loopsincreases(sincetheschedulingalternativesof op-
erationsin differentloopsareindependent).In our system,thein-
tegratedschedulingusesanILP formulation,which is basedon the
oneusedfor schedulingsingle loops,describedin Section3.2.2.
Theschedulevalidity constraintsfor individual loopsaretotally in-
dependentandrepresentedusingdisjoint variables.However there
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Figure10: Gatecostof multifunction accelerators.

is only onesetof variablesthat representthe hardwarecost. For
examplethecostof anFU is representedby a singlevariable,but
dependson FU assignmentof operationsin all loops. Similarly
storageandwire costsaremodeledusinga singlesetof variables.

5. EXPERIMENT AL RESULTS
Kernelsfromthreedifferentapplicationdomainsareusedto eval-

uatetheloopacceleratordesigns.Fromimageprocessing,sharp ,
sobel , andfsed algorithmsareexamined.sharp performsim-
agesharpening,sobel performsedgedetection,and fsed per-
formshalftoning. idct , dequant anddcacrecon arecompu-
tationally intensive loopsextractedfrom theMPEG-4application.
Fromthesignalprocessingdomain,thefollowing kernelsareeval-
uated:viterbi , fft , convolve , fir andiir . Thesekernels
arecommonlyusedin applicationssuchaswirelessnetworking.

For eachmachinecon�guration, we usethe compiler-directed
architecturesynthesissystemdescribedin this paperto designthe
loopacceleratorandgenerateRTL. TheresultingVerilogis synthe-
sizedusingtheSynopsysdesigncompilerin 0.18� technology. A
200-MHzclock rateis assumed.For all experiments,performance
is heldconstantandis speci�ed by theII value. A typical II is se-
lectedfor eachbenchmark(for example,I I = 4 for sobel and
I I = 8 for idct ), andmultifunctionhardwareis synthesizedfor
combinationsof benchmarkswithin thesamedomain.Gatecounts
areusedto measurethecostof eachacceleratorcon�guration.

Figure10 shows the cost in gatesof multifunction loop accel-
eratorsdesignedusingthe methodsdescribedin this paper. Each
groupof four barsrepresentsa benchmarkcombination,showing,
from left to right, the sum of individual accelerators,the intelli-
gent union of independentlydesignedaccelerators(Section4.1),
thephase-ordereddesign(Section4.2),andthe integratedILP so-
lution (Section4.3). Eachbar is vertically divided into threeseg-
ments,representingthecontribution of FUs,storage,andMUXes
to theoverall cost. Sincethe integratedsolutionrelieson theNP-
completeILP formulation,it did notcompletefor somebenchmark
groups. Thus,the costof the integratedsolutionis not shown for
theMPEG-4groupof benchmarks.

The�rst barof eachsetrepresentscurrentstate-of-the-artmulti-
loopacceleratordesignmethodologies,i.e. creatingsingle-function
acceleratorsfor eachloop. Thus, the differencebetweenthis bar
andtheotherthreebarsin eachgrouprepresentthesavingsavail-
ableby synthesizingmultifunction designs.As the �gure shows,
this savings is signi�cant, especiallyas the numberof loops in-
creases.

Onethingto noticeis thattheFU costin themultifunctionaccel-
eratorincreasesvery little asmoreloopsaremappedontothesame
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Figure11: Effect of differ ent costsensitive schedulers.

hardware. As thehardwaresupportsmoreloops,chancesarehigh
thattheFU requirementsof a new loop canbemetby FUsalready
presentin theaccelerator.

The costof the storageareain the multifunction acceleratoris
alsoreducedthroughsharing.It canbeseenthat in all of themul-
tifunction accelerators,the costof the storageis signi�cantly less
thanthesumof thestoragerequiredin theindividual accelerators.
In thesignalprocessingdomain,for example,theacceleratorsup-
portingall � ve benchmarkshasa storagecostof about25K gates,
while the total cost of the storagewithout sharingis about82K
gates.

An areain which themultifunctionacceleratordoesnot improve
on the individual acceleratorsis in the MUX cost. Although the
multifunctionacceleratorhasfewer FUs(andthusfewer MUXes)
than the sum of individual accelerators,eachMUX must select
amongapotentiallylargersetof datalocations,asmoreoperations
executeoneachFU.

An importantobservationis thattheunionof independentaccel-
eratorshasvirtually thesamecostastheacceleratordesignedwith
the integratedILP solution. Hence,intelligently unioningsingle-
function acceleratorscan give a nearlyoptimal solution. This is
signi�cant becausethe integratedsolutiondoesnot scalewith the
numberof loopscombinedin a multifunctionaccelerator. Another
point is that generallythe union of independentacceleratorshas
lower costthantheacceleratordesignedwith phaseordering.This
is becausethe independentacceleratorsare scheduledoptimally,
while a greedyschedulingalgorithmis usedfor thephaseordered
accelerator.

Figure11 shows theeffectivenessof thedifferentcost-sensitive
schedulersdiscussedin Section3.2.Thebenchmarkgroupsarethe
sameasthosein theprevious �gure. For eachgroup,accelerators
are designedindependentlyusing nä�ve, greedy, and ILP sched-
ulers, and then unionedintelligently asdiscussedin Section4.1.
The �rst setof benchmarkgroups(from the imageprocessingdo-
main) shows theexpectedresult: the greedycost-sensitive sched-
uler reduceshardwarecostfrom the nä�ve scheduler, andthe ILP
solutionfurtherreducesthecostbeyondthegreedyscheduler. The
next set of benchmarks(from MPEG-4) shows the anomalythat
the ILP solutionis very poor. This is becausetheproblemis NP-
completeby nature,and the ILP solver did not completewhen
schedulingthe idct benchmarkeven when running for several
days.An intermediate,non-optimalsolutionwastaken for idct ,
which negatively impactedthe hardware cost of acceleratorsfor
groupsof benchmarkswhich includedidct . Finally, thethird set
of benchmarks(signalprocessing)show that thegreedyscheduler
canperformworsethanthe nä�ve scheduler. This is becausecur-
rently thegreedyschedulercaninaccuratelyestimatethehardware
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Figure12: Effect of differ ent unioning methods.

cost of unscheduledoperations,which can lead to bad schedul-
ing decisionsas in the caseof the viterbi benchmark.Thus,
thebenchmarkgroupscontainingviterbi have higherhardware
cost.Improving thegreedyscheduleris anareaof futurework.

Figure12 shows the effect of the unioningmethodwhencom-
bining independentlydesignedaccelerators.The �rst bar for each
benchmarkgroupshowsthecostof hardwareobtainedby justsum-
ming up the acceleratorsof individual benchmark.Clearly, it has
the worst costbecauseno hardwareis sharedacrossaccelerators.
The secondbar shows the hardwarecostwhenthe datapathsare
unionedin the worst possiblemanner. This is achieved by max-
imizing the objective function in the ILP formulation of union-
ing describedin Section4.1. This result is includedto highlight
the ineffectivenessof positionalunioning (third bar). For exam-
ple, thehardwarecostfor positionalunioningandworstunioning
is samefor the vit-fft-con-fir groupof benchmarks.For
other benchmarkgroups,positionalunioning resultsin hardware
costlower thanthatachievedby worstunioning. But asdescribed
in Section4.1, this is moreby chancethanby design.Thelastbar
shows the hardware cost achieved by ILP basedsmartunioning,
and it consistentlygetsbettercostcomparedwith other forms of
unioning.

A side-effect in multifunctiondesignsis thatadditionalintercon-
nectis necessaryto accomplishsharingin the datapath. The ad-
ditional interconnectconsistsmostlyof widerMUXesat theinputs
of FUs.Thiscanaffect thecritical paththroughtheacceleratordata
pathandhencethemaximalclockrateof thedesign.Theadditional
interconnectincreasedthecritical pathfrom 2.3%to 6.8%with an
averageof 4.3%over thelongestcritical pathof thesingle-function
designs.However, all multifunctiondesignswereableto meetthe
targetclock rateof 200MHz.

6. CONCLUSION
This paperpresentsanautomated,compiler-directedsystemfor

synthesizingacceleratorsfor modulo scheduledloops. The syn-
thesissystembuilds anabstractarchitecturebasedon thecompute
requirementsof theloop,moduloschedulestheloop,andthende-
rivesthedatapathandcontrolpathfor theaccelerator. Thesystem
canbeusedfor synthesizingcustomacceleratorsthatcanrunmul-
tiple loops,utilizing hardwaresharingin orderto realizecostsav-
ings over synthesizingindividual loop acceleratorswhile meeting
theperformancerequirementsof eachloop. Threemethodsof syn-
thesizingmultifunctionacceleratorsarepresented:unioning,phase
ordering,and integrated. It is shown that intelligently unioning
single-functionacceleratorsyields multifunction acceleratorsthat



are nearly optimal in cost. By evaluatingmultifunction acceler-
atorsdesignedfor variousapplicationdomains,hardwaresavings
of up to 60% arerealizeddueto sharingof resourcesandstorage
betweenloops.
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