Near fine grain parallel processingusing a multipr ocessoiwith
MAPLE

T.ABEf K. IWAI T

T. MORIMURA |

R. OGAWA' K. YASUFUKU'

H. AMANO'
" Departmenbf ComputerScienceKeio University3-14-1,Hiyoshi Yokohama223-8522 Japan.
asca@am.ics.keio.ac.jp
i NationalDefenceAcademy
1-10-20HashirimizuYokosuka,239-8686, Japan,
iwai@nda.ac.jp

Abstract

Multi-grain parallelizing schemeis one of effective par
allelizing schemeswhich exploits variouslevel parallelis-
m: coarse-grain(macro-datafip, medium-grain(loopevel
parallelizing)and nearfine-grain(statementgarallelizing)
from a sequentialprogram. A multi-processorASCA is
designedor efficientexecutionof multi-grainparallelizing
program.

A processinglementcalled MAPLE are mainly de-
signedfor nearfine-grainparallelismandhastwo modules
calledMAPLE coreandDTC. TheMAPLE coreis asimple
RISC processomwhich executesevery operationin a fixed
timeandrealizedirectregisterto registertransfer TheDTC
realizea softwarecontrolled cacheby instructionswhich
are generateddy the compiler With a static scheduling,
nearfine-grainparallelprocessings efficiently performed
usinga communicatiormechanisnwith receve registers,
andnon-synchronizatiooperationmechanism.

Through implementationof the prototype chip and
clock level simulation, it appearghat the performanceof
a single chip multi-processowith 4 MAPLEs is closeto
thoseof modernsuperscalerprocessorsn spite of small
hardwareandlow clock frequency

KEYWORDS processar cache,static scheduling,multi-
grainparallelism parallelcomputingsystem

1 Intr oduction

Automaticparallelizingcompilationschemesgreimportant
for commorprogrammerso savetheireffortsfor writing the
effectiveparallelizingcodefor thetargetmachine. Although
theseschemesreusefulfor variousmulti-processoranax-
imum performancewill beobtainedwith a multi-processor
architecturewhose processqrmemory system,and inter-
connectiometworkaretailoredfor the schemes.For this
purposewe have proposedmulti-processosystemASCA
(Advanced Schedulingoriented Computer Architecture).
ASCA systemis designedor the multi-grain parallelizing
schemd1], oneof effective parallelizingschemes.

This schemeexploits parallelismfrom a sequential
programin variouslevels: coarse-graiparallelism(macro-

dataflav computation)2], medium-grainparallelism(loop
level parallelism)andnear-fine-graimparallelism(statement
level parallelism)[3]. Theformertwo typesof parallelism
mainly concernwith aninterconnectiorcalledR-Closand
total systemof ASCA, while the processorcore MAPLE
anddedicateccachecalledDTC aredesignedor thelatter
nearfine-grainparallelism.

Here, a processingelementof ASCA which consists
of two chips: MAPLE processorcore and Data Transfer
Controlleris designedand implemented. Nearfine-grain
parallelexecutionusingmultiple processinglementss e-
valuated.

2 ASCA multi-pr ocessor

2.1 Multi-grain parallel processing

A commoncompiler focuseson loop structuresn a pro-
gram,anddetectgarallelismbetweernterations.lt is called
loop-level parallelismor medium-grainparallelism. Al-
though this type of parallelismis efficient in a classof
scientific programs,almostno performanceenhancement
is expectedor programsncludingcomplicatedoop struc-
tures.

Forsuchprogramsacoarse-graiparallelprocessing[2]
whichusesaparallelismbetweerargemoduleof programs
correspondingo loopsthemselvesndsubroutiness often
effective. A nearfine-grainparallel processing[3]which
usesa statementevel parallelismin a programmodule,is
alsoeffective to makethe bestuseof inherentparallelism.
Multi-grain parallel processing[l]is a schemewhich ex-
ploits abo\e threelevels: coarse-grainnedium-grainand
nearfine grain.

Althoughthis schemaes applicableto anyparallelma-
chines,architecturakupportsarerequired. For example,a
large programmodulecalled macrotaskmustbe assigned
dynamicallyaccordingo macrodataflow graphin acoarse-
grain parallel processing. On the other hand, high speed
and light weight communicationand synchronizatiorbe-
tweenprocessingelementsare requiredfor efficient near-
fine-grainparallelprocessing.n this level, if communica-
tion betweenprocessingelementis completelyscheduled
at the compile time, all synchronizationcodescan be e-



liminated. For the non-synchronize@xecutionmode,the
computationtime and communicationtime of eachhard-
ware block mustbe donein a constantime which canbe
treatedin the compiler Thus,a dedicatednulti-processor
architectures requiredfor efficientexecutionof multi-grain
parallelprocessing.

2.2 ASCA Multipr ocessor

ASCA multi-processor[4hasbeendevelopedasa project
supportedy STARCto establistarchitecturatechniquesn
adedicatedarchitecturdor multi-grainparallelprocessing.
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Figurel: Structureof ASCA

As shavnin Figurel, ASCA multi-processoconsists
of multiple clusterswhich are connectedwith R-Closin-
terconnectiometwork[7][8]. A nodeof macro-dataflow
graphwhich exploits coarse-grairparallelismis assigned
into eachcluster Eachclusteris a multi-processosystem
consistingof dedicatedprocessorcorecalledMAPLE and
specializectachewhich aredesignedgoasto makethe best
useof nearfine-grainparallelismaswell astraditionalloop-
level parallelism. Although a clusterwill be implemented
asa single chip-multi-processowith the nearfuture tech-
nology, a processinglementis implementecn a boardin
thefirst prototypeof ASCA. Now, threechipsfor key com-
ponentf theboardareavailable[9],andaboardincluding
aprocessinglemenis now underdevelopment.

In this paper we focus on a near-fine-grairparallel
processingn an ASCA clusterconsistingof MAPLE pro-
cessorsand dedicatedcachesystems. Other techniques
investigatedin ASCA project are shavn in our previous
papers[4][5][7][8][9]-

3 ProcessingelementMAPLE

3.1 Outline of MAPLE

MAPLE(MultiprocessosystemASCAProcessingLEmMent)
is a processingelementin ASCA developedfor near-fine-
grainparallelprocessing.As showvn in Figure2,it consists
of aprocessqgiocalMemory(LM), CommunicatiorMem-
ory(CM) andNetworkInterface.

A

| To R-Clos

\ 4

Network Interface

H

CM
DTC [Cache
. ‘“
S g D Y
Core FP.PiPE
INT pipe LM
Processor Block

Processing Element: MAPLE

Figure?2: Structureof processinglementMAPLE
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Figure3: Structureof Pipeline

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

Forefficientnearfine-grainparallelprocessingM/APLE
providesthefollowing facilities:

e predictableoperationtime for staticscheduling,

e recei/e registersfor quick interprocessocommuni-
cation,

e light weight barrier and non-synchronizationmode
for eliminatingcommonsynchronizatiorcodesand

o softwarecontrolledcachemanagedvith theDTC.

3.2 MAPLE Core

MAPLE coreis a 32-bit RISC processomwhich provides
a simple structurewith highly predictableoperations. It-

s instructionsetis an extensionof that of DLX[6]. Like

DLX, it has32registersachfor integerandfloating point.
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-bitlEEE std 754-
1985. Dynamicoptimizationtechniquedike dynamicin-

structionschedulingare excludedso asto enableprecise
static scheduling. Out of order execution/completioris
only allowed when the executiontime of instructionsare
predicted.



3.3 Mechanismsfor near-fine-grain process-
ing

3.3.1 Receiweregisters

MAPLE providestwo typesof the fastdatatransfermech-
anism.

For a large size datatransfer MAPLE requeststhe
DMA controllerwhichcan loadtherequestediataindepen-
dently from the MAPLE-core operations.The flag on the
local DSM is usedto indicaie whetherthe requestingdata
transferis completed.This datatransfercanexploit a high
bandwidthwhile it takesa considerabléime for settingup.

Ontheotherhand for asmallsizeoneworddatatrans-
fer requiredin the nearfine-grainprocessingMAPLE has
specialtransferoperationsand dedicatedregisterscalled
receve registersto achiese directregisterto-registertrans-
ferring.

Figure4 illustratesthe datatransferusingreceie reg-
isters.
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Figure4: receveregister(RR)

16 32-bit receve registers(RR in Figure 4) are pro-
videdin the ID-stageof the pipeline,andwhenthe source
processolexecutesa transferoperation,datain a general
purposeregisterin the sourceprocessois directly sentto a
receveregisterf thedestinatiorprocessothroughacross-
bar In orderto detectthe arrival of therequreddata,there
aretag (valid) bits on receve registerseachof which is set
whenthe datais received,asshown in Figure5.

With arecevinginstruction thepipelineis stalledf the
valid bit is not set. Otherwise the datais moved from the
receve registerto generalpurposeregistersimmediately
and the valid bit is reset. For treating receve registers,
MAPLE providestwo instructions: sendr (sendr i ) for
sendingandr cvr (rcvri) for receving.

Although this mechanismcan awid the read-after
write problem write-afterreadproblemis notresoled,that
is, the datamay be overwrittenby a new databeforeread-
ing. In the nearfine-grainparallel processingof ASCA,
this problemis solvedwith the staticschedulingor a light
weightbarriermechanism.

In the first prototypechip of MAPLE, eachreceve
registersupportsonly oneword transferringbecausef the
pin limitation. However, it is sufficientin mostdatatransfer
in the nearfine-grainparallelprocessing.

Comparedwith a commonsharedregisterusedin s-
ingle chip multi-processorssun Microsystems’MJAC or
NEC's MP98[11], receve registeris loosely coupledap-
proachand so easyto implement. However, the perfor
manceis not degradedsincethe synchronizations partly
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3.3.2 Light weight barrier and Asynchronous opera-
tion mode

In the near-fine-grairparallelprocessingif staticschedul-
ing is completelysuccessfulall synchronizatiorcodescan
be omitted. For this purposeany optimizationtechniques

which require undeterministicbehaviorare eliminatedin

MAPLE core. The memoryaccesss alsodesignedo be
deterministicusing the software cachesupportedby the
DTC describedn the next section. Eventhough,the net-

work congestiorwill causehesituationthatthe prefetched

datais notloadedinto the cachein time. To copewith this
problem, MAPLE hasa light weight barrier mechanism,
andtwo operatiormodes:synchronous/asynchronous.

Eachinstructionof MAPLE hasa few bit synchro-
nizationtags,andthe light weight barrier synchronization
mechanisntonsistingof a simpleopen-drairbusis driven.
In the synchronousnode,this mechanisnis enabledand
processorarestalleduntil all processorin the clusterexe-
cutesinstructionswith thesametag. Usingthislight weight
barriermechanismprocessorsanbesynchronizedvithout
executinginstructionsdedicatedor synchronization.

Two modesin MAPLE is switchedas follows using

this light weightbarriet

e Usualscheduledodesareexecutedn theasynchronous
mode. In this mode,the light weightbarrieris dis-
abled.

¢ If aprocessodetectsa undeterministicsituation(eg.
cacheanmiss),it changedts modeinto synchronization
mode.

¢ In thesynchronizationmode,thelight weightbarrier
is enabledandwhenall processoraresynchronized,
themodereturnsto theasynchronousmode.

Whenaclusterof MAPLEswork in thisasynchronous
mode,it canbetreatedasalooselycoupledVLIW proces-
Ssor.



3.4 The Data Transfer Controller

TheDTC is anintelligentcontrollerwhich hidesthelatency
for accessindoth the sharedandlocal memory It is also
designedsuitedfor themulti-grain parallelizingscheme.

Forthe coarse-graiparallelism alargedatasettrans-
fer of Macro Task(MT) will becomea critical overhead If
thetransferof MT datasetis completeduntil the start-up
phaseof MT, the overheadcanbe completelyhidden. Al-
thoughit is difficult to be done,the DTC triesasmuchas
possibleaccordingto the scheduleccodeby the compiler
InthiscaseplocktransfeusingtheDMA isrequestedrom
theDTC.

Onthecontrary sincein the nearfine-grainparallelis-
m, frequentcommunicationsvith alot of synchronization-
s betweenprocessorwill dominatethe performancewe
adopta precisestatic schedulingfor the block which does
not involve runtime decisionsto eliminatethesesynchro-
nizations. However, in this scheme,an uncertainfactor,
hit or miss-hitof cache,spoils the preciseeffective static
scheduling. To copewith this problem, a softwarecon-
trolled cachesystemby theDTC is essentialln thesystem,
dataloadingandreplacemenof the cachelinesaremainly
controlledby the schedulers generatingcodeso asto re-
alize the always-hit-cacheystemexceptfor specialcases.
Also as cachelines are controlled by the scheduler full-
associatie schemds implementedvith a smallamountof
hardware.

TheDTCisasimpleprocessowith three-stage-pipeline
and hasthree control modes: software cache,hardware
cachet preload/poststor@andhardwarecacheonly. In the
software cachemode,the DTC executesinstructionsgen-
eratedfrom the static scheduler In orderto preparethe
requireddatafor cachememorybeforeusingit, the static
schedulecalculateghe latencyof datatransferandgener
atesthe DTC codewith mainprocessos codethatinvokes
the DTC instructions.Sincethe main processohasa five-
stages-pipelinavith out of order completion,the precise
behaior of the processois inspecteddy a pipeline simu-
lator includedin the schedulersoftware. Whenthe static
scheduledoftwarecachemodeis brokendown by someun-
certainfactorswhich couldnot predictin theschedulerthe
DTC changests modefrom softwarecacheinto hardware
cache After that,thecachebehaesasacommonhardware
controlledcache.

3.5 Operationsofthe DTC
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Figure6: The Structureof Cache

As shawn in Figure 6. the DTC consistsof a DTC
ProcessqiCacheControllerandTagmemory

DTC Processois asimple64-bitprocessowith three-
stagepipelineandhasfour instructionsto controltransfer
ring to/from the cachememory An instructionis executed
by receving a control signalfrom MAPLE, andthe time
when the control signalis issuedis buried with MAPLE
instructionsgeneratedby the compiler If the DTC instruc-
tion is the datatransferoperation,it sendsa requesto the
CacheController Althoughtheloadingandreplacingdata
aretriggeredby the DTC instruction,the operationitself
is executedin the CacheController Oncetriggered,the
CacheControllermanageshedatatransferdetweermem-
ory systemgDSM,CSMandLM).

When the schedulerin the compiler judgedthat the
softwarecacheis not effective, the cachecanbe alsoused
asacommord-wayhardwarecontrolledcache.In thiscase,
the DTC behaesa simpleprefetchcontrollet
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Figure7: The Structureof SoftwareCacheController

Figure 7 shows a part of softwarecachecontroller
Right half partof figureshowns dataflow betweerthecache
memory thelocal memoryandthe externalmemory The
restof figuremainly shovs dataflow betweerMAPLE core
andthecachememoryfor judgingthe effectivenesof soft-
warecache.In thesoftwarecachecontrolmode,all of these
dataflowsarecontrolledby theDTC instructionsggenerated
by staticanalysisof thecompiler

The DTC Processohasfour instructions: Load Ad-
dressCorversion(LAC), StoreAddressCornversion(SAC),
PreLoad(PL) andPostStordPS). Theseinstructionswork
asfollows:

e PL prefetcheglatafrom alocal/sharednemoryto a

cachenemorythroughMemoryAccessController(MAC),

andwritestheentryin thetag memoryat the endof
preloading.

e PStransfersdatafrom a cachememoryinto a lo-
cal/shareanemorythroughtheMA C, anddeleteghe
entryin tagmemoryatthe endof operation.

e LAC corvertsfrom a cacheaddressnto a memory
addresshroughAddressCorverterandpushtheboth
addressemto the FIFO. Sincea valid datain corre-
spondingto the cacheaddressstoredin the headof
theFIFOis onthedatabus,theacknavledgeto load
instructionfrom MAPLE corerequiregustoneclock
cycle when MAPLE core issuesa load instruction.
Thememoryaddress$n theheadof the FIFOis com-
paredwith the memoryaddressof load instruction
from MAPLE coreandtheresultis usedfor judging
whetherthe softwarecacheis brokenout.



e SAC operatesn the samemannerwith LAC until
gueuing.Thedatafrom MAPLE coreis storedin the
cacheaddresspecifiedby the SAC instructionwhen
MAPLE coreissues storeinstruction.

As long asrunningon a softwarecachecontrol mod-
e, this systemcanrealizethe mostefficient cacheutiliza-
tion, datalocalizationandquick cacheaccesdasedon the
staticanalysis. Thoughour goalis thatthis analysiscoin-
cidesonrealexecutionperfectlyby implementingaproces-
sor(MAPLE core)andnetworkswitches(R-Closll}ailored
by the static analysisof the compiler someexceptional
dynamicdeterminationstill exists. If the comparisonof
a memoryaddresss false, this cachesystembehaes as
generahardwarecontrolledcacheafterthat.

4 Prototype Implementation

Althoughfour or five processinglementsorrespondingo
aclusteris implementedn asinglechipin the nearfuture,
a prototype MAPLE is implementedwith two prototype
chips: MAPLE coreandDTC chip.

4.1 MAPLE Core

The MAPLE corechipis implementecbn Rhom's 0.35:m
CMOS cell-based_SlI. Libraries are supportedoy VDEC
Japan About80%of gatesareusedor thefloatingpipeline,
andreceve registersand light weight barrier mechanism
requiresonly 6000gates.Althoughratherconserative pro-
cesss used,it worksat 80MHz clock.

Figure8: The Specificatiorof MAPLE Core

Chip Rohm,CMOS0.35um
poly 2 Metal 3

Maximum clock 80MHz

Gates 174010

Thenumberof pins | 466

Figure9: ThelLayoutof MAPLE

Figure 9 shows the layout of the prototype MAPLE
chip. Sincethe requiredhardwarecan be reduced rather
smallchip areais occupiedn realgates.

42 DTC

Thespecificatiorof DTC chipis shavnin Tablel. 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 assumedand 64 word x 27 bit x 4 way tag

memoryis mountedon the chip. However, the computer
simulationresultsshowv that the software cachesupports
betterperformanceomparedvith hardwarecache[10].

Tablel: TheSpecificatiorof DTC

Chip Hitachi, 0.35umGateArray

Feature poly 1 Metal 5 190 pins
143kgates

Maximumclock 81.97MHz

Logics 35,761BC(7,1522gates)

Areaultilization 50.02%

Thenumberof pins | 185

5 Performanceestimation

Performance of single processor The performanceof a
singleMAPLE coreis estimatedvith benchmarlkprogram-
s (FFT and FLOPS)usingthe clock level logic simulator
FLOPSincludeseightsubprogramsEachsubprograntal-
culatemumericaintegrationor Maclaurinseriesexpansion
in doubleformat. Figurel0shavsthereciprocabf FFT ex-
ecutiontime andMFLOPSvalueat the subprogranwhich
includes3.4%DIV instruction.
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Figurel0: Evaluationof FFT andFLOPS

Processingapacityof MAPLE is comparabldo the
early super-scalaprocessorgventhoughit wasusedasa
simplesingleprocessosystem.

Performance of a cluster (4 MAPLES) Here,we ana-
lyzedtheperformancef aclusterwith four MAPLEswhen
an applicationprogramcalled "Picalc" is executedin the
nearfine-grainparallel processing.Consideringthe hard-
warerequirementa clustercanbeintegratecn a chip and
comparableto recenthigh performancemicroprocessors.
Notice that every communicatiorbetweenPEsusesdirect
registerregisterdatatransfermechanisnmof MAPLE.

Picalcis a seriescalculationprogramto find thevalue
of © with manyloopiterations.
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Figure 11 shows speedumgainstthe numberof PEs.
With compiler’s optimizationoptions,uselessodesarere-
moved so that large speeduprate is obtainedandthe per-
formanceof 4 PEsis 2.25timeshigherthanthat of single
PE.

20

Execution time (us)

> @ >0 & N N E

§ & HS PP S

& éoﬁ’ FI&FEE s

F L
§ UL

¢ ?

Figurel2: Performancef a cluster

Figurel2demonstratethattheperformancés compa-
rableto recenthigh performancerocessorsvhena cluster
is pushednto a singlechip. Notethatthe power consump-
tionis muchreducedsincetheclockfrequencyis muchless
thanthoseof recentmicroprocessors.

6 Conclusion

Theprocessoarchitecturededicatedor efficientexecution
of nearfine-grain parallel processings proposed,imple-
mentedand evaluated. Performancevaluationbasedon a
realdesignshovsthatthe performancef a clusterconsist-
ing of MAPLE processorss comparablawvith recenthigh
endsuper-scalaprocessorsn spite of its simplestructure
andlow frequencyoperation.

Now, two prototype chips describedin this paper:
MAPLE coreandthe DTC areavailable. The print circuit
boardwhichmountshesechips,memory andinterfacesre
now underdeveloping. Usingtheboardsamulti-processor
correspondingo a single clustercanbe built. Simulation
studiesof multi-clustersystemsncluding static scheduler
arealsoourfuturework.
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