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Muchof the improvementin computerperformanceover the last
twentyyearshascomefrom faster transistorsand architectural
advancesthat increaseparallelism. Historically, parallelismhas
beenexploitedeitherat the instructionlevelwith a grain-sizeof
a single instruction or by partitioning applicationsinto coarse
threadswith grain-sizesof thousandsof instructions.Fine±grain
threads®lltheparallelismgapbetweentheseextremesbyenabling
taskswithrun lengthsassmallas20cycles.Asthis®ne±grainpar-
allelismis orthogonalto ILP andcoarsethreads,it complements
both methodsand providesan opportunityfor greaterspeedup.
This paper describesthe ef®cientcommunicationand synchro-
nization mechanismsimplementedin the Multi-ALU Processor
(MAP)chip,includinga threadcreationinstruction,registercom-
munication,anda hardwarebarrier. Theseregister-basedmech-
anismsprovide10timesfastercommunicationand60timesfaster
synchronizationthan mechanismsthat operatevia a shared on-
chip cache. With a three-processor implementationof the MAP,
®ne±grainspeedupsof 1.2±2.1are demonstratedon a suite of
applications.
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Moderncomputersystemsextractparallelismfrom problemsat
two extremesof granularity: instruction-levelparallelism(ILP)
andcoarse-threadparallelism.VLIW andsuperscalarprocessors
exploitILP with agrainsizeof asingleinstruction,whilemultipro-
cessorsextractparallelismfrom coarsethreadswith a granularity
of manythousandsof instructions.

Theparallelismavailableat thesetwo extremesis limited. The
ILP in applicationsis restrictedby control¯ow anddatadependen-
cies[17], andthehardwarein superscalardesignsis not scalable.
Both the instructionschedulinglogic and the register®le of a
superscalargrow quadraticallyas the numberof executionunits
is increased.For multicomputers,thereis limited coarsethread
parallelismatsmallproblemsizesandin manyapplications.
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This paperdescribesandevaluatesthehardwaremechanisms
implementedin the MIT Multi-ALU Processor(MAP chip) for
extracting®ne±threadparallelism. Fine±threadsclosethe paral-
lelismgap betweenthe singleinstructiongranularityof ILP and
the thousandinstructiongranularityof coarsethreadsby extract-
ing parallelismwith a granularityof 50-1000instructions. This
parallelismis orthogonalandcomplementaryto coarse-threadpar-
allelismandILP. Programscanbeacceleratedusingcoarsethreads
to extractparallelismfrom outerloopsandlargeco-routines,®ne±
threadsto extractparallelismfrom inner loops and small sub±
computations,andILP to extractparallelismfromsubexpressions.
As theyextractparallelismfrom differentportionsof a program,
coarse±threads,®ne±threads,andILP work synergisticallyto pro-
videmultiplicativespeedup.

Thesethreemodesarealsowell matchedto the architecture
of modernmultiprocessors.ILP is well suitedto extractingpar-
allelism acrossthe executionunits of a singleprocessor. Fine±
threadsareappropriatefor executionacrossmultipleprocessorsat
asinglenodeof aparallelcomputerwheretheinteractionlatencies
areontheorderof afewcycles.Coarse-threadsareappropriatefor
executionondifferentnodesof amultiprocessorwhereinteraction
latenciesareinherently100sof cycles.

Low overheadmechanismsfor communicationandsynchro-
nizationarerequiredto exploit®ne±grainthreadlevelparallelism.
The cost to initiate a task, passit arguments,synchronizewith
its completion,andreturnresultsmustbe small comparedto the
work accomplishedby thetask. Suchinter-threadinteractionre-
quires100sof cycles(  1! s) on conventionalmultiprocessors,
and 1000sof cycles (  10! s) on multicomputers. Becauseof
thesehigh overheads,mostparallelapplicationsuseonly coarse
threads,with manythousandsof instructionsbetweeninteractions.

TheMulti-ALU Processor(MAP) chipprovidesthreeon-chip
processorsandmethodsfor quickly communicatingandsynchro-
nizing amongthem. A threadexecutingon one processorcan
directlywrite to aregisteronanotherprocessor. Threadssynchro-
nizeby blockingon a registerthat is thetarget of a remotewrite
or by executinga fastbarrierinstruction.

Microbenchmarkstudiesshowthat with theseregister-based
mechanisms,a threadcanbecreatedin 11 cycles,andindividual
communicationandsynchronizationactionscanbeperformedin
1 cycle. Communicationis 10 timesfasterandsynchronization
is 60 timesfasterthantheir correspondingmemorymechanisms
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Figure1: Block diagramof theMAP chip, containing3 clusters
(processors)connectedto thememorysystemandeachothervia
theMemoryandClusterswitches.

that usethe on-chipcache. The MAP's integratedmechanisms
areordersof magnitudefasterthanthosethat operatevia global
memory. A studyusingseveralparallelapplicationsshowsthat
thesemechanismsallow speedupsof up to 2.1 using 3 on-chip
processorswhenexploitingparallelismwith a granularityof 80±
200cycles. If the registercommunicationprovidedby theMAP
is replacedwith memoryoperations,®ne±grainthreadsyield sub-
stantiallylessspeedup,andsometimesslowdown.

Thenextsectiondescribesthearchitectureandimplementation
of theMAP chipanddetailsitsmechanismsthatsupport®ne±grain
threads.Therawperformanceof thesemechanismsisevaluatedin
Section3 andcomparedto memory-basedmechanisms.Section4
exploresthe granularityof severalparallel applicationsand the
speeduprealizedbyexploiting®ne±grainthreadswith andwithout
theMAP chipmechanisms.Relatedresearchthataddresses®ne±
grainedand on±chipparallelismis describedin Section5, and
concludingremarksarefoundin Section6.
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The Multi-ALU Processor(MAP) chip, designedfor usein the
M-MachineMulticomputer, is intendedto exploit parallelismat
a spectrumof grain sizes,from instructionlevel parallelismto
coarsergrainedmulti-nodeparallelism[5]. It employsa set of
fastcommunicationandsynchronizationmechanismsthatenable
executionof ®ne±grainparallelprograms.

Figure1 showsa block diagramof the MAP chip containing
threeexecutionclusters,auni®edcachewhich is dividedinto two
banks,an externalmemoryinterface,anda communicationsub-
systemconsistingof networkinterfacesandarouter. Twocrossbar
switchesinterconnectthesecomponents.Clustersmakememory
requeststo theappropriatebankof theinterleavedcacheoverthe
142-bitwide (51 addressbits, 66 databits, 25 control bits) 3 4 2
Memory Switch. The 88-bit wide (66 databits, 22 control bits)
7 4 3ClusterSwitchis usedfor inter-clustercommunicationandto
returndatafromthememorysystem.Eachclustermaytransmiton
theMemorySwitchandreceiveontheClusterSwitchonerequest
per cycle. An on-chip network interfaceand two-dimensional
routerallow a messageto be transmittedfrom a cluster's regis-
ter ®leinto the network. Multiple MAP chipscanbe connected
directly togetherin a two-dimensionalmeshto constructan M-
Machinemulticomputer. This paperfocuseson the parallelism
that canbe exploitedwithin a singleMAP chip. Futurestudies
will analyzeapplicationperformanceon theM-Machine.
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Eachof thethreeMAP clustersis
a64-bit,three-issue,pipelinedprocessorconsistingof two integer
ALUs, a ¯oating±pointALU, associatedregister®les,anda4KB
instructioncache1. Eachintegerregister®lehas14 registersper
thread,while the ¯oating±point register®lehas15 registersper
thread.Eachthreadalsohas16 conditioncode(CC) registersto
holdbooleanvalues.Writestoasubsetof theconditioncoderegis-
tersarebroadcastto theremoteclusters.Oneof theintegerALUs
in eachclusterservesastheinterfaceto thememorysystem.Each
MAP instructioncontains1, 2, or 3 operations. All operations
in a singleinstructionissuetogetherbut maycompleteout of or-
der. Nohardwarebranchpredictionis performedontheMAP, and
brancheshavethreedelayslots,dueto the threepipelinestages
beforeexecution. However, sinceall operationsmay be condi-
tionally executedbasedon the one-bitvalueof a conditioncode
register, manybranchescan be eliminated. In addition,branch
delay slotscan be ®lledwith operationsfrom both sidesof the
branchaswell aswith operationsfrom abovethebranch.

Theexecutionunitsare5-waymultithreadedwith theregister
®lesandpipelineregistersof the top stagesof thepipelinerepli-
cated. A synchronizationpipelinestageholds instructionsfrom
eachthreaduntil theyarereadyto issueanddecideson a cycle-
by-cyclebasiswhich threadwill usethe executionunit. While
this enablesfast, zero-overheadinterleavingon eachcluster, the
remainderof thispaperusesonly onethreadpercluster.

(G'�HI?9E�JLK�J:D�>�'�HMF

As illustratedin Figure1, the32KB uni®ed
on±chipcacheis organizedas two 16KB banksthat are word-
interleavedto permitaccessesto consecutiveaddressesto proceed
in parallel. The cacheis virtually addressedand tagged. The
cachebanksarepipelinedwithathree-cyclereadlatency,including
switchtraversal.Eachclusterhasits own 4KB instructioncache
whichfetchesinstructionsfrom theuni®edcachewheninstruction
cachemissesoccur.

The externalmemory interfaceconsistsof the synchronous
DRAM (SDRAM)controlleranda64entrylocaltranslationlooka-

1In the silicon implementationof the MAP architecture,only cluster0 hasa
¯oating±pointunit, dueto chipareaconstraints.Thesimulationstudiesperformedin
thispaperinclude¯oating±pointunitsfor eachof thethreeclusters.
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Operation Latency(cycles)

Cachehit 3
Cachemiss 8±15
Branchpenalty 3
FPMultiply 4
FPAdd 2
FPDivide 20

Table1: MAP chip latencies.

sidebuffer (LTLB) usedto cachelocal pagetableentries. Pages
are512 words (64 8-word cacheblocks) in size. The SDRAM
controllerexploits the pipeline and pagemodesof the external
SDRAM and performssingle error correctionand doubleerror
detectionon the data transferredfrom externalmemory. Each
MAP word in memoryis composedof a 64-bit datavalue,one
synchronizationbit, andonepointerbit. A setof specialloadand
storeoperationsspecifyapreconditionandapostconditiononthe
synchronizationbit andareusedto construct®ne±grainsynchro-
nizationandatomicread±modify±writememoryoperations.

Table 1 showsthe nominal hardwarelatenciesof the MAP
executionunitsandcachedmemorysystem.Thecachelatencies
assumeno switch con¯icts to or from the memorysystem. The
misslatencycanvarydependingon whichof thepipelineor page
modescanbeusedto accesstheSDRAM.
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Invokinga threadon a remoteprocessoris typically anexpensive
operation,requiringthousandsof instructionsto setupastackand
initialize systemdatastructures.Remoteprocedurecall timesare
typically in themicrosecondrange.TheMAP chip implementsa
fasthfork instructionwhichinvokesathreadonaremotecluster
by automaticallywriting a remoteprogramcounterandupdating
thethreadcontrolregisters.Theexamplebelowstartsa threadon
cluster1, usingtheaddresscontainedin local integerregisteri8
asthe instructionpointer. If cluster1 is alreadyexecuting,then
false , indicating failure of the instruction,is returnedvia the
ClusterSwitchto conditioncoderegistercc0 .

hfork i8, #1, cc0;

Combinedwith theability towritedirectlyto theregistersof the
remotecluster, thehfork instructionallowsa remoteprocedure
tobestartedin 11cycles,whichincludestimeto fetchthecodeand
primethepipelineat theremotecluster. If still fasterinvocationis
required,astandbyhandlerthreadcanbestartedin aremotecluster,
whichwaitstobesignalledtoexecute.Whenaninstructionpointer
is written to a speci®cregisterin the remotecluster, the handler
jumpsto thecodeandbeginsexecuting.

NPO Nb[c\Adedef9^�g�h�Y�_�g�\A^

In coarsegrainedmultiprocessors,communicationbetweenthreads
is exposedto theapplicationasmemoryreferencesor messages,
bothof which requiremanycyclesto transmitdatafrom onechip
to another. In the MAP chip, threadson separateclustersmay

communicateeitherthroughthesharedmemory, or throughregis-
ters.Sincethedataneednot leavethechip to betransferredfrom
onethreadto another, communicationis fast andwell suitedto
®ne±grainthreads.

Theon-chipcacheallowslarge quantitiesof commonstorage
to be readily availableto eachthread. Any of theselocations
canbeusedto communicatedata,andtheproducerandconsumer
neednot be runningin nearsynchrony. In theMAP, a valuecan
be communicatedin memoryvia a load andstore. The latency
betweenthe producerand consumerof the datacan be as little
as10 cycles,if both accesseshit in the cache,or as long as 36
cycles,if bothmiss. Additionaloverheadis requiredto construct
or retrievetheaddressesusedto communicate.

TheMAP chip alsoimplementsregister±registercommunica-
tionbetweenclusters,allowingoneclustertowritedirectlyintothe
register®leof anothercluster, via the ClusterSwitch. Register±
registertransfersareextremelyfast,requiringonlyonemorecycle
to write to a remoteregisterthan to a local register. The result
of anyarithmeticoperationmaybesentdirectly to a remotereg-
ister, without interferingwith memoryreferencesor polluting the
cache.Sincethesizeof theregister®lelimits thestoragefor com-
municatedvalues,registercommunicationis particularlysuitedto
passingsmallamountsof dataquickly,suchastransferringsignals,
arguments,andreturnvaluesbetweenthreads.Onedrawbackis
that registercommunicationrequiresan additionalsynchroniza-
tion betweentheconsumerandtheproducerto preventvaluesin
thedestinationclusterfrom beingillegally overwritten.

N�O i�j�k�^�h<TWV�\�^�g�l�Y�_�g�\�^

In a concurrentsystem,synchronizationmustbeusedto indicate
when a task is to be started,when it is complete,or when two
runningthreadsmustcommunicate.The MAP chip allows syn-
chronizationthroughmemory, registers,and a hardwarebarrier
instruction,eachof whichhasdifferentcostsandbene®ts.
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In the MAP chip, everymemory
locationhasa single synchronizationbit that existsboth in the
off-chip DRAM andin thecache,enablinglockingon a location-
by-locationbasis.Specialloadandstoreoperationsallow atomic
testingandsettingof thebit.

Thecodefragmentbelowshowshow a spin-lockmaybeim-
plementedusingthememorysynchronizationbits. The loadand
synchronizeoperation(ldsu ) loadsthevalueat theaddressheld
in registeri8 , into i9 . In thememorysystemthesynchronization
bit is comparedto thepreconditionpre 1. If theyarethesame,
theoperationsucceeds:thesynchronizationbit is setto post 0,
thecontentsof thelocationarereturnedto i9 , andthevaluetrue
is returnedtoconditioncoderegistercc0 . Otherwise,thememory
contentsremainunchanged,andfalse is returnedto thecondi-
tion coderegister. The subsequentbranchwill causethe loop to
spinuntil theoperationsucceeds.

_loop:
ldsu pre_1, post_0, i8, i9, cc0;
cf cc0 br _loop:

A similarsequenceis usedto storeavalueandsetthesynchro-
nizationbit. Thissynchronizationmechanismcanbeincorporated
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Figure2: Preliminaryplot of theMAP chip,measuring18pGp on
asideandcontainingapproximately5 million transistors.

with memorycommunicationbetweenthreads,allowingsynchro-
nizationon a word by word basis. However, a consumerthread
waiting for a producerwill continueto makememoryrequests
while spinning,which canslow down otherthreadstrying to ac-
cessthe memorysystem. An alternativeto spinningthat canbe
implementedin theMAP is to invokea softwarehandlerto retry
thememoryaccesswhena synchronizationfailure is detectedin
thememorysystem.
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TheMAP chipusesfull/emptybits in a
registerscoreboardtodeterminewhenvaluesin registersarevalid.
Whenanoperationissues,it marksthescoreboardfor its destina-
tion registerinvalid,andwhentheresultis written,thedestination
register'sscoreboardis markedvalid. Any operationthatattempts
to usethe registerwhile it is emptywill stall until the registeris
valid. To reducetheamountof interactionbetweenphysicallydis-
tantclusters,anoperationthatwritesto a remoteclusterdoesnot
mark its destinationregisterinvalid. Instead,theconsumermust
executeanexplicit empty instructionto invalidatethedestination
registerprior to receivingany data. Whenthe dataarrivesfrom
a remoteregisterwrite, the scoreboardis markedvalid andany
operationwaitingontheregisteris allowedto issue.However, the
producermustnot write thedatabeforethe empty occurs. The
empty canbeguaranteedto execute®rstby placingit prior to an
unrelatedwrite from theconsumerto theproducer, or by placing
a barrierbetweenthe emptyandthe transferfrom the producer.
Usingregister±registercommunicationfusessynchronizationwith
datatransferin asingleoperationandallowstheconsumerto stall
ratherthanspin.
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Thesimplestsynchronizationmechanism
implementedby theMAP is theclusterbarrierinstructioncbar .

Area % of
Component ( pBp

2) totalarea

IntegerUnits (3) 55.9 16.7
MemoryUnits (3) 42.4 12.7
16KB DataCacheBanks(2) 36.9 11.0
Floating±pointUnit 33.4 10.0
NIF/Router 26.8 8.1
I/O Pads 26.6 8.0
InstructionCaches(3) 17.7 5.3
EMI + 64 entryTLB 8.3 2.5
Clockdrivers 5.7 1.7
Switchdrivers 3.1 0.9
Misc. Control/Wiring 23.1

Table2: Areacostsfor thecomponentsof theMAP chip.

Theclusterbarrierinstructionstallsa thread's executionuntil the
threadsontheothertwo clustershavereachedacbar instruction.
Threadswaiting for clusterbarriersdo not spin or consumeany
executionresources.Thecbar instructionis implementedusing
six globalwiresper threadto indicatewhethera cbar hasbeen
reached,and whetherit hasbeenissued. Six wires per thread
arenecessaryin orderto guaranteethatsuccessivebarriersstayin
synchronyacrossall threeclusters.
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A preliminarylayoutplot of theentireMAP chip is shownin Fig-
ure2. Thechip is 18mmsquareandconsistsof approximately5
million transistorsin a 5 metallayer, 0.7” m drawn(0.5” m effec-
tive)process.Theclusterdatapathandcontrolmodulesoccupythe
bottom60%of thechip,thenetworkinterface(NIF) androuterare
in themiddle15%,andthememorysystemis in thetop25%. The
ClusterSwitchrunshorizontallyin metal-4at themidpointof the
clustersandconsumesonly 8%of themetal-3andmetal-4routing
in the clusterregion. However, the wiring congestionnearthe
ClusterSwitchis signi®cantsincetheswitchrunsoverthecluster
pipelinecontrolmodules.TheMemorySwitchis belowthecache
banksin thememorysystemregionandoccupiesabout6%of the
metal-3andmetal-4routingresourcesthere.Table2 summarizes
theareacostsfor thedifferentcomponentsof thechip. Thetarget
clock ratefor theMAP chip is 100MHz. All of thedatapathcir-
cuitsmeetthatclockrate,butstatictiming analysisshowsaclock
rateof 40MHz for thecontrol logic. Theclock ratewasreduced
in orderto avoid performinglogic optimizationsfor speed.The
®nalroutingof thechip is currentlybeingcompletedandtapeout
is scheduledfor April 1998.
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Speci®cmicrobenchmarksareusedto directly evaluatethe®ne±
grainthreadcontrol,communication,andsynchronizationmecha-
nismsof theMAP chip. Themicrobenchmarksarewrittenin MAP
assemblycodeandrun on bothMSIM andtheMAP chip register
transferlevel (RTL) simulator. MSIM is a functionalsimulatorof
theMAP implementedin C, andexecutes400±1000MAP cycles
persecond,dependingon howmanyclustersareactive.TheRTL
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Figure3: Componentsof threadinvocationandreturn.

is the logic designof the MAP chip, implementedin Verilog. It
is usedfor all veri®cation,is exactlycycleaccurateto thesilicon,
andrunslessthan10 MAP cyclespersecond.MSIM wasusedto
verify the logic designin theRTL andis within 5% of thecycle
accuracyof the RTL over the 663 veri®cationprogramsin the
MAP regressionsuite.
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Threemethodsfor startinga threadon a remotecluster, including
one cold start and two standby, are examined. The cold start
methodusesthehfork instruction,whichstartstheremotethread
automaticallywith asingleinstructionexecutedbythemaster. The
standbymethodsalreadyhaveaslavethreadrunningin theremote
clusterwaiting for a new taskfrom themaster. Thetwo standby
methodsdiffer in howthemasterandslavecommunicatewith one
another, usingeitherregistersor memory.

Figure3 showsthe four componentsof a null threadcall and
return. The mastercall overheadis the numberof cyclesthat
the mastermust spendexecutinginstructionsto createthe new
thread. The slaveinvokelatencyis the time from the beginning
of themastercall to theexecutionof theslave's ®rstinstruction.
Theslavereturnlatencyis the time for theslaveto signalto the
master. Finally themasterreturnis theoverheadfor themasterto
resynchronizewith theslave.

Table3 summarizesthecomponentsof latencyfor eachof the
threemethods.The hfork instructionandthe standbyregister
methodarethe mostef®cient,with only 1 cycleof overheadfor
themasterat thecall andreturn. Standbyregisteris a little faster
overallastheslaveinvocationtimeis shorter. Standbymemoryis
morethanthreetimesworsethanthe registerversionbecauseof
thememoryspinloopsthemasterandslaveuseto synchronize.
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Communicationlatencyand overheadare evaluatedby using a
producer-consumermicrobenchmark. Both memoryand regis-
ter mechanismsareexaminedby passinga valuebackandforth
betweentwoclusters.Thememoryversionusestwomemoryloca-
tions,onefor eachcommunicationdirection.Spinlocksusingthe
MAP's memorysynchronizationbits implementsynchronization
betweenthe threads. The producerstoresits valueto the target
location,andmarksthememorylocationfull, while the receiver
spinson the location,waiting for thedatato arrive. Theregister
versionusesthe empty instructionand remoteregisterwrites.
Theproduceremptiesits receivingregisterandwritesthevalueto
theconsumer's register®le. The consumerstallson 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±
to±endlatencyof a null remoteinvocation. Using the hfork
instructionor registercommunicationyields an overheadthree
timessmallerthanusingmemoryoperations.

Producer Transfer
Operation Overhead Latency

Memory(cachehit) 3 10
Register 1 2

Table4: Communicationlatenciesbetweenthreads.

until thevalueis writtenandthescoreboardis markedfull.
Thereare two componentsto the ef®ciencyof crosscluster

communication.Theproduceroverheadis thenumberof cycles
that theproducermustspendinitiating the transfer. The transfer
latencyis the total time from the producerinitiation to the use
by the consumer, and includesthe produceroverhead. Table4
showstheproduceroverheadandtransferlatencyfor memoryand
registercommunication.Beforetransferringthedata,thememory
versionmust®rstcomputetheaddressof the communicationlo-
cation,which takes3 cycles. In the registerversion,the remote
locationfor thedatais encodedin the instructionperformingthe
transfer, resultingin only a singlecycleproduceroverhead.The
memoryversionalsohasa10cycletransferlatency, includingthe
produceroverheadand two memorylatencies,one eachby the
producerand consumer. If eithermemoryaccessmissesin the
cache,the transferlatencywill be signi®cantlylonger. Register
communicationhasonly one additionalcycle of latencyfor the
ClusterSwitchtraversal,andtheconsumeris ableto usethedata
immediately.

˜�™ ˜ ª‚Ÿn•‡•�£�ž�•

Not all synchronizationcanbeeasilyexpressedusinga producer-
consumermodel. A barriercanbeusedto conglomerateseveral
synchronizationsinto a single action. Fastbarriersreducethe
overheadof using parallelism,which is vital if the parallelism
to be extractedhasshort taskexecutiontimesbetweensynchro-
nizations. Four implementationsof barriersacrossthreeclusters
areexamined:memory, register, condition-code,andCBAR. The
memoryimplementationusesfourmemorylocations;onelocation
holdsthebarriercounter, andeachthreadhasits own locationon
which to spin. Upon reachingthe barrier, eachthreadperforms
a fetch and incrementon the counter, usingthe MAP's memory
synchronizationbits to atomicallylock andunlockthecounter. If
thebarriercountis lessthan2, the threadbeginsspinningon its
ownmemorylocation.Otherwise,theotherthreadshavereached
the barrier, the count is resetto zero,and the spinningthreads'
memorylocationsaremarkedfull, releasingthem.
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BarrierMethod Latency

Memory(cachehit) 61
Register 6
ConditionCode 5
CBAR 1

Table5: Latencytoexecuteabarrieracrossall threeclusters.Even
with anon-chipcache,synchronizingusingmemoryis morethan
tentimesasexpensiveasusingregistersor thecbar instruction.

Theregisterbarriermicrobenchmarkconsistsof anevenphase
barrier, followed by an odd phasebarrier. Upon reachingthe
barrierin anevenphase,a threademptiesits oddphaseregisters,
andwrites into the evenphaseregistersof both of its neighbor
threads.It thenreadsfrom its own evenphaseregisters,stalling
until theyhavebeenwritten by theneighbors.Two registersper
phasearenecessarytoalloweachof theneighborstocommunicate
independently. TheConditionCodebarrieris similar exceptthat
with thebroadcastconditioncoderegisters,only oneinstructionis
requiredtosignaltobothneighborthreads.TheCBARbarrieruses
thecbar instruction,without requiringanyregistersor auxiliary
instructionsto beexecuted.

Eachmechanismis implementedin asimpleprogramthatdoes
100 successivebarriers. The time per barrier in the steadystate
is measuredandshownin Table5. The cbar instructionis the
fastestandcancompletea barriereverycycle. The registerand
conditioncodebarriersaresimilar, with ConditionCodebeingone
cyclefastersinceonlyonewrite is necessaryto communicatewith
bothneighbors.Thememorybarrierrequires61cycles,evenwith
all accesseshitting in thecache.For eachthread,approximately
20cyclesareneededfor thecontroloverheadof testingthebarrier
counter, while theremainingcyclesareconsumedcontendingfor
theon-chipcacheandwaitingfor theotherthreadsto arriveat the
barrier. In orderto exploit®ne±grainparallelismwith tasklengths
in the 10sof cycles,long latencymemory-basedbarrierscannot
beused.
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A syntheticbenchmark wasdevelopedtofurtherexaminetheeffect
of the interthreadregisterandmemorycommunicationlatencies
of the MAP chip. With fast mechanismsfor threadinvocation
andcommunication,extremely®ne±grainthreadparallelismcan
beexploited. If slowermechanismsareemployed,suchascom-
municatingusingon-chipmemory, ®ne±grainparallelismcanstill
beexploited,but thegranularityof thetasksmustbelarger.

The syntheticbenchmark,shownschematicallyin Figure 4,
consistsof a single loop containingthreefunction calls, eachof
whichmayberunin parallel.Varyingsub numchangesthetime
to executeeachof thefunctioncalls(affectingbothgrainsizeand
problemsize),andthenumberof outerloop iterationsis dictated
by global num.

In theparallelversions,themasterthreadinvokesoneinstance
of sub loop oneachof theneighboringclusters,usingaparallel
procedurecall (PPC),andexecutesthe third instanceitself. The
slavethreadsoperatein standbymodewaiting to be signalledby
the master. Whena slavecompletes,it returnsits result to the

for(i=0; i<global _num; i++) {
res1 = sub_loop (su b_num, const);
res2 = sub_loop (su b_num, const);
res3 = sub_loop (su b_num, const);
total_re s = res1 + res2 + res3;

}

Figure 4: Pseudocode for syntheticbenchmark. Each instance
of sub loop is executedon a different clusterfor the parallel
measurements.

SyntheticProgram Description

SEQ Baselinesequential
PPCREG Parallelwith registersynchronization
PPCMEM Parallelwith memorysynchronization

Table6: Syntheticbenchmarks.

master, which performsa join beforebeginninganotheriteration
of theouterloop. Theversionsto becomparedareenumeratedin
Table6.

Figure5 showsthe time for oneiterationof theouterloop as
a functionof thegranularityof theinnerloops,normalizedto the
sequentialexecutiontime. Thegranularity, in turn,is afunctionof
thenumberof innerloop iterations,which is variedfrom 0 to 30.
Whennoiterationsareexecutedwithin sub loop , theprocedure
call overheadandtestinsidetheprocedurestill requires19cycles.
Eachincrementin grain size correspondsto an additional loop
iterationin eachsubroutine.At thesmallestgrainsize,PPCREG
is 1.6timesfasterthanSEQ,while PPCMEM is 1.2timesslower,
dueto the additionalcost for the masterto storethe arguments
into memoryandtheslaveto retrievethem. Both PPCREGand
PPCMEM improve substantiallyas more work is done inside
the inner loops, but their executiontime relative to sequential
¯attens out abovegranularitiesof 110 cyclesas they approach
the maximumof 3 timesspeedup.PPCREG still maintainsan
advantageoverPPCMEM, but thatdiminishesasthegranularity
increases.

Themostsigni®cantcomponentof theoverheadis in starting
the slavethreads. As shownin Figure6, the cost to passeach
additionalargumentfrom themasterto a slaveis not substantial.
For PPCREG, approximatelytwo cyclesare requiredfor each
additionalargument,onecyclefor eachslavethread.PPCMEM
requiresalmostfour cyclesperadditionalargument,two cyclesfor
eachslaveto performanaddresscalculationandastore.

­ ¼B¹�¶<º`½5¾�¿9¿WÀ µ�¶�¹�²�µ�½A±�Á

Asshownwith themicrobenchmarks,thecommunicationandsyn-
chronizationmechanismsof theMAP chipallow threadsto bein-
vokedquickly andcommunicateef®cientlywith oneanother. This
sectionexplorestheutility of thesemechanismsin applicationsus-
ing inner±loopandouter±loopparallelism.Inner±loopparallelism
is discoveredby examiningthe inner loopsof theapplicationsto
®ndsubroutinesandexpressionsthatcanbeexecutedconcurrently.
Outer±loopparallelismcomesfrom the outerloopsof the appli-
cations,mainly by dividing thedatasetacrosstheprocessorsand
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Figure5: Outer loop iteration time as a function of inner loop
grain size, normalizedto sequential. At the smallestgrain size
(19 cyclesof work in slavethreads)PPCREGis 1.6 timesfaster
thanSEQ. PPCMEM becomesfasterthanSEQat grainsizesof
greaterthan30 cycles.

assigningindependentloopiterationsto them.Theexperimentsin
thissectionshowthatinner±loopparallelismexploitsconcurrency
in differentpartsof theprogramthanouter±loopparallelism,and
thatthegranularityof theinner±looptasksis substantiallysmaller
thanouter±looptasks.
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The applicationsin this study are compiledusing MMCC, the
MAP C compiler, a derivativeof the Multi¯ow C compiler [9].
The compiler is ableto compilea sequentialprogramacrossall
threearithmeticclusters.However, for theexperimentsreportedin
this paper, MMCC producessequentialsingleclustercode,using
all threeexecutionunits within a clusterasa 3 instructionwide
staticallyscheduledmachine.MARS, theruntimesystemfor the
M-Machine,isusedto providesystemservices,includingmemory
allocation,terminalI/O, and®leI/O [7]. While bothMARS and
the MAP supportvirtual memory, all experimentswererun in a
physicaladdressspace,with no TLB misshandlingrequired.

Outer-loop parallelismis explicit in the applicationsandex-
ploitsconcurrencyatouterloopswith datadependentphasessep-
aratedby barriers. Inner-loop parallelismis implementedby en-
capsulatingindependentexpressionsandfunctioncallsinsidepro-
cedures.The applicationsaredetailedbelowandsummarizedin
Table7.

FFT solvesa 1-dimensionalpartial differential equationus-
ing forwardandinverseFFTs. With outer-loop parallelism,each
processoris assignedasubsectionof thearray, andcomputesone
levelof thebutter¯y on its subarraybeforeplacingits resultinto a
temporaryarray. After abarrier, eachprocessorcopiesits section
of thetemporaryarrayto theglobalarrayandbarriersagain.Inner-
loop parallelismis extractedby executinginner-loop expressions
andsubroutinesconcurrently. Thesizeof thearrayis variedfrom
4 to 128complexnumbers.

EM3D simulateselectromagneticinteractionsandconsistsof
alternatingphasesof computationon e-nodes andh-nodes .
To exploit outer±loop parallelism,eachprocessoris assigneda
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Figure6: Outer loop iterationtime asa function of the number
of argumentspassedfrom masterto slavewith a grainsizeof 27
cycles. PPCREG requirestwo additionalcyclesper argument,
onecycle for eachslavethread.PPCMEM requiresalmostfour
cyclesperadditionalargument,two cyclesfor eachslave.

subsetof thenodesandateachtimestepcomputesnewvaluesfor
itse-nodes , barriers,computesnewvaluesfor itsh-nodes , and
barriersagain. Inner±loopparallelismis exploitedby computing
all of the interactionsfor a given nodeconcurrently. TheEM3D
initializationroutinesarenotincludedin anyresults.Theproblem
sizeis variedfrom 6e-node /h-n ode pairsto 30pairs,andeach
nodeis connectedto 5 othernodes.

MG is a solution to a 3D Poissonpartial differential equa-
tion and is basedon the multigrid kernel from the NAS parallel
benchmarksandSPEC95. The outer±loopparallelcodeassigns
a subsetof the threedimensionaldataspaceto eachprocessor,
and the different computationphasesare separatedby barriers.
Theinner±loopversionparallelizesonly theinnermostloopof the
Relax (relaxation)subroutine.Eachof theseinnerloopiterations
consistsof aweightedsumof differentarrayelements.Theseop-
erationsareforked to otherclustersandthe resultsarecombined
by themasterbeforethenextiterationbegins.Thevolumeof the
cubicspacetobesolvedisvariedfrom64to2744doubleprecision
¯oating-pointnumbers.

CG implementsa Modi®edIncompleteCholeskyConjugate
Gradientmethodfor 3-D boundaryvalueproblems. The outer±
loopparallelismpro®leformsawavefrontacrossthecentraldiag-
onalof a cubethat formstheproblemspace.At eachiteration,a
processorcomputesits assignedportionof thewavefront,andthen
executesabarrier. Theinner±loopversiononly parallelizesthein-
nermostcomputationloopwhichconsistsof asetof arithmeticop-
erationscombinedwith boundarychecksto handlecorners,edges,
andfacesof thecube. Thevolumeof thecubeis variedfrom 27
to 1728doubleprecision̄ oating-pointnumbers.

EAR is from theSPEC92suiteandsimulatesthepropagation
of soundin thehumancochlea(innerear).Theapplicationconsists
of a sequentialouterloop, containingsequencesof parallelinner
loops. Only the inner loops are parallelizedas no outer-loop
parallelismis available. Ten time stepsare simulatedand the
sizeof theinput vectoris variedfrom 10 to 100doubleprecision
¯oating-pointnumbers.
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Benchmark Source ProblemSize

FFT Alewife [3] 4±128complexdoubles
EM3D UC Berkeley[4] 6±30nodepairs
MG Alewife [3] 64±2744doubles
CG Yeung[18] 27±1728doubles
EAR Spec92[15] 10±100doubles

Table7: BenchmarkSummary.
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In eachof the benchmarks,inner±loop parallelismis exploited
by manuallyidentifying independentexpressions,functioncalls,
andloop iterationsinsidean application's inner loop. A master
threadforks the parallel work to a free cluster at runtime via
a parallel procedurecall (PPC)and waits only when the return
valueis needed,similar to a future [8]. To reduceoverhead,
assemblyinlining in the compiledcode is usedto executethe
specialinstructionsneededto invokea threadon a remotecluster,
andto synchronizewhencomplete.To evaluatetheutility of the
registerinteractionmechanisms,the argumentspassedfrom the
masterto the slaveusing either registersor the on-chip cache.
Whenusingregistersto communicatebetweenthe masteranda
slave,the masterthreadreservesand emptiesa registerfor the
returnvalue prior to forking the slave. At the join, the master
stallson theemptyregisteruntil theslavewrites into it. A slave
emptiesits registersandstallsonthemuntil themasterdeliversthe
functionarguments.Whenusingtheon-chipcache,thememory
synchronizationbitsareusedto signalbetweenmasterandslaveto
indicatethatdataisbeingtransferredbetweenthem.Theconsumer
spinsonamemorylocationuntil theproducerwritesthedata.

Figure7 showsthe inner-loop taskgranularityfor all ®veap-
plicationsasa function of problemsizeon a log±logplot. The
granularityfor inner-loop parallelismis de®nedas the average
time for the slavethreadsto executetheir parallel tasks. The
problemsizesareindicativeof therelativeamountwork for each
benchmark,butcannotbecomparedacrossdifferentapplications.
FFT, EM3D, andCG all exploit parallelexpressionswithin their
innerloops.Thusthegranularityremainsconstantandsmall(less
than300cycles)acrossthedifferentproblemsizes.EAR andMG
eachhaveinnerloopsthatcanbeparallelized.As theproblemsize
increases,sodoestheamountof work perparalleltask.

Figure8 showsthe executiontime for FFT acrossall of the
problemsizes,normalizedto the sequentialexecutiontime on a
singleMAP cluster. TheCacheline showstherelativeexecution
time whenusingtheon-chipcacheto communicatebetweenthe
masterandtheslavethreads,while RegisterusestheMAP's reg-
ister communicationmechanisms.Optimal is a measureof the
executiontime if all of the communicationbetweenthe master
andslavesoccursinstantaneously. All threeversionsof the ap-
plication improverelativeto the sequentialcodeasthe problem
sizeincreases,with a1.5timesspeedupfor Registerat thelargest
dataset. This is due to the applicationspendingmore time in
theparallelsectionof thecoderelativeto thesequentialsections.
Registercommunicationis approximately20% fasterthanusing
the on-chipcachefor all problemsizes. However, the speedup
of usingmultiple clustersis limited by theamountof parallelism
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Figure7: Inner±loop task lengthversusproblemsize. The task
lengthis theaveragetime for theslavesto executetheir parallel
tasks. FFT, CG, and EM3D exploit expressionorientedparal-
lelism in theinnerloop, with granularityindependentof problem
size. EAR andMG exploit innerloop level parallelismandhave
granularitiesthatincreasewith problemsize.
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Figure 8: Normalizedexecutiontime versusproblem size for
Inner-loopFFT. Thehigherinteractionlatenciesof Cachecauseit
to beconsistently20%slowerthanRegister.

in the applicationandthe methodof extractingit, ratherthanby
thecommunicationoverhead.Evenwhencommunicationis free
(Optimal), only anadditional15%of performanceimprovement
is attained. The speedupfor FFT is minimal at small problems
sizesandimprovesasthesizeof thedatasetincreases.With a 4
elementinput vector, FFT executesonly 6 iterationsof its inner
loop, andthetotal executiontime is dominatedby thesequential
componentof theapplication.

Figure9 illustratestheselimitationsby decomposingthe run-
ning time of FFT with a problemsizeof 128 into executionand
overheadcomponents.Thecyclebreakdownis shownfor asingle
cluster(SEQ) as well as the parallelversionsusingthe on-chip
cacheandregistersfor communication.For theparallelversions,
boththemaster(M) andtwo slaves(S1, S2) areshown.Thepri-
mary factor that limits theoverall speedupis the loadimbalance
seenin theparallelversions,asthereis signi®cantsequentialwork
performedonlyby themaster. Thecommunicationoverheadusing
registersis lessthanonehalf thatof usingthecache,buttheoverall
impactonperformanceis only 20%.
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Outer±loopparallelismisexploitedusingtheshared-memorymul-
tiprocessorparallelizationsof eachof the applications,in which
outerparallel loops are identi®edand executedconcurrentlyon
eachof the three MAP clusters. The three clusterscommuni-
cateusingthesharedmemorysystemandcansynchronizeeither
throughmemory, or usingthecbar instruction.Figure10 shows
theouter±looptaskgranularityonthesamescaleastheinner±loop
granularityof Figure7. Outer±looptaskgranularityis de®nedas
thenumberof cyclesspentbetweenbarriers.Thegapin grainsize
betweenthe inner andouterloop parallelizationsis morethana
factorof 10for EM3D,MG,andCG,evenonthesmallestproblem
size,and it widensto a factor of 550 at a problemsizeof 1728
for CG. FFT exhibitsthe narrowestrange,with a factor of 6 at
vectorlength4, to a factorof 70 at vectorlength128. The large
task lengthsof the coarsegrainedapplicationsstemfrom their
originalimplementationonasharedmemorymultiprocessor, with
interactionlatenciesin the thousandsof cycles. Exploiting par-
allelismin the80-200cycle rangewould beinfeasiblewith such
highinteractioncosts.

The effect of this increasinggranularitycan be seenin Fig-
ure11, which showsthe executiontime of FFT asa function of
problemsize,normalizedto thesequentialexecutiontime. Cache
showsthe executiontime whenthebarrieris implementedusing
theon-chipcache,while CBAR showsthe executiontime when
the barrier instructionis used. CBAR is equivalentto an opti-
mal barriersincethecbar instructionis soef®cient.Outer±loop
parallelismresultsin shorterexecutiontimesthaninner±loop,as
moreof thecodeis parallelizedandthelargergrainsizerequires
lesscommunicationandsynchronization.FFT improvesfrom no
speedupon a 4 elementvectorto 2.4 timesspeedupon a 128ele-
mentvector. Theimprovementin speedupis adirectresultof both
theincreasinggranularityandthe larger fractionof time spentin
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Figure10: Outer±looptasklengthversusproblemsize. Thetask
lengthistheaveragetimebetweenbarriers.Theouter-loopparallel
tasksaremuch larger than inner-loop and increasedramatically
with datasetsize.
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Figure 11: Normalizedexecutiontime versusproblemsize for
Outer-loopFFT. Asproblemsizeincreases,thedifferencebetween
synchronizingvia off-chip memory(Memory), theon-chipcache
(Cache) andthebarrierinstruction(CBAR) diminishes.

theparallelsectionsastheproblemsizeincreases.Anothercon-
sequenceof thecoarsegranularityis that theperformanceof the
fastbarrierCBAR andthememorybarrierCachearepractically
indistinguishable.Sincesomuchtime is spentbetweensynchro-
nizations,thecostof thebarrieris inconsequential.

Thecoarsegrainedapplicationsseesubstantialspeedupsonrel-
ativelysmallproblemsizesfor two reasons.First,synchronization
costis low, evenusingmemorylocks,becauseall of theaccesses
arelocal. Second,all of thedatafor thethreadsis sharedeitherin
theon-chipcacheor in local memory. However, in a traditional
multiprocessor, thecommunicationcostsaresigni®cantlyhigher.
Inter-nodebarriersaremoreexpensiveandanyshareddatamust
bepassedfrom nodeto node.TheMemory curvein Figure11 is
intendedcapturesomeof theeffect of additionalsynchronization
costby increasingthebarrieroverheadto 1000cycles.
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Figure12 summarizesthe executiontime for all 5 benchmarks.
Theapplicationscanbepartitionedbasedontheir taskgranularity
into ®ne,medium,andcoarsegrain.On theMAP chip,®ne±grain
tasksare typically lessthan300 cycles,mediumgrain tasksare
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Figure12: Normalizedexecutiontimeof all 5 applications,includinginnerandouter±loopparallelization,acrossall problemsizes.The
penaltiesfor interactingusingon-chipcachecanbesubstantial,dependingon thetaskgranularity.

between300 and1500cycles,andcoarsegrain tasksaregreater
than1500cycles.Thetaskgranularityis a functionof themethod
of parallelization(inner±loopversusouter±loop),aswell asprob-
lem size. The dark capson the executiontime barssignify the
penaltyfor usingtheon-chipcacheinsteadof theintegratedcom-
municationandsynchronizationmechanismsof theMAP chip. As
is evidentfrom thegraph,in orderto exploit ®ne-graintasks,the
integratedmechanismsareanecessity. Mediumgraintaskscanbe
exploitedusingonly theon-chip cachefor communicationandsyn-
chronization. Coarsegrain tasksrequireno specialmechanisms
for synchronizationsinceinteractionfrequencyis small.

Whenouter-loop parallelismis available,it generallyyields
fasterexecutiontimesthaninner-loopparallelism,asdemonstrated
in Figure13. However, someapplicationssuchasEAR haveno
outer-loopparallelismandrequireadditionalhardwaresupportfor
communicationandsynchronizationto improveperformance.In
addition, sinceinner and outer loop parallelismexploit concur-
rencyin differentcomponentsof theprogram,theycanbeusedin
concertto furtherimproveapplicationperformance.

Theexperimentsin this sectiondemonstratethatthereis con-
siderable®ne±grainthreadparallelismin typicalapplicationsand
that register-basedcommunicationandsynchronizationprovides
suf®cientlylow overheadtoexploit thisparallelismef®ciently. The
MAP's fast interactionmechanisms(10 cycle threadinvocation,
1 cycle communicationand synchronization)enableapplication
speedupsof up to 2.1 on threeprocessors,usingonly inner±loop
parallelism.Thegranularityof this ®ne-threadparallelismis typ-
ically between80 and200instructionsandis largely independent
of problemsize. Conventionalmultiprocessormechanismswith
long interactionlatenciesareunableto exploit ®nethreadsat all.
The coarse±threadparallelismthat canbe exploitedin multipro-
cessorshasagranularityof 103 to 105 instructionsandis strongly
dependenton problemsize. Basedon examinationof the code,
weexpectthat®ne±threadparallelismwill continueto scalewith
moreprocessorsandthatmoreaggressiveparallelizationcanyield
bothgreaterconcurrencyandsmallergrainsizes.

ù úÛû�ü ý�þ�û<ÿ��������

The study of synchronizationcost performedin [2] exploreda
spectrumof granularitiesincluding instruction, statement,and
loop level parallelism. They found that statementorientedpar-

allelismwasfar moresensitiveto synchronizationoverheadthan
loop level parallelism. However, evenwith substantialsynchro-
nizationoverheadthestatementlevelparallelismstill yielded4 to
20 times speedupover sequential. This study suggeststhat the
amountof ®ne-threadparallelismavailablein applicationsis con-
siderablygreaterthanwhatwehaveexploitedsofar usingsimple
approachesto parallelization,andthatit scaleswell beyondthree
processors.It alsoshows,aswe have,that to extractthis paral-
lelismrequiresvery low-overheadsynchronization.

Architecturesthatsupport®ne±grainthreadsin amultiproces-
sortypically implementfast threadcreationanddispatchmecha-
nisms. The*T architecture,whosethreadsarein therangeof 15
instructions,implements

�

fork, join , andnext instructionsthat
interactwith a memorytaskqueue,anda synchronizationcopro-
cessorto allow threadson different processorsto communicate
with one another[11]. Like the MAP chip, the Tera Computer
System[1] alsoexploits®ne-grainthreadsusinga multithreaded
multiprocessorarchitecture. In a Tera machine,interactionbe-
tweenthreadstakesplaceonly throughmemory, andfull/empty
bitsareprovidedoneachmemorylocationto enablefastsynchro-
nization.Tera'sarchitecturealsopenalizessinglethreadedcodeas
it hasno supportfor datalocality andusesahardwarescheduling
policy which prohibitsa single threadfrom using the execution
resourceson everycycle.

TheHydraandSimultaneousMultithreading(SMT) architec-
turesalsoaimtoscaleon-chipparallelismbeyondthelimits of ILP.
TheHydraarchitectureexploresthedesigntradeoffs of buildinga
single-chipmultiprocessor, focusingon thememorysystem[10].
Coarsegrainedtasksexecuteindependentlyandcommunicatevia
a level-1 or level-2 cache. SMT addsmultithreadingto a tra-
ditional superscalarto exploit both instructionand threadlevel
parallelism[16]. Executionresourcesaredynamicallyassignedto
differentthreads,andinstructionsfromthemmayexecutesimulta-
neously. BothHydraandSMTprovideonlymemory-basedmech-
anismsfor communicationandsynchronizationbetweenthreads
andarethuslimited to usingrelativelycoarse-grainthreads.Our
work is complementaryto theseprojectsin that register-based
mechanismscouldeasilybeincorporatedinto thesearchitectures,
extendingthegranularityof parallelismtheyareableto exploit.

TheMultiscalararchitectureattemptsto deduce®ne±grainpar-
allelismat runtime[14]. Basicblocksof theprogramareassigned
dynamicallyto differentexecutionunitsandhardwareis responsi-
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Figure13: Normalizedexecutiontime for all applicationscomparinginnerto outerloopparallelization.

ble for enforcingthedatadependenciesamongtheblocks. Com-
municationtakesplace via a unidirectionalring to which each
threadcan reador write. This promisingapproachto extract-
ing speculative®ne-threadparallelismis well matchedto imple-
mentationsusingregister-basedmechanismsin lieu of thespecial
hardwaresuggestedin [14].

TheCrayX-MP implementedtwocentralprocessingunitswith
abankof sharedaddress,scalardata,andsemaphoreregistersthat
couldbeaccessedby eitherprocessor[12]. Theseregisterswere
typically usedfor self schedulingof loops. The registerswere
notgeneralpurposeandvalueswerecopiedto aprocessor's local
registersetprior to usingthedata.

	�
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Instruction-levelparallelism(1 cycle tasks)and coarse-grained
concurrency(10,000 cycle tasks)dominatetoday's parallelism
landscape.The more than4 ordersof magnitudebetweentheir
granularitiesexposea parallelismgapthatcanbe®lledwith 100
cycle tasks. However, the developmentof ®ne±grainprograms
hasbeenachicken±and±eggproposition.Fine±grainapplications
arenot prevalentbecausethereareno machineswith ®ne±grain
mechanisms,andvice versa.

TheMAP chip architectureandsilicon implementationintro-
ducefaston-chipinterprocessormechanismssuch10cyclethread
invocation,1cyclecommunicationlatency, andasinglecyclebar-
rier instruction,Microbenchmarkstudiesshowthat thesemecha-
nismsallow communicationthat is 10 timesfasterandsynchro-
nizationthatis60timesfasterthanmechanismsthatuseanon-chip
cache.With theselow overheadoperations,tasksof lessthan100
cyclesarenowfeasible.In theMAP chip,thecostof thesemecha-
nismsissmall,astheyareimplementedbyaugmentingtheexisting
clusterto memorycommunicationpaths.

Exploiting ®ne±grainthreadparallelismusing register-based
mechanismsis also well matchedto the wire-limited natureof
future semiconductorprocesses.As technologyadvances,gate
delay decreasesbut wire delay increases[13]. By 2007, forty
500psclock cyclesare expectedto be neededto senda signal
acrossthediagonalof asinglechip. Thistrendmotivatesarchitec-
turesthatminimizeglobalcommunicationandthelarge latencies

they imply. Structuringa future microprocessorasa numberof
superscalarprocessorsthatcommunicateandsynchronizevia reg-
isterskeepsmostcommunicationlocal to individual processors.
Globalcommunicationis madeexplicit in theprocessormicroar-
chitectureallowing advancedcircuit designsto target theselong
wireswithout affecting the processor's design. This partitioning
will be evenmoreusefulascommunicationandsynchronization
can be pipelinedto permit scalingto large numbersof on-chip
processors.

In this study, theMAP's fastcommunicationmechanismsare
usedto implementa parallel procedurecall (PPC),in which a
masterthreaddynamicallyassignswork to theslavethreadsonthe
otherexecutionunits. Parallelizingtheinnerloopsof severalap-
plicationsusingPPCyieldsperformanceimprovementsof 1.2±2.1
timesevenon smallproblemsizes. The registercommunication
mechanismsresultin a20%improvementovercommunicationvia
theon-chipcache.Themeasuredspeedupis limited by both the
overheadof threadcontrol,andby the sequentialcomponentsof
theprogramwhicharenotaccelerated.

For the last 15 years,singlemicroprocessorperformancehas
increasedby 50%peryearwith abouthalf theimprovementcom-
ing from fasterdevicesandthe restdueto increasedparallelism.
Today's4±8issuesuperscalarprocessorsarenearingthelimits of
ILP. To remainonthisperformancecurve,parallelismbeyondILP
mustbeexploitedon a singlechip. Fine±grainthreadparallelism
is well suitedto ®ll this performancegap,and well matchedto
the clusterorganizationsof future microprocessors.Most appli-
cations,eventhosewith small problemsizes,haveconsiderable
®ne-threadparallelism,andthisparallelism,becauseof its limited
extent,hasa smallercachefootprint thancoarse-threadalterna-
tives[6].

Discovering®ne±grainparallelismin expressionorientedpro-
gramsis a major challenge. Aside from hand parallelization,
compilersmay be ableto analyzeandpartition inner loop itera-
tions, procedurecalls, andexpressions.Otheravenues,suchas
pipelining dependentloop iterationsacrossthe on-chip proces-
sors,or speculativelyexecutingcomponentsof the programin
parallelarepossibleaswell. Regardlessof the technique,®ne±
grainthreadsenableadifferentandorthogonaltypeof parallelism
thanthatfoundin outerloops. Reducingthesynchronizationand
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communicationcostsbetweenparalleltaskswill enable®ne±grain
parallelizationof programs,and allow existing problems,such
aspersonalor businessapplications,to be solvedfasterwithout
scalingtheir size.
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