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Abstract
Multi-grain parallelizing schemeis one of effective par-
allelizing schemeswhich exploits variouslevel parallelis-
m: coarse-grain(macro-dataflow), medium-grain(looplevel
parallelizing)andnear-fine-grain(statementsparallelizing)
from a sequentialprogram. A multi-processorASCA is
designedfor efficientexecutionof multi-grainparallelizing
program.

A processingelementcalledMAPLE aremainly de-
signedfor near-fine-grainparallelism,andhastwo modules
calledMAPLE coreandDTC.TheMAPLE coreisasimple
RISCprocessorwhich executesevery operationin a fixed
timeandrealizedirectregisterto registertransfer. TheDTC
realizea softwarecontrolledcacheby instructionswhich
are generatedby the compiler. With a static scheduling,
near-fine-grainparallelprocessingis efficiently performed
usinga communicationmechanismwith receive registers,
andnon-synchronizationoperationmechanism.

Through implementationof the prototypechip and
clock level simulation,it appearsthat the performanceof
a singlechip multi-processorwith 4 MAPLEs is closeto
thoseof modernsuper-scalerprocessorsin spiteof small
hardwareandlow clock frequency.

KEYWORDS: processor, cache,static scheduling,multi-
grainparallelism,parallelcomputingsystem

1 Intr oduction
Automaticparallelizingcompilationschemesareimportant
for commonprogrammerstosavetheireffortsfor writing the
effectiveparallelizingcodefor thetargetmachine.Although
theseschemesareusefulfor variousmulti-processors,max-
imumperformancewill beobtainedwith a multi-processor
architecturewhoseprocessor, memorysystem,and inter-
connectionnetworkaretailoredfor the schemes.For this
purpose,wehaveproposedamulti-processorsystemASCA
(AdvancedSchedulingorientedComputerArchitecture).
ASCA systemis designedfor themulti-grainparallelizing
scheme[1], oneof effectiveparallelizingschemes.

This schemeexploits parallelism from a sequential
programin variouslevels: coarse-grainparallelism(macro-

dataflow computation)[2], medium-grainparallelism(loop
level parallelism)andnear-fine-grainparallelism(statement
level parallelism)[3]. Theformertwo typesof parallelism
mainly concernwith an interconnectioncalledR-Closand
total systemof ASCA, while the processorcore MAPLE
anddedicatedcachecalledDTC aredesignedfor the latter
near-fine-grainparallelism.

Here,a processingelementof ASCA which consists
of two chips: MAPLE processorcore and Data Transfer
Controller is designedand implemented. Near-fine-grain
parallelexecutionusingmultiple processingelementsis e-
valuated.

2 ASCA multi-pr ocessor

2.1 Multi-grain parallel processing
A commoncompiler focuseson loop structuresin a pro-
gram,anddetectsparallelismbetweeniterations.It iscalled
loop-level parallelismor medium-grainparallelism. Al-
though this type of parallelismis efficient in a classof
scientific programs,almostno performanceenhancement
is expectedfor programsincludingcomplicatedloop struc-
tures.

Forsuchprograms,acoarse-grainparallelprocessing[2]
whichusesaparallelismbetweenlargemodulesof programs
correspondingto loopsthemselvesandsubroutinesis often
effective. A near-fine-grainparallel processing[3],which
usesa statementlevel parallelismin a programmodule,is
alsoeffective to makethebestuseof inherentparallelism.
Multi-grain parallel processing[1]is a schemewhich ex-
ploits above threelevels: coarse-grain,medium-grainand
near-finegrain.

Althoughthisschemeis applicableto anyparallelma-
chines,architecturalsupportsarerequired.For example,a
largeprogrammodulecalledmacrotaskmustbeassigned
dynamicallyaccordingtomacrodataflow graphin acoarse-
grain parallel processing.On the otherhand,high speed
and light weight communicationand synchronizationbe-
tweenprocessingelementsarerequiredfor efficient near-
fine-grainparallelprocessing.In this level, if communica-
tion betweenprocessingelementis completelyscheduled
at the compile time, all synchronizationcodescan be e-



liminated. For the non-synchronizedexecutionmode,the
computation� time and communicationtime of eachhard-
wareblock mustbe donein a constanttime which canbe
treatedin thecompiler. Thus,a dedicatedmulti-processor
architectureis requiredfor efficientexecutionof multi-grain
parallelprocessing.

2.2 ASCA Multipr ocessor
ASCA multi-processor[4]hasbeendevelopedasa project
supportedbySTARCtoestablisharchitecturaltechniquesin
adedicatedarchitecturefor multi-grainparallelprocessing.
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Figure1: Structureof ASCA

As shown in Figure1, ASCA multi-processorconsists
of multiple clusterswhich areconnectedwith R-Clos in-
terconnectionnetwork[7][8]. A nodeof macro-dataflow
graphwhich exploits coarse-grainparallelismis assigned
into eachcluster. Eachclusteris a multi-processorsystem
consistingof dedicatedprocessorcorecalledMAPLE and
specializedcachewhicharedesignedsoasto makethebest
useof near-fine-grainparallelismaswell astraditionalloop-
level parallelism. Althougha clusterwill be implemented
asa singlechip-multi-processorwith the nearfuture tech-
nology, a processingelementis implementedon a boardin
thefirst prototypeof ASCA. Now, threechipsfor key com-
ponentsof theboardareavailable[9],andaboardincluding
aprocessingelementis now underdevelopment.

In this paper, we focus on a near-fine-grainparallel
processingin anASCA clusterconsistingof MAPLE pro-
cessorsand dedicatedcachesystems. Other techniques
investigatedin ASCA project are shown in our previous
papers[4][5][7][8][9].

3 ProcessingelementMAPLE

3.1 Outline of MAPLE
MAPLE(MultiprocessorsystemASCAProcessingeLEment)
is a processingelementin ASCA developedfor near-fine-
grainparallelprocessing.As shown in Figure2,it consists
of aprocessor, LocalMemory(LM),CommunicationMem-
ory(CM) andNetworkInterface.
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Figure2: Structureof processingelementMAPLE
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Figure3: Structureof Pipeline

A processoris furtherconsistingof MAPLE core,Data
TransferController(DTC)andcache.

Forefficientnear-fine-grainparallelprocessing,MAPLE
providesthefollowing facilities:

3 predictableoperationtime for staticscheduling,

3 receive registersfor quick interprocessorcommuni-
cation,

3 light weight barrier and non-synchronizationmode
for eliminatingcommonsynchronizationcodes,and

3 softwarecontrolledcachemanagedwith theDTC.

3.2 MAPLE Core
MAPLE core is a 32-bit RISC processorwhich provides
a simplestructurewith highly predictableoperations. It-
s instructionset is an extensionof that of DLX[6]. Like
DLX, it has32registerseachfor integerandfloatingpoint.
As shown in Figure 3, it hasa 5-stagepipeline structure
and every operationcan be executedin a fixed clock cy-
cles. The floating-pointexecutionunit is fully pipelined
exceptthedivider, andsupports32-bit/64-bitIEEEstd754-
1985. Dynamicoptimizationtechniqueslike dynamicin-
structionschedulingare excludedso as to enableprecise
static scheduling. Out of order execution/completionis
only allowed when the executiontime of instructionsare
predicted.



3.3 Mechanismsfor near-fine-grain process-
ing

3.3.1 Receive registers

MAPLE providestwo typesof thefastdatatransfermech-
anism.

For a large size data transfer, MAPLE requeststhe
DMA controllerwhichcan loadtherequesteddataindepen-
dently from the MAPLE-coreoperations.The flag on the
local DSM is usedto indicate whetherthe requestingdata
transferis completed.This datatransfercanexploit a high
bandwidth,while it takesaconsiderabletimefor settingup.

Ontheotherhand,for asmallsizeoneworddatatrans-
fer requiredin thenear-fine-grainprocessing,MAPLE has
specialtransferoperationsand dedicatedregisterscalled
receive registersto achieve direct register-to-registertrans-
ferring.

Figure4 illustratesthedatatransferusingreceive reg-
isters.
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Figure4: receive register(RR)
16 32-bit receive registers(RR in Figure4) arepro-

vided in the ID-stageof thepipeline,andwhenthesource
processorexecutesa transferoperation,datain a general
purposeregisterin thesourceprocessoris directly sentto a
receiveregisterof thedestinationprocessorthroughacross-
bar. In orderto detectthearrival of therequireddata,there
aretag(valid) bits on receive registerseachof which is set
whenthedatais received,asshown in Figure5.

With areceivinginstruction,thepipelineisstalledif the
valid bit is not set. Otherwise,thedatais movedfrom the
receive registerto generalpurposeregistersimmediately,
and the valid bit is reset. For treating receive registers,
MAPLE providestwo instructions:sendr(sendri) for
sendingandrcvr (rcvri) for receiving.

Although this mechanismcan avoid the read-after-
writeproblem,write-after-readproblemisnotresolved,that
is, thedatamaybeoverwrittenby a new databeforeread-
ing. In the near-fine-grainparallel processingof ASCA,
this problemis solvedwith thestaticschedulingor a light
weightbarriermechanism.

In the first prototypechip of MAPLE, eachreceive
registersupportsonly oneword transferringbecauseof the
pin limitation. However, it is sufficientin mostdatatransfer
in thenear-fine-grainparallelprocessing.

Comparedwith a commonsharedregisterusedin s-
ingle chip multi-processorsSun Microsystems’MJAC or
NEC’s MP98[11], receive registeris loosely coupledap-
proachand so easyto implement. However, the perfor-
manceis not degraded,sincethesynchronizationis partly
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combined.

3.3.2 Light weight barrier and Asynchronousopera-
tion mode

In thenear-fine-grainparallelprocessing,if staticschedul-
ing is completelysuccessful,all synchronizationcodescan
beomitted. For this purpose,anyoptimizationtechniques
which requireundeterministicbehaviorare eliminatedin
MAPLE core. The memoryaccessis alsodesignedto be
deterministicusing the softwarecachesupportedby the
DTC describedin the next section. Eventhough,the net-
work congestionwill causethesituationthattheprefetched
datais not loadedinto thecachein time. To copewith this
problem,MAPLE hasa light weight barrier mechanism,
andtwo operationmodes:synchronous/asynchronous.

Each instructionof MAPLE has a few bit synchro-
nizationtags,andthe light weight barriersynchronization
mechanismconsistingof asimpleopen-drainbusis driven.
In the synchronousmode,this mechanismis enabled,and
processorsarestalleduntil all processorsin theclusterexe-
cutesinstructionswith thesametag. Usingthislight weight
barriermechanism.processorscanbesynchronizedwithout
executinginstructionsdedicatedfor synchronization.

Two modesin MAPLE is switchedas follows using
this light weightbarrier.

3 Usualscheduledcodesareexecutedin theasynchronous
mode. In this mode,the light weight barrier is dis-
abled.

3 If a processordetectsa undeterministicsituation(eg.
cachemiss),it changesits modeinto synchronization
mode.

3 In thesynchronizationmode,thelight weightbarrier
is enabled,andwhenall processorsaresynchronized,
themodereturnsto theasynchronousmode.

Whenaclusterof MAPLEswork in thisasynchronous
mode,it canbetreatedasa looselycoupledVLIW proces-
sor.



3.4 The Data Transfer Controller
TheDTC is anintelligentcontrollerwhichhidesthelatency
for accessingboth thesharedandlocal memory. It is also
designedsuitedfor themulti-grainparallelizingscheme.

For thecoarse-grainparallelism,a largedatasettrans-
fer of MacroTask(MT) will becomeacritical overhead.If
the transferof MT dataset is completeduntil the start-up
phaseof MT, theoverheadcanbecompletelyhidden. Al-
thoughit is difficult to be done,the DTC tries asmuchas
possibleaccordingto the scheduledcodeby the compiler.
In thiscase,blocktransferusingtheDMA is requestedfrom
theDTC.

Onthecontrary, sincein thenear-fine-grainparallelis-
m, frequentcommunicationswith a lot of synchronization-
s betweenprocessorswill dominatethe performance,we
adopta precisestaticschedulingfor the block which does
not involve runtimedecisionsto eliminatethesesynchro-
nizations. However, in this scheme,an uncertainfactor,
hit or miss-hitof cache,spoils the preciseeffective static
scheduling. To copewith this problem,a softwarecon-
trolledcachesystemby theDTC is essential.In thesystem,
dataloadingandreplacementof thecachelinesaremainly
controlledby the scheduler’s generatingcodeso as to re-
alize thealways-hit-cachesystemexceptfor specialcases.
Also as cachelines are controlledby the scheduler, full-
associative schemeis implementedwith a smallamountof
hardware.

TheDTCisasimpleprocessorwith three-stage-pipeline
and has three control modes: softwarecache,hardware
cache+ preload/poststore,andhardwarecacheonly. In the
softwarecachemode,the DTC executesinstructionsgen-
eratedfrom the static scheduler. In order to preparethe
requireddatafor cachememorybeforeusingit, the static
schedulercalculatesthelatencyof datatransferandgener-
atestheDTC codewith mainprocessor’scodethatinvokes
theDTC instructions.Sincethemainprocessorhasa five-
stages-pipelinewith out of order completion,the precise
behavior of the processoris inspectedby a pipelinesimu-
lator includedin the schedulersoftware. Whenthe static
scheduledsoftwarecachemodeisbrokendownbysomeun-
certainfactorswhichcouldnot predictin thescheduler, the
DTC changesits modefrom softwarecacheinto hardware
cache.After that,thecachebehavesasacommonhardware
controlledcache.

3.5 Operationsof the DTC
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Figure6: TheStructureof Cache

As shown in Figure 6. the DTC consistsof a DTC
Processor, CacheControllerandTagmemory.

DTC Processoris asimple64-bitprocessorwith three-
stagepipelineandhasfour instructionsto control transfer-
ring to/from thecachememory. An instructionis executed
by receiving a control signal from MAPLE, and the time
when the control signal is issuedis buried with MAPLE
instructionsgeneratedby thecompiler. If theDTC instruc-
tion is thedatatransferoperation,it sendsa requestto the
CacheController. Althoughtheloadingandreplacingdata
are triggeredby the DTC instruction, the operationitself
is executedin the CacheController. Oncetriggered,the
CacheControllermanagesthedatatransfersbetweenmem-
ory systems(DSM,CSMandLM).

When the schedulerin the compiler judgedthat the
softwarecacheis not effective, thecachecanbealsoused
asacommon4-wayhardwarecontrolledcache.In thiscase,
theDTC behavesa simpleprefetchcontroller.

Figure7: TheStructureof SoftwareCacheController

Figure 7 shows a part of softwarecachecontroller.
Righthalf partof figureshowsdataflow betweenthecache
memory, the local memoryandtheexternalmemory. The
restof figuremainlyshowsdataflow betweenMAPLE core
andthecachememoryfor judgingtheeffectivenessof soft-
warecache.In thesoftwarecachecontrolmode,all of these
dataflowsarecontrolledby theDTC instructionsgenerated
by staticanalysisof thecompiler.

The DTC Processorhasfour instructions: Load Ad-
dressConversion(LAC),StoreAddressConversion(SAC),
PreLoad(PL) andPostStore(PS).Theseinstructionswork
asfollows:

3 PL prefetchesdatafrom a local/sharedmemoryto a
cachememorythroughMemoryAccessController(MAC),
andwrites theentry in the tagmemoryat theendof
preloading.

3 PS transfersdata from a cachememory into a lo-
cal/sharedmemorythroughtheMAC,anddeletesthe
entryin tagmemoryat theendof operation.

3 LAC converts from a cacheaddressinto a memory
addressthroughAddressConverterandpushtheboth
addressesinto theFIFO. Sincea valid datain corre-
spondingto the cacheaddressstoredin the headof
theFIFO is on thedatabus,theacknowledgeto load
instructionfrom MAPLE corerequiresjustoneclock
cycle when MAPLE core issuesa load instruction.
Thememoryaddressin theheadof theFIFO is com-
paredwith the memoryaddressof load instruction
from MAPLE coreandtheresultis usedfor judging
whetherthesoftwarecacheis brokenout.



3 SAC operatesin the samemannerwith LAC until
queuing.Thedatafrom MAPLE coreis storedin the
cacheaddressspecifiedby theSAC instructionwhen
MAPLE coreissuesa storeinstruction.

As long asrunningon a softwarecachecontrolmod-
e, this systemcanrealizethe mostefficient cacheutiliza-
tion, datalocalizationandquick cacheaccessbasedon the
staticanalysis.Thoughour goal is that this analysiscoin-
cidesonrealexecutionperfectlyby implementingaproces-
sor(MAPLEcore)andnetworkswitches(R-ClosII)tailored
by the static analysisof the compiler, someexceptional
dynamicdeterminationstill exists. If the comparisonof
a memoryaddressis false, this cachesystembehaves as
generalhardwarecontrolledcacheafterthat.

4 Prototype Implementation
Althoughfour or five processingelementscorrespondingto
a clusteris implementedin a singlechip in thenearfuture,
a prototypeMAPLE is implementedwith two prototype
chips:MAPLE coreandDTC chip.

4.1 MAPLE Core
TheMAPLE corechip is implementedon Rhom’s 0.35; m
CMOS cell-basedLSI. Librariesaresupportedby VDEC
Japan.About80%of gatesareusedfor thefloatingpipeline,
and receive registersand light weight barrier mechanism
requiresonly6000gates.Althoughratherconservativepro-
cessis used,it worksat 80MHzclock.

Figure8: TheSpecificationof MAPLE Core
Chip Rohm,CMOS0.35um

poly 2 Metal3
Maximumclock 80MHz
Gates 174010
Thenumberof pins 466

Figure9: TheLayoutof MAPLE

Figure 9 shows the layout of the prototypeMAPLE
chip. Sincethe requiredhardwarecanbe reduced,rather
smallchip areais occupiedin realgates.

4.2 DTC
Thespecificationof DTC chipis shown in Table1. Thefirst
DTC chip wasimplementedon 0.35; Hitachi GateArray
alsosupportedby VDEC. Sinceit is a prototypechip with
a small amountof gates,a small off-chip cachememory
(8K byte) is assumed,and64 word < 27 bit < 4 way tag
memoryis mountedon the chip. However, the computer
simulation resultsshow that the softwarecachesupports
betterperformancecomparedwith hardwarecache[10].

Table1: TheSpecificationof DTC
Chip Hitachi,0.35umGateArray
Feature poly 1 Metal5 190pins

143kgates
Maximumclock 81.97MHz
Logics 35,761BC(7,1522gates)
Areautilization 50.02%
Thenumberof pins 185

5 Performanceestimation
Performanceof singleprocessor Theperformanceof a
singleMAPLE coreis estimatedwith benchmarkprogram-
s (FFT andFLOPS)usingthe clock level logic simulator.
FLOPSincludeseightsubprograms.Eachsubprogramcal-
culatesnumericalintegrationor Maclaurinseriesexpansion
in doubleformat. Figure10showsthereciprocalof FFTex-
ecutiontime andMFLOPSvalueat thesubprogramwhich
includes3.4%DIV instruction.
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Figure10: Evaluationof FFT andFLOPS

Processingcapacityof MAPLE is comparableto the
earlysuper-scalarprocessorseventhoughit wasusedasa
simplesingleprocessorsystem.

Performance of a cluster (4 MAPLES) Here,we ana-
lyzedtheperformanceof aclusterwith four MAPLEswhen
an applicationprogramcalled "Picalc" is executedin the
near-fine-grainparallelprocessing.Consideringthe hard-
warerequirement, a clustercanbeintegratedon a chip and
comparableto recenthigh performancemicroprocessors.
Notice thatevery communicationbetweenPEsusesdirect
register-registerdatatransfermechanismof MAPLE.

Picalcis a seriescalculationprogramto find thevalue
of K with manyloop iterations.
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Figure11: Speedupof executionPicalc

Figure11 shows speedupagainstthe numberof PEs.
With compiler’soptimizationoptions,uselesscodesarere-
moved so that largespeeduprate is obtainedandthe per-
formanceof 4 PEsis 2.25timeshigherthanthatof single
PE.

Figure12: Performanceof a cluster

Figure12demonstratesthattheperformanceiscompa-
rableto recenthigh performanceprocessorswhena cluster
is pushedinto a singlechip. Notethatthepowerconsump-
tion ismuchreduced,sincetheclockfrequencyismuchless
thanthoseof recentmicroprocessors.

6 Conclusion
Theprocessorarchitecturededicatedfor efficientexecution
of near-fine-grainparallel processingis proposed,imple-
mentedandevaluated.Performanceevaluationbasedon a
realdesignshowsthattheperformanceof aclusterconsist-
ing of MAPLE processorsis comparablewith recenthigh
endsuper-scalarprocessorsin spiteof its simplestructure
andlow frequencyoperation.

Now, two prototype chips describedin this paper:
MAPLE coreandtheDTC areavailable. Theprint circuit
boardwhichmountsthesechips,memory, andinterfacesare
now underdeveloping.Usingtheboards,amulti-processor
correspondingto a singleclustercanbe built. Simulation
studiesof multi-clustersystemsincluding staticscheduler
arealsoour futurework.
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