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Much of theimprovementn computemperformanceoverthe last
twentyyearshas comefrom fastertransistorsand architectural
advancegshat increaseparallelism. Historically, parallelismhas
beenexploitedeither at the instructionlevel with a grain-sizeof
a single instruction or by partitioning applicationsinto coarse
threadswith grain-sizesof thousandf instructions. Finexgrain
threads®lltheparallelismgapbetweernheseextemedyenabling
taskawithrunlengthsassmallas20cycles.Asthis®nezgraipar-
allelismis orthogonalto ILP andcoarsethreads,it complements
both methodsand providesan opportunityfor greaterspeedup.
This paper describesthe ef®cienttommunicatiorand syncho-
nization mechanismsmplementedn the Multi-ALU Processo
(MAP)chip,includinga threadcreationinstruction,registercom-
munication,and a hardware barrier. Theseregisterbasedmech-
anismgrovidelOtimesfastercommunicatiomnd60timesfaster
synchonizationthan mechanismshat operatevia a shared on-
chip cache. With a three-piocesor implementatiorof the MAPR,
®nezgrairspeedupf 1.2+2.1are demonstratedn a suite of
applications.

Modern computersystemsextractparallelismfrom problemsat
two extremesof granularity: instruction-levelparallelism(ILP)
andcoarse-threagarallelism.VLIW andsuperscalaprocessors
exploitILP with agrainsizeof asingleinstruction while multipro-
cessorextractparallelismfrom coarsethreadswith a granularity
of manythousand®f instructions.
Theparallelismavailableatthesetwo extremess limited. The
ILP in applicationss restrictedby control ow anddatadependen-
cies[17], andthe hardwaren superscaladesignds not scalable.
Both the instruction schedulinglogic and the register®le of a
superscalagrow quadraticallyas the numberof executionunits
is increased.For multicomputersthereis limited coarsethread
parallelismat smallproblemsizesandin manyapplications.

Theresearchlescribedn thispapemwassupportedy theDefenseAdvancedre-
searchProjectsAgencyandmonitoredby theAir ForceElectronicSystemivision
undercontractF19628-92C-0045.
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This paperdescribesandevaluateghe hardwaremechanisms
implementedn the MIT Multi-ALU ProcessofMAP chip) for
extracting®nezxthreagarallelism. Finetthreadslosethe paral-
lelism gap betweerthe singleinstructiongranularityof ILP and
the thousandnstructiongranularityof coarsethreadsby extract-
ing parallelismwith a granularityof 50-1000instructions. This
parallelisms orthogonabndcomplementaryo coarse-threagar
allelismandILP. Program&anbeaceleratedisingcoasethread
to extractparallelismfrom outerloopsandlarge co-routines®nex
threadsto extractparallelismfrom inner loops and small sub+
computationsandILP to extractparallelismfrom subexpressions.
As they extractparallelismfrom differentportionsof a program,
coarsexthread@nexthreadandILP work synegisticallyto pro-
vide multiplicative speedup.

Thesethreemodesare also well matchedto the architecture
of modernmultiprocessorsILP is well suitedto extractingpar
allelism acrossthe executionunits of a single processar Finex
threadsareappropriatéor executioracrossnultiple processorat
asinglenodeof aparallelcomputemwheretheinteractioriatencies
areontheorderof afew cycles.Coarse-threadseappropriatéor
executiorondifferentnodesof amultiprocessowhereinteraction
latenciesareinherentlyl00sof cycles.

Low overheadmechanismdor communicatiorand synchro-
nizationarerequiredto exploit®nezgraithreadevel parallelism.
The costto initiate a task, passit aguments,synchronizewith
its completion,andreturnresultsmustbe small comparedo the
work accomplishedby thetask. Suchinterthreadinteractionre-
quires100sof cycles( 1 s) on conventionalmultiprocessors,
and 1000sof cycles( 10 s) on multicomputers. Becauseof
thesehigh overheadsmostparallelapplicationsuseonly coarse
threadswith manythousandsf instructiondetweerinteractions.

TheMulti-ALU ProcessofMAP) chip providesthreeon-chip
processorandmethoddor quickly communicatingandsynchro-
nizing amongthem. A threadexecutingon one processorcan
directlywrite to aregisteron anothemprocessarThreadsynchro-
nize by blocking on a registerthatis the target of a remotewrite
or by executinga fastbarrierinstruction.

Microbenchmarkstudiesshowthat with theseregisterbased
mechanismsa threadcanbe createdn 11 cycles,andindividual
communicatiorandsynchronizatioractionscan be performedin
1 cycle. Communicatioris 10 timesfasterand synchronization
is 60 timesfasterthantheir correspondingnemorymechanisms
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Figurel: Block diagramof the MAP chip, containing3 clusters
(processorsgonnectedo the memorysystemandeachothervia
theMemoryandClusterswitches.

that usethe on-chip cache. The MAP's integratedmechanisms
areordersof magnitudefasterthanthosethat operatevia global
memory A study usingseveralparallelapplicationsshowsthat
thesemechanismsallow speedup®f up to 2.1 using 3 on-chip
processorsvhenexploiting parallelismwith a granularityof 80+
200cycles. If the registercommunicatiorprovidedby the MAP
is replacedvith memoryoperations®nezgraithreadsyield sub-
stantiallylessspeedupandsometimeslowdown.
Thenextsectiondescribeshearchitecturandimplementation
of theMAP chipanddetailsits mechanismthatsupport®nexgrain
threads Therawperformancef thesemechanismis evaluatedn
Section3 andcomparedo memory-basethechanismsSectiond
exploresthe granularityof severalparallel applicationsand the
speedupealizedby exploiting®nezgraithreadsith andwithout
the MAP chipmechanismsRelatedresearchihataddresse®nex
grainedand onzchipparallelismis describedin Section5, and
concludingremarksarefoundin Section6.

The Multi-ALU Processof(MAP) chip, designedfor usein the
M-Machine Multicomputer is intendedto exploit parallelismat
a spectrumof grain sizes,from instructionlevel parallelismto
coarsergrainedmulti-node parallelism([5]. It employsa set of
fastcommunicatiorand synchronizatioomechanismshatenable
executiorof ®nezgraiparallelprograms.

Figure1 showsa block diagramof the MAP chip containing
threeexecutionclustersa uni®edccachewhichis dividedinto two
banks,an externalmemoryinterface,anda communicatiorsub-
systenconsistingf networkinterfacesandarouter Two crossbar
switchesinterconnecthesecomponents Clustersmakememory
requestso the appropriatdbankof theinterleavedcacheoverthe
142-bitwide (51 addresdits, 66 databits, 25 control bits) 3 2
Memory Switch. The 88-bit wide (66 databits, 22 control bits)
7 3ClusterSwitchis usedfor inter-clustercommunicatiorandto
returndatafrom thememorysystem Eachclustemaytransmiton
theMemorySwitchandreceiveonthe ClusterSwitchonerequest
per cycle. An on-chip network interfaceand two-dimensional
routerallow a messageo be transmittedfrom a clustets regis-
ter ®leinto the network. Multiple MAP chipscanbe connected
directly togetherin a two-dimensionaimeshto constructan M-
Machinemulticomputer This paperfocuseson the parallelism
that can be exploitedwithin a singleMAP chip. Futurestudies
will analyzeapplicationperformancenthe M-Machine.

Eachof thethreeMAP clustersis
a64-bit, three-issuepipelinedprocessoconsistingof two integer
ALUs, a oatingtpointALU, associatedegister®les,anda4KB
instructioncaché. Eachintegerregister®lehas14 registersper
thread,while the “oating+pointregister®le has 15 registersper
thread. Eachthreadalsohas16 conditioncode(CC) registergo
holdboolearnvalues.Writesto asubsebf theconditioncoderegis-
tersarebroadcasto theremoteclusters.Oneof theintegerALUs
in eachclusterservesastheinterfaceto thememorysystem.Each
MAP instructioncontainsl, 2, or 3 operations. All operations
in a singleinstructionissuetogethemut may completeout of or-
der. No hardwareébranchpredictionis performedonthe MAP, and
branchesavethreedelay slots, dueto the threepipeline stages
beforeexecution. However sinceall operationamay be condi-
tionally executedbasedon the one-bitvalue of a conditioncode
register many branchescan be eliminated. In addition, branch
delay slots can be ®lled with operationsfrom both sidesof the
branchaswell aswith operationgrom abovethebranch.

The executionunits are 5-way multithreadedvith the register
®lesandpipelineregistersof the top stagef the pipelinerepli-
cated. A synchronizatiorpipeline stageholds instructionsfrom
eachthreaduntil they arereadyto issueanddecideson a cycle-
by-cycle basiswhich threadwill usethe executionunit. While
this enabledast, zero-overheadhterleavingon eachcluster the
remaindeof this paperusesonly onethreadpercluster

As illustratedin Figurel, the 32KB uni®ed
onzchipcacheis organizedastwo 16KB banksthat are word-
interleavedo permitaccesse® consecutivaddresse® proceed
in parallel. The cacheis virtually addressednd tagged. The
cachebanlksarepipelinedwith athree-cglereadatencyincluding
switchtraversal. Eachclusterhasits own 4KB instructioncache
whichfetchesnstructiondrom theuni®ecdcachavheninstruction
cachemisseccur

The externalmemory interface consistsof the synchronous
DRAM (SDRAM)controlleranda64entrylocaltranslatiorooka-

n the silicon implementationof the MAP architecture only cluster0 hasa
“oatingxpointunit, dueto chipareaconstraints The simulationstudiesperformedn
this paperinclude oatingtpointunitsfor eachof thethreeclusters.



| Operation | Latency(cycles) |
Cachehit 3
Cachemiss 8+15
Branchpenalty 3
FP Multiply 4
FPAdd 2
FPDivide 20

Tablel1l: MAP chiplatencies.

sidebuffer (LTLB) usedto cachelocal pagetableentries. Pages
are 512 words (64 8-word cacheblocks)in size. The SDRAM
controller exploits the pipeline and pagemodesof the external
SDRAM and performssingle error correctionand double error
detectionon the datatransferredfrom externalmemory Each
MAP word in memoryis composedf a 64-bit datavalue, one
synchronizatiorbit, andonepointerbit. A setof specialoadand
storeoperationspecifya preconditioranda postconditioron the
synchronizatiorbit andareusedto construct®nezgrairsynchro-
nizationandatomicread+modify+writenemoryoperations.

Table 1 showsthe nominal hardwarelatenciesof the MAP
executionunitsandcachedmemorysystem. The cachelatencies
assumeno switch con'icts to or from the memorysystem. The
misslatencycanvary dependingon which of the pipelineor page
modescanbeusedto accesshe SDRAM.

Invoking a threadon a remoteprocessors typically anexpensive
operationrequiringthousandef instructiongo setup a stackand
initialize systemdatastructures Remoteprocedurecall timesare
typically in the microsecondange. The MAP chip implementsa
fasthfork instructionwhichinvokesathreadonaremotecluster
by automaticallywriting a remoteprogramcounterandupdating
thethreadcontrolregisters.The examplebelowstartsa threadon
clusterl, usingthe addresontainedn local integerregisteri8
asthe instructionpointer If clusterl is alreadyexecuting,then
false , indicatingfailure of the instruction,is returnedvia the
ClusterSwitchto conditioncoderegisterccO .

hfork i8, #1, ccO;

Combinedvith theability to write directlyto theregisterofthe
remotecluster the hfork instructionallowsaremoteprocedure
tobestartedn 11cycleswhichincludegimeto fetchthecodeand
primethepipelineattheremotecluster If still fasterinvocationis
requiredastandbyhanderthreadcanbe startedin aremotecluster
whichwaitsto besignalledo execute Whenaninstructionpointer
is written to a speci®aegisterin the remotecluster the handler
jumpsto thecodeandbeginsexecuting.

In coarsegrainedmultiprocesorscommunicatiorbetweerthreads
is exposedo the applicationasmemoryreference®r messages,
bothof which requiremanycyclesto transmitdatafrom onechip
to another In the MAP chip, threadson separateclustersmay

communicateitherthroughthe sharednemory or throughregis-
ters. Sincethe dataneednotleavethe chip to betransferredrom
onethreadto anothey communications fast andwell suitedto
®nezgraithreads.

The on-chipcacheallowslarge quantitiesof commonstorage
to be readily availableto eachthread. Any of theselocations
canbeusedto communicatelata,andthe producerandconsumer
neednot be runningin nearsynchrony In the MAP, avaluecan
be communicatedn memoryvia a load and store. The latency
betweenthe producerand consumerof the datacan be as little
as10 cycles,if both accessesit in the cache,or aslong as 36
cycles,if bothmiss. Additional overheads requiredto construct
or retrievethe addresseasedto communicate.

The MAP chip alsoimplementgegistetregistecommunica-
tion betweerclustersallowingoneclusterto write directlyintothe
register®le of anothercluster via the ClusterSwitch. Registet
registeitransfersareextremelyfast,requiringonly onemorecycle
to write to a remoteregisterthanto a local register The result
of any arithmeticoperationmay be sentdirectly to a remotereg-
ister, withoutinterferingwith memoryreference®r polluting the
cache.Sincethesizeof theregister®lelimits the storagegor com-
municatedralues registercommunications particularlysuitedto
passingmallamountf dataquickly, suchastransferringsignals,
amgumentsandreturnvaluesbetweenthreads. Onedrawbackis
that registercommunicatiorrequiresan additionalsynchroniza-
tion betweerthe consumerndthe producerto preventvaluesin
thedestinatiorclusterfrom beingillegally overwritten.

In aconcurrensystem synchronizatioomustbe usedto indicate
whena taskis to be started,whenit is complete,or whentwo
runningthreadsmustcommunicate.The MAP chip allows syn-
chronizationthroughmemory registers,and a hardwarebarrier
instruction,eachof which hasdifferentcostsandbene®ts.

In the MAP chip, everymemory
location has a single synchronizatiorbit that existsboth in the
off-chip DRAM andin thecache enablinglocking on alocation-
by-locationbasis.Specialload andstoreoperationsllow atomic
testingandsettingof the bit.

The codefragmentbelow showshow a spin-lockmay beim-
plementedisingthe memorysynchronizatiorbits. The loadand
synchronizeoperation(ldsu ) loadsthe valueatthe addresdeld
inregisteii8 , intoi9 . In thememorysystenthesynchronization
bit is comparedo the preconditionpre _1. If theyarethe same,
theoperationsucceedsthe synchronizatiorbit is setto post _0,
thecontentof thelocationarereturnedoi9 , andthevaluetrue
isreturnedo conditioncoderegisterccO . Otherwisethememory
contentyemainunchangedandfalse is returnedto the condi-
tion coderegister The subsequenbranchwill causetheloop to
spinuntil the operatiorsucceeds.

_loop:
Ildsu pre_1, post O, 8, 9, ccO;
cf ccO br _loop:

A similarsequencés usedto storeavalueandsetthesynchro-
nizationbit. Thissynchronizatiomechanisntanbeincorporated



Figure2: Preliminaryplot of the MAP chip, measurind.8 on
asideandcontainingapproximatelyb million transistors.

with memorycommunicatiorbetweerthreadsallowing synchro-
nizationon a word by word basis. However a consumethread
waiting for a producerwill continueto make memoryrequests
while spinning,which canslow down otherthreadgrying to ac-
cessthe memorysystem. An alternativeto spinningthat canbe
implementedn the MAP is to invoke a softwarehandlerto retry
the memoryaccessvhena synchronizatiorfailure is detectedn
thememorysystem.

The MAP chip usedfull/emptybitsin a
registerscoreboartb determinevhenvaluesn registersarevalid.
Whenanoperationissuesijt marksthescoreboardor its destina-
tion registerinvalid, andwhentheresultis written, thedestination
registers scoreboards markedvalid. Any operatiorthatattempts
to usetheregisterwhile it is emptywill stall until the registeris
valid. Toreducegheamountf interactionbetweerphysicallydis-
tantclustersanoperationthatwritesto a remoteclusterdoesnot
markits destinatiorregisterinvalid. Insteadthe consumemust
executenexplicitempty instructiontoinvalidatethedestination
registerprior to receivingany data. Whenthe dataarrivesfrom
a remoteregisterwrite, the scoreboards markedvalid and any
operatiorwaitingontheregisteris allowedto issue.However the
producemustnot write the databeforethe empty occurs. The
empty canbeguaranteetb execute®rstby placingit prior to an
unrelatedwrite from the consumeto the produceror by placing
a barrier betweenthe empty andthe transferfrom the producer
Usingregistetregistecommunicatiorfusessynchronizationvith
datatransferin asingleoperatiorandallowstheconsumeto stall
ratherthanspin.

The simplestsynchronizatioomechanism
implementedy the MAP is the clusterbarrierinstructioncbar .

Area % of

Component (2 | totalarea
IntegerUnits (3) 55.9 16.7
Memory Units (3) 42.4 12.7
16KB DataCacheBanks(2) 36.9 11.0
FloatingtpoinUUnit 334 10.0
NIF/Router 26.8 8.1
1/0 Pads 26.6 8.0
InstructionCacheg3) 17.7 5.3
EMI + 64 entryTLB 8.3 2.5
Clockdrivers 5.7 1.7
Switchdrivers 3.1 0.9
Misc. Control/\Wring 23.1

Table2: Areacostsfor thecomponentsf the MAP chip.

Theclusterbarrierinstructionstallsa threads executionuntil the
threadontheothertwo clustershavereachedicbar instruction.
Threadswaiting for clusterbarriersdo not spin or consumeany
executiorresourcesThecbar instructionis implementedising
six globalwires per threadto indicatewhethera cbar hasbeen
reachedand whetherit hasbeenissued. Six wires per thread
arenecessarin orderto guarante¢hatsuccessivéarriersstayin

synchronyacrosall threeclusters.

A preliminarylayoutplot of theentireMAP chipis shownin Fig-
ure2. Thechipis 18mmsquareandconsistof approximatelys
million transistorsn a5 metallayer, 0.7 m drawn(0.5 m effec-
tive) processTheclusterdatapattandcontrolmodulesoccupythe
bottom60%of thechip, thenetworkinterface(NIF) androuterare
in themiddle15%,andthememorysystenisin thetop 25%. The
ClusterSwitchrunshorizontallyin metal-4atthe midpointof the
clustersandconsumes®nly 8% of themetal-3andmetal-4routing
in the clusterregion. However the wiring congestiomearthe
ClusterSwitchis signi®cansincethe switchrunsoverthe cluster
pipelinecontrolmodules.The MemorySwitchis belowthecache
banksin thememorysystenregionandoccupiesabout6% of the
metal-3andmetal-4routingresourceshere. Table2 summarizes
theareacostsfor the differentcomponentsf thechip. Thetamet
clock ratefor the MAP chip is 100MHz. All of the datapattcir-
cuitsmeetthatclock rate,but statictiming analysisshowsa clock
rateof 40MHz for the controllogic. The clock ratewasreduced
in orderto avoid performinglogic optimizationsfor speed. The
®nalrouting of the chip is currentlybeingcompletedandtapeout
is scheduledor April 1998.

Speci®anicrobenchmarkare usedto directly evaluatethe ®ne+
grainthreadcontrol,communicationandsynchronizatiomecha-
nismsof theMAP chip. Themicrobenchmarkarewrittenin MAP
assemblycodeandrun on bothMSIM andthe MAP chip register
transferevel (RTL) simulator MSIM is afunctionalsimulatorof
the MAP implementedn C, andexecutegt00+1000MAP cycles
perseconddependingn how manyclustersareactive. The RTL
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Figure3: Componentsf threadinvocationandreturn.

is the logic designof the MAP chip, implementedn Verilog. It
is usedfor all veri®cationjs exactlycycleaccuratdo thesilicon,
andrunslessthan10 MAP cyclespersecond MSIM wasusedto
verify the logic designin the RTL andis within 5% of the cycle
accuracyof the RTL over the 663 veri®cationprogramsin the
MAP regressiorsuite.

Threemethoddor startingathreadon a remoteclusterincluding
one cold startand two standby are examined. The cold start
methoduseghehfork instructionwhichstartsheremotethread
automaticallywvith asingleinstructionexecutedy themaster The
standbymethodsalreadyhaveaslavethreadrunningin theremote
clusterwaiting for a newtaskfrom the master Thetwo standby
methoddgliffer in howthemasterandslavecommunicatavith one
anotherusingeitherregistersor memory

Figure 3 showsthe four component®f a null threadcall and
return. The mastercall overheads the numberof cyclesthat
the mastermust spendexecutinginstructionsto createthe new
thread. The slaveinvokelatencyis the time from the beginning
of the mastercall to the executionof the slaves ®rstinstruction.
Thesslavereturnlatencyis thetime for the slaveto signalto the
master Finally themasterreturnis the overheador themasteito
resynchronizevith the slave.

Table3 summarizeshe component®f latencyfor eachof the
threemethods. The hfork  instructionandthe standbyregister
methodarethe mostef®cient,with only 1 cycle of overheador
themasteratthe call andreturn. Standbyregisteris alittle faster
overallastheslaveinvocationtimeis shorter Standbymemoryis
morethanthreetimesworsethanthe registerversionbecausef
thememoryspinloopsthe masterandslaveuseto synchronize.

Communicatiorlatency and overheadare evaluatedby usinga
producerconsumemicrobenchmark. Both memory and regis-
ter mechanismare examinedby passinga value backandforth
betweenwo clusters. Thememoryersionuseswo memoryoca-
tions,onefor eachcommunicatiordirection. Spinlocksusingthe
MAP's memorysynchronizatiorbits implementsynchronization
betweenthe threads. The producerstoresits valueto the taget
location,and marksthe memorylocationfull, while the receiver
spinson the location,waiting for the datato arrive. Theregister
versionusesthe empty instructionand remoteregisterwrites.
Theproduceremptiedts receivingregisterandwritesthevalueto
the consume's register®le. The consumesstallson the register

Master| Slave | Slave | Master
Operation| Call | Invoke | Return| Return| Total
hfork 1 11 2 1 14
memory 3 21 6 9 36
register 1 7 2 1 10

Table3: Latenciesfor threadinvocation. The total time is end+
totxendlatency of a null remoteinvocation. Using the hfork
instructionor registercommunicationyields an overheadthree
timessmallerthanusingmemoryoperations.

Producer| Transfer

Operation Overhead| Latency
Memory (cachehit) 3 10
Register 1 2

Table4: Communicatiodatenciedbetweerthreads.

until thevalueis written andthe scoreboards markedfull.

Thereare two componentdo the ef®ciencyof crosscluster
communication.The producerovetheadis the numberof cycles
thatthe producemustspendinitiating the transfer The transfer
latencyis the total time from the producerinitiation to the use
by the consumerand includesthe produceroverhead. Table 4
showstheproducenverheadndtransfedatencyfor memoryand
registecommunicationBeforetransferringhedata thememory
versionmust®rstcomputethe addresf the communicatiorio-
cation,which takes3 cycles. In the registerversion,the remote
locationfor the datais encodedn the instructionperformingthe
transfer resultingin only a singlecycle produceroverhead.The
memoryversionalsohasa 10 cycletransferdatencyincludingthe
produceroverheadand two memorylatencies,one eachby the
producerand consumer If eithermemoryaccessnissesin the
cache the transferlatencywill be signi®cantlonger Register
communicatiorhasonly one additionalcycle of latencyfor the
ClusterSwitchtraversal andthe consumeis ableto usethe data
immediately

Not all synchronizatiortanbeeasilyexpressedsinga producer
consumemodel. A barriercanbe usedto conglomerateseveral
synchronizationsnto a single action. Fastbarriersreducethe
overheadof using parallelism,which is vital if the parallelism
to be extractedhasshorttask executiontimes betweensynchro-
nizations. Fourimplementation®f barriersacrosshreeclusters
areexamined:memory register condition-codeandCBAR. The
memoryimplementatiorusedour memorylocationsponelocation
holdsthe barriercounter andeachthreadhasits own locationon
which to spin. Uponreachingthe barrier eachthreadperforms
a fetch andincrementon the counter usingthe MAP's memory
synchronizationbits to atomicallylock andunlockthe counter If
the barriercountis lessthan 2, the threadbeginsspinningon its
own memorylocation. Otherwisethe otherthreadshavereached
the barrier the countis resetto zero, and the spinningthreads'
memorylocationsaremarkedfull, releasinghem.



| BarrierMethod | Latency]
Memory (cachehit) 61
Register 6
ConditionCode 5
CBAR 1

Table5: Latencyto execute barrieracrossll threeclusters.Even
with anon-chipcache synchronizingusingmemoryis morethan
tentimesasexpensivesusingregisteror thecbar instruction.

Theregisterbarriermicrobenchmarkonsistof anevenphase
barrier followed by an odd phasebarrier Upon reachingthe
barrierin anevenphasea threademptiesits odd phaseregisters,
andwrites into the evenphaseregistersof both of its neighbor
threads. It thenreadsfrom its own evenphaseregistersstalling
until they havebeenwritten by the neighbors.Two registersper
phaserenecessario allow eachof theneighborgdo communicate
independently The ConditionCodebarrieris similar exceptthat
with thebroadcastonditioncoderegisterspnly oneinstructionis
requiredo signalto bothneighbotthreads TheCBAR barrieruses
thecbar instruction,withoutrequiringany registersor auxiliary
instructionso beexecuted.

Eachmechanisnis implementedn asimpleprogramthatdoes
100 successivdarriers. Thetime per barrierin the steadystate
is measure@ndshownin Table5. Thecbar instructionis the
fastestand cancompletea barriereverycycle. The registerand
conditioncodebarriersaresimilar, with ConditionCodebeingone
cyclefastersinceonly onewrite is necessaryo communicatavith
bothneighbors Thememorybarrierrequires1 cycles evenwith
all accessehitting in the cache. For eachthread,approximately
20cyclesareneededor thecontroloverheadf testingthebarrier
counterwhile theremainingcyclesareconsumedaontendingor
theon-chipcacheandwaiting for theotherthreaddo arriveatthe
barrier In orderto exploit®nezgraiparallelismwith tasklengths
in the 10sof cycles,long latencymemory-basedtbarrierscannot
beused.

A synthetidoenchmak wasdevdopedto furtherexamineheeffect
of the interthreadregisterand memorycommunicatioriatencies
of the MAP chip. With fast mechanismdor threadinvocation
and communicationgxtremely®nezgrairthreadparallelismcan
be exploited. If slowermechanismsreemployed suchascom-
municatingusingon-chipmemory ®nezgraiparallelismcanstill
beexploited,butthe granularityof thetasksmustbelarger

The syntheticbhenchmark,shownschematicallyin Figure 4,
consistf a singleloop containingthreefunction calls, eachof
whichmayberunin parallel. Varyingsub _numchangeshetime
to executeeachof thefunctioncalls (affectingbothgrainsizeand
problemsize),andthe numberof outerloop iterationsis dictated
by global _num

In theparallelversionsthemastethreadinvokesoneinstance
of sub _loop oneachof theneighboringclustersusingaparallel
procedurecall (PPC),andexecuteghe third instanceitself. The
slavethreadsoperaten standbymodewaiting to be signalledby
the master Whena slavecompletes,t returnsits resultto the

for(i=0; i<global _num; i++) {
resl = sub_loop (su b_num, const);
res2 = sub_loop (su b_num, const);
res3 = sub_loop (su b_num, const);
tota_re s = resl + res2 + res3;
}

Figure 4: Pseudocoe for syntheticbenchmark. Eachinstance
of sub _loop is executedon a different clusterfor the parallel
measurements.

| SyntheticProgram| Description |
SEQ Baselinesequential
PPCREG Parallelwith registersynchronization
PPCMEM Parallelwith memorysynchronization

Table6: Syntheticbenchmarks.

masterwhich performsa join beforebeginninganotheriteration
of theouterloop. The versiongo be comparedareenumerateth
Table6.

Figure5 showsthe time for oneiterationof the outerloop as
afunctionof thegranularityof theinnerloops,normalizedo the
sequentiaéxecutiortime. Thegranularityin turn,is afunctionof
thenumberof innerloop iterationswhich is variedfrom 0 to 30.
Whennoiterationsareexecutedvithin sub _loop , theprocedure
call overheadndtestinsidetheprocedurestill requiresl9cycles.
Eachincrementin grain size correspondgo an additional loop
iterationin eachsubroutine At the smallesgrainsize,PPCREG
is 1.6timesfasterthanSEQ,while PPCMEM is 1.2timesslower,
dueto the additionalcostfor the masterto storethe aguments
into memoryandthe slaveto retrievethem. Both PPCREG and
PPCMEM improve substantiallyas more work is doneinside
the inner loops, but their executiontime relative to sequential
“attens out abovegranularitiesof 110 cyclesas they approach
the maximumof 3 timesspeedup.PPCREG still maintainsan
advantageverPPCMEM, butthatdiminishesasthegranularity
increases.

The mostsigni®cantomponenbf the overheads in starting
the slavethreads. As shownin Figure 6, the costto passeach
additionalagumentfrom the masterto a slaveis not substantial.
For PPCREG, approximatelytwo cyclesare requiredfor each
additionalargument,onecyclefor eachslavethread. PPCMEM
requiresalmostfour cyclesperadditionalargumenttwo cyclesfor
eachslaveto performanaddresgalculationanda store.

As shownwith themicrobenchmarkshecommunicatiorandsyn-
chronizatiormechanismsf the MAP chip allow threadgo bein-

vokedquickly andcommunicatef®cientlywith oneanother This
sectiorexploregheutility of thesemechanismg applicationsis-
inginnettloopandoutetloopparallelism.Innet:loopparallelism
is discoveredy examiningthe innerloopsof the applicationso

®ndsubroutinesindexpressionthatcanbeexecuteadoncurrently
Outet:loop parallelismcomesfrom the outerloopsof the appli-
cations,mainly by dividing thedatasetacrossheprocessorsnd
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Figure5: Outerloop iterationtime as a function of inner loop
grain size, normalizedto sequential. At the smallestgrain size
(19 cyclesof work in slavethreadsPPCREG s 1.6timesfaster
thanSEQ. PPCMEM becomedasterthan SEQat grain sizesof
greaterthan30 cycles.

assigningndependenbopiterationso them. Theexperimentén
thissectiorshowthatinnettloopparallelismexploitsconcurrency
in differentpartsof the programthanoutetloop parallelism,and
thatthe granularityof theinnettlooptasksis substantiallysmaller
thanoutetlooptasks.

The applicationsin this study are compiled using MMCC, the
MAP C compiler a derivativeof the Multi ow C compiler[9].

The compileris ableto compilea sequentiaprogramacrossall

threearithmeticclusters.However for theexperimentseportedn

this paper MMCC producessequentiakingleclustercode,using
all threeexecutionunits within a clusterasa 3 instructionwide
staticallyschedulednachine.MARS, the runtime systentor the
M-Machine,is usedo providesystenservicesincludingmemory
allocation,terminall/O, and®lel/O [7]. While both MARS and
the MAP supportvirtual memory all experimentsvererunin a
physicaladdresspacewith no TLB misshandlingrequired.

Outerloop parallelismis explicit in the applicationsand ex-
ploits concurrencyat outerloopswith datadependenphasesep-
aratedby barriers. Innerloop parallelismis implementeddy en-
capsulatingndependengxpressionandfunctioncallsinsidepro-
cedures.The applicationsaredetailedbelow and summarizedn
Table7.

FFT solvesa 1-dimensionabartial differential equationus-
ing forward andinverseFFTs. With outerloop parallelism,each
processois assignedh subsectiorof thearray andcomputeone
level of thebutter y onits subarraybeforeplacingits resultinto a
temporaryarray After abarrier eachprocessocopiesits section
ofthetemporanarrayto theglobalarrayandbarriersagain.Inner
loop parallelismis extractedby executinginnerloop expressions
andsubroutinegoncurrently The sizeof thearrayis variedfrom
4to 128complexnumbers.

EM3D simulateslectromagnetiinteractionsand consistsof
alternatingphasesf computationon e-nodes andh-nodes .
To exploit outet:loop parallelism,eachprocessolis assigneda
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Figure6: Outerloop iterationtime asa function of the number
of agumentgpassedrom masterto slavewith a grainsizeof 27
cycles. PPCREG requirestwo additionalcyclesper agument,
onecyclefor eachslavethread. PPCMEM requiresalmostfour
cyclesperadditionalagument two cyclesfor eachslave.

subsebf the nodesandat eachtimestepcomputesiewvaluesfor

itse-nodes , barrierscomputesiewvaluedoritsh-nodes , and
barriersagain. Innettloop parallelismis exploitedby computing
all of theinteractiondor a given nodeconcurrently The EM3D

initializationroutinesarenotincludedin anyresults.Theproblem
sizeis variedfrom 6 e-node /h-n ode pairsto 30 pairs,andeach
nodeis connectedo 5 othernodes.

MG is a solutionto a 3D Poissonpartial differential equa-
tion andis basedon the multigrid kernelfrom the NAS parallel
benchmarksand SPEC95. The outet-loop parallel codeassigns
a subsetof the threedimensionaldataspaceto eachprocessar
and the different computationphasesare separatedy barriers.
Theinnettloopversionparallelizeonly theinnermostoop of the
Relax (relaxation)subroutine Eachof theseénnerloopiterations
consistof aweightedsumof differentarrayelements.Theseop-
erationsareforkedto otherclustersandthe resultsarecombined
by the mastebeforethe nextiterationbegins. Thevolumeof the
cubicspacdo besolvedis variedfrom 64to 2744doubleprecision
“oating-pointnumbers.

CG implementsa Modi®edIncompleteCholeskyConjugate
Gradientmethodfor 3-D boundaryvalue problems. The outet
loop parallelismpro®leformsawavefrontacrosghe centraldiag-
onal of a cubethatformsthe problemspace.At eachiteration,a
processocomputests assignegbortionof thewavefrontandthen
executesbarrier Theinnet:loopversiononly parallelizeghein-
nermostomputatiodoopwhich consistof asetof arithmeticop-
erationcombinedwith boundarycheckgo handlecornersedges,
andfacesof the cube. The volumeof the cubeis variedfrom 27
to 1728doubleprecision oating-pointnumbers.

EAR is from the SPEC92Xuiteandsimulateshe propagation
of soundn thehumarcochleginnerear). Theapplicationconsists
of a sequentiabuterloop, containingsequencesf parallelinner
loops. Only the inner loops are parallelizedas no outerloop
parallelismis available. Ten time stepsare simulatedand the
sizeof theinput vectoris variedfrom 10to 100doubleprecision
“oating-pointnumbers.



| Benchmark| Source | ProblemSize |
FFT Alewife [3] 4+128complexdoubles
EM3D UC Berkeley[4] | 6x30nodepairs
MG Alewife [3] 64+2744doubles
CG Yeung[18] 27+172&oubles
EAR Spec9715] 10+100doubles

Table7: BenchmarkSummary

In eachof the benchmarksjnnettloop parallelismis exploited
by manuallyidentifying independenéxpressionsfunction calls,
andloop iterationsinside an applications inner loop. A master
threadforks the parallel work to a free cluster at runtime via
a parallel procedurecall (PPC)and waits only whenthe return
valueis neededsimilar to a future [8]. To reduceoverhead,
assemblyinlining in the compiled code is usedto executethe
speciainstructionsneededo invoke athreadon aremotecluster
andto synchronizevhencomplete.To evaluatethe utility of the
registerinteractionmechanismsthe agumentspassedrom the
masterto the slave using either registersor the on-chip cache.
Whenusingregistersto communicatebetweernthe masteranda
slave,the masterthreadreservesand emptiesa registerfor the
returnvalue prior to forking the slave. At the join, the master
stallson the emptyregisteruntil the slavewritesinto it. A slave
emptiedts registerandstallsonthemuntil themastedeliversthe
functionaguments.Whenusingthe on-chipcache the memory
synchronizatioits areusedo signalbetweermmasteandslaveto
indicatethatdatais beingtransferredbetweerthem. Theconsumer
spinson amemorylocationuntil the producemritesthedata.

Figure7 showsthe innerloop taskgranularityfor all ®veap-
plicationsas a function of problemsizeon a logtlogplot. The
granularityfor innerloop parallelismis de®nedas the average
time for the slavethreadsto executetheir parallel tasks. The
problemsizesareindicativeof therelativeamountwork for each
benchmarkbut cannotbe comparedcrosdifferentapplications.
FFT, EM3D, andCG all exploit parallelexpressionsvithin their
innerloops. Thusthe granularityremainsconstanandsmall(less
than300cycles)acrosghedifferentproblemsizes.EAR andMG
eachhaveinnerloopsthatcanbeparallelized.As theproblemsize
increasessodoestheamountof work per paralleltask.

Figure 8 showsthe executiontime for FFT acrossall of the
problemsizes,normalizedto the sequentiakxecutiontime on a
singleMAP cluster TheCacheline showstherelativeexecution
time whenusingthe on-chipcacheto communicatéetweerthe
masterandthe slavethreadswhile Registeruseshe MAP's reg-
ister communicatiormechanisms.Optimal is a measureof the
executiontime if all of the communicatiorbetweenthe master
andslavesoccursinstantaneouslyAll threeversionsof the ap-
plicationimproverelative to the sequentiatodeasthe problem
sizeincreasesyith al.5timesspeedugor Registeratthelargest
dataset. This is dueto the applicationspendingmore time in
theparallelsectionof the coderelativeto the sequentiakections.
Registercommunicatioris approximately20% fasterthanusing
the on-chip cachefor all problemsizes. However the speedup
of usingmultiple clustersis limited by the amountof parallelism
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Figure7: Innettlooptasklengthversusproblemsize. The task
lengthis the averagdime for the slavesto executetheir parallel
tasks. FFT, CG, and EM3D exploit expressiororientedparal-
lelismin theinnerloop, with granularityindependenof problem
size. EAR andMG exploitinnerloop level parallelismandhave
granularitieghatincreasewith problemsize.
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Figure 8: Normalizedexecutiontime versusproblem size for
Innerloop FFT. Thehigherinteractionatenciesof Cachecauset
to be consistently20% slowerthanRegister.

in the applicationandthe methodof extractingit, ratherthanby

the communicatioroverhead.Evenwhencommunicatioris free

(Optimal), only anadditional15% of performancémprovement
is attained. The speedugdor FFT is minimal at small problems
sizesandimprovesasthe sizeof the datasetincreasesWith a4

elementinput vector FFT executesonly 6 iterationsof its inner

loop, andthetotal executiontime is dominatedy the sequential
componenbf theapplication.

Figure9 illustratestheselimitations by decomposinghe run-
ning time of FFT with a problemsizeof 128 into executionand
overheadomponentsThecyclebreakdowris shownfor asingle
cluster(SEQ) aswell asthe parallelversionsusingthe on-chip
cacheandregisterdor communication.For the parallelversions,
boththe master(M) andtwo slaves(S1, S2) areshown. The pri-
mary factor thatlimits the overall speedups the loadimbalance
seerin theparallelversionsasthereis signi®cansequentiaiork
performednly by themaster Thecommunicatiorverheadising
registerss lessthanonehalfthatof usingthecacheputtheoverall
impacton performances only 20%.
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Figure9: Cyclebreakdowrof inneetloopFFTwith 128wordinput
vector The executiontime is brokendowninto the cyclesspent
executingnstructiongExecute), waiting for theinstructionfetch
unit andinstructioncache(IFU ), waiting for datafrom the mem-
ory system(Memory), and communicatingoetweerthe clusters
(Comm).

Outetloopparallelisms exploitedusingtheshared-memormnul-

tiprocessoiparallelizationsof eachof the applications,in which
outer parallelloops are identi®edand executedconcurrentlyon
eachof the three MAP clusters. The three clusterscommuni-
cateusingthe sharednemorysystemandcansynchronizeeither
throughmemory or usingthecbar instruction.Figure10 shows
theoutet-looptaskgranularityonthesamescaleastheinnettloop
granularityof Figure7. Outet-looptaskgranularityis de®neds
thenumberof cyclesspentbetweerbarriers.Thegapin grainsize
betweenthe inner and outerloop parallelizationds morethana
factorof 10for EM3D, MG, andCG, evenonthesmallesproblem
size,andit widensto a factor of 550 at a problemsize of 1728
for CG. FFT exhibitsthe narrowestrange,with a factor of 6 at
vectorlength4, to afactor of 70 at vectorlength128. Thelarge
task lengthsof the coarsegrainedapplicationsstemfrom their
originalimplementatioron asharednemorymultiprocessqiwith

interactionlatenciesin the thousand®f cycles. Exploiting par

allelismin the 80-200cycle rangewould be infeasiblewith such
highinteractioncosts.

The effect of this increasinggranularity can be seenin Fig-
ure 11, which showsthe executiontime of FFT asa function of
problemsize,normalizedo thesequentiaéxecutiortime. Cache
showsthe executiontime whenthe barrieris implementedising
the on-chipcache while CBAR showsthe executiontime when
the barrierinstructionis used. CBAR is equivalentto an opti-
mal barriersincethecbar instructionis soef®cient.Outetloop
parallelismresultsin shorterexecutiontimesthaninnettloop, as
moreof the codeis parallelizedandthelarger grain sizerequires
lesscommunicatiorandsynchronization FFT improvesfrom no
speedumn a 4 elementvectorto 2.4timesspeedumn a 128ele-
mentvector Theimprovementn speeduyis adirectresultof both
theincreasinggranularityandthe larger fraction of time spentin
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Figure10: Outetlooptasklengthversusproblemsize. Thetask
lengthistheaveragdimebetweerbarriers.Theouterloopparallel
tasksare much larger thaninnerloop andincreasedramatically
with datasetsize.
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Figure 11: Normalizedexecutiontime versusproblemsize for
OuterloopFFT. As problemsizeincreaseghedifferencebetween
synchronizingvia off-chip memory(Memory), theon-chipcache
(Cache) andthebarrierinstruction(CBAR) diminishes.

the parallelsectionsasthe problemsizeincreases Anothercon-
sequenc®f the coarsegranularityis that the performanceof the
fastbarrierCBAR andthe memorybarrierCachearepractically
indistinguishable Sinceso muchtime is spentbetweersynchro-
nizationsthe costof the barrieris inconsequential.

Thecoarsegyrainedapplicationseesubstantiaspeedupsnrel-
ativelysmallproblemsizedor two reasonsFirst,synchronization
costis low, evenusingmemorylocks,becauseall of theaccesses
arelocal. Secondall of thedatafor thethreadds shareckitherin
the on-chipcacheor in local memory However in a traditional
multiprocessarthe communicatiorcostsare signi®canthhighet
Internodebarriersare more expensiveandany shareddatamust
be passedrom nodeto node. The Memory curvein Figurellis
intendedcapturesomeof the effect of additionalsynchronization
costby increasinghebarrieroverheado 1000cycles.

Figure 12 summarizeghe executiontime for all 5 benchmarks.
Theapplicationsanbepartitionedbasedn theirtaskgranularity
into ®nemedium,andcoarsayrain. Onthe MAP chip, ®nezgrain
tasksare typically lessthan 300 cycles,mediumgrain tasksare
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Figure12: Normalizedexecutiontime of all 5 applicationsjncludinginnerandoutetloop parallelizationacrossall problemsizes. The
penaltiedor interactingusingon-chipcachecanbe substantialdependingn thetaskgranularity

between300 and1500cycles,and coarsegrain tasksare greater
than1500cycles. Thetaskgranularityis a functionof themethod
of parallelization(innet:loopversusoutet-loop),aswell asprob-
lem size. The dark capson the executiontime barssignify the
penaltyfor usingthe on-chipcacheinsteadof theintegratedcom-
municatiorandsynchronizatiomechanismeftheMAP chip. As
is evidentfrom the graph,in orderto exploit ®ne-grairtasks,the
integratednechanismareanecessityMediumgraintaskscanbe
exploitedusingonly theon-chip cachefor communicédonandsyn
chronization. Coarsegrain tasksrequireno specialmechanisms
for synchronizatiorsinceinteractionfrequencyis small.

When outerloop parallelismis available,it generallyyields
fasterexecutiortimesthaninnerloopparallelismasdemonstrated
in Figure13. However someapplicationssuchasEAR haveno
outerloop parallelismandrequireadditionalhardwaresupportfor
communicatiorandsynchronizatiorio improveperformance.n
addition, sinceinner and outer loop parallelismexploit concur
rencyin differentcomponentsf the programtheycanbeusedin
concerto furtherimproveapplicationperformance.

The experimentsn this sectiondemonstrat¢hatthereis con-
siderable®nezgraithreadparallelismin typical applicationsand
thatregisterbasedcommunicatiorand synchronizatiorprovides
suf®cientlylow overheado exploit thisparallelismef®ciently The
MAP's fastinteractionmechanismg10 cycle threadinvocation,
1 cycle communicatiorand synchronizationenableapplication
speedupsf up to 2.1 on threeprocessorsysingonly innettloop
parallelism.The granularityof this ®ne-threagarallelismis typ-
ically betweerB0 and200instructionsandis largely independent
of problemsize. Conventionamultiprocessomechanismsvith
long interactionlatenciesare unableto exploit ®nethreadsat all.
The coarsexthreagarallelismthat canbe exploitedin multipro-
cessor$asa granularityof 10° to 10° instructionsandis strongly
dependenbn problemsize. Basedon examinationof the code,
we expectthat®nezthreagarallelismwill continueto scalewith
moreprocessorandthatmoreaggressiv@arallelizatiorcanyield
bothgreaterconcurrencyandsmallergrainsizes.

The study of synchronizatiorcost performedin [2] exploreda
spectrumof granularitiesincluding instruction, statement,and
loop level parallelism. They found that statemenbrientedpar
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allelismwasfar more sensitiveto synchronizatioroverheadhan
loop level parallelism. However evenwith substantiakynchro-
nizationoverheadhe statementevel parallelismstill yielded4 to
20 times speedupver sequential. This study suggestghat the
amountof ®ne-threagarallelismavailablein applicationds con-
siderablygreatetthanwhatwe haveexploitedsofar usingsimple
approacheto parallelization andthatit scaleswvell beyondthree
processorslt alsoshows,aswe have,thatto extractthis paral-
lelismrequiresvery low-overheadynchronization.

Architectureghatsupport®nezgraithreadsn amultiproces-
sortypically implementfastthreadcreationanddispatchmecha-
nisms. The*T architecturewhosethreadsarein therangeof 15
instructionsjmplementdork, join , andnext instructionsthat
interactwith a memorytaskqueue anda synchronizatiorcopro-
cessorto allow threadson different processordéo communicate
with one another[11]. Like the MAP chip, the Tera Computer
System[1] alsoexploits®ne-grairthreadsusinga multithreaded
multiprocessoirchitecture. In a Teramachine,interactionbe-
tweenthreadstakesplaceonly throughmemory andfull/fempty
bitsareprovidedon eachmemorylocationto enablefastsynchro-
nization. Terasarchitecturalsopenalizesinglethreadeatodeas
it hasno supportfor datalocality andusesa hardwarescheduling
policy which prohibitsa single threadfrom using the execution
resource®n everycycle.

The Hydraand Simultaneou$ultithreading(SMT) architec-
turesalsoaimto scaleon-chipparallelismbeyondhelimits of ILP.
TheHydraarchitecturexploreghedesigntradeofs of buildinga
single-chipmultiprocessarfocusingon the memorysystem[10].
Coarsgyrainedtasksexecutdndependenthandcommunicatevia
a level-1 or level-2 cache. SMT addsmultithreadingto a tra-
ditional superscalato exploit both instructionand threadlevel
parallelism{16]. Executionresourcegredynamicallyassignedo
differentthreadsandinstructionsrom themmayexecutesimulta-
neously BothHydraandSMT provideonly memory-basethech-
anismsfor communicatiorand synchronizatiorbetweerthreads
andarethuslimited to usingrelatively coarse-grainhreads.Our
work is complementaryto theseprojectsin that registerbased
mechanismsouldeasilybeincorporatednto thesearchitectures,
extendinghegranularityof parallelismtheyareableto exploit.

TheMultiscalararchitecturettemptso deduce®nexgraipar
allelismatruntime[14]. Basicblocksof theprogramareassigned
dynamicallyto differentexecutiorunitsandhardwards responsi-
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Figure13: Normalizedexecutiortime for all applicationscomparingnnerto outerloop parallelization.

ble for enforcingthe datadependencieamongthe blocks. Com-
municationtakesplace via a unidirectionalring to which each
threadcan read or write. This promisingapproachto extract-
ing speculative®ne-threagbarallelismis well matchedo imple-
mentationsisingregisterbasednechanismén lieu of the special
hardwaresuggesteéh [14].

TheCrayX-MP implementedwo centralprocessinginitswith
abankof sharecaddressscalardata,andsemaphoreegisterghat
couldbeaccessedy eitherprocessof12]. Theseregistersnvere
typically usedfor self schedulingof loops. The registerswere
notgenerapurposeandvalueswerecopiedto a processdslocal
registersetprior to usingthedata.

Instruction-levelparallelism(1 cycle tasks)and coarse-grained
concurrency(10,000 cycle tasks) dominatetoday's parallelism
landscape.The morethan 4 ordersof magnitudebetweentheir
granularitieseexposea parallelismgapthat canbe ®lledwith 100
cycle tasks. However the developmentf ®nezgrairprograms
hasbeena chickentandeggproposition.Finexgrairapplications
arenot prevalentbecausehereare no machineswith ®nezgrain
mechanismsandvice versa.

The MAP chip architectureand silicon implementatiorintro-
ducefaston-chipinterprocessomechanismsuch10cyclethread
invocation,1 cyclecommunicatioriatency andasinglecyclebar
rier instruction,Microbenchmarkstudiesshowthatthesemecha-
nismsallow communicatiorthatis 10 timesfasterand synchro-
nizationthatis 60timesfasterthanmechanismthatuseanon-chip
cache With thesdow overheadperationstasksof lessthan100
cyclesarenowfeasible.In theMAP chip,thecostof thesemecha-
nismsgis small,astheyareimplementedy augmentingheexisting
clusterto memorycommunicatiorpaths.

Exploiting ®nexgrairthreadparallelismusing registerbased
mechanismss also well matchedto the wire-limited nature of
future semiconductoprocesses.As technologyadvancesgate
delay decreasedut wire delay increaseq13]. By 2007, forty
500psclock cyclesare expectedto be neededto senda signal
acrosghediagonalof asinglechip. Thistrendmotivatesarchitec-
turesthat minimize globalcommunicatiorandthe large latencies
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theyimply. Structuringa future microprocessoas a numberof
superscalgprocessorthatcommunicatandsynchronizevia reg-
isterskeepsmost communicatiorocal to individual processors.
Globalcommunicatioris madeexplicit in the processomicroar
chitectureallowing advancectircuit designsto tamget theselong
wireswithout affecting the processds design. This partitioning
will be evenmore usefulascommunicatiorandsynchronization
canbe pipelinedto permit scalingto large numbersof on-chip
processors.

In this study, the MAP's fastcommunicatiormechanismsire
usedto implementa parallel procedurecall (PPC),in which a
mastethreaddynamicallyassignsvork to theslavethreadonthe
otherexecutionunits. Parallelizingtheinnerloopsof severalap-
plicationsusingPPCyieldsperformancémprovementsf 1.2+2.1
timesevenon small problemsizes. The registercommunication
mechanismeesultin a20%improvemenbvercommunicatiowia
the on-chipcache. The measuredpeedups limited by boththe
overheadf threadcontrol,and by the sequentiatomponent®f
the programwhich arenotaccelerated.

For the last 15 years,single microprocessoperformancehas
increasedyy 50%peryearwith abouthalf theimprovementom-
ing from fasterdevicesandtherestdueto increasedarallelism.
Today's 4+8issuesuperscalaprocessorarenearingthelimits of
ILP. To remainonthis performanceurve,parallelismbeyondLP
mustbe exploitedon a singlechip. Finetgrairthreadparallelism
is well suitedto ®Il this performancegap, and well matchedto
the clusterorganizationsof future microprocessorsMost appli-
cations,eventhosewith small problemsizes,haveconsiderable
®ne-threagarallelism andthis parallelism becausef its limited
extent,hasa smallercachefootprint than coarse-threadlterna-
tives[6].

Discovering®nezgraimarallelismin expressiororientedpro-
gramsis a major challenge. Aside from hand parallelization,
compilersmay be ableto analyzeand partition inner loop itera-
tions, procedurecalls, and expressions.Otheravenuessuchas
pipelining dependentoop iterationsacrossthe on-chip proces-
sors, or speculativelyexecutingcomponentf the programin
parallelare possibleaswell. Regardles®f the technique®nex
grainthreadsnablea differentandorthogonatype of parallelism
thanthatfoundin outerloops. Reducingthe synchronizatiorand



communicatiortostshetweerparalleltaskswill enable®nezgrain
parallelizationof programs,and allow existing problems,such

aspersonalbr businessapplicationsto be solvedfasterwithout

scalingtheir size.
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