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Abstract
Continuingreductionsin on-chip geometriesyield in-

creasingnumbersof transistorsperchipandfundamentally
fasterdevicesbutalsoresultin effectivelyslowerwires.This
combinationpresentssigni®cantchallengesfor newmicro-
processorarchitectures. Thedisparity in performancebe-
tweenon-chiparithmeticunitsandmemorycreateslonger
effectivelylatencies. Thechangingbalancebetweengate
delay and wire delay penalizesglobal interactions. The
MIT Multi-ALU Processor(MAP)architectureincorporates
threeexplicitly parallel mechanismsto addressthesechal-
lenges.Ef®cientinterclusterinteractionsenableinstruction
schedulingacrossclustered arithmeticunits. Deferred ex-
ceptionsbasedon ERRVAL's facilitate aggressiveinstruc-
tion reordering and speculation. Zero-cyclemultithread-
ing provideslatency tolerancewithout sacri®cingsingle
threadedperformance. In this paper, we describeeach
of thesemechanismsandquantifytheir impacton thearea
and routing of the cluster pipeline in the 5 Million tran-
sistor MAP chip. Zero-cyclemultithreadingaccountsfor
over 44%of the total clusterarea. Supportfor ERRVAL's
requires very little area (lessthan 4%). The intercluster
interactionmechanismsrequire minimal cluster area and
lessthan5% of theavailableglobal routingresources,but
enablefully generalaccessacrossclustersandbetweenall
arithmeticunits.

1 Intr oduction
As interconnectdelay becomesan increasinglyimpor-

tant limit to processorperformance,new innovationsare
neededin microprocessorarchitecturesto minimizeglobal
interactions,enableexplicit instructionscheduling,andtol-
eratewire latencies. One approach,compiler-scheduled
explicit parallelism,simpli®esinstructionissueandenables
distributeddecisionlogic. While, compilerbasedinstruc-
tionschedulinghasbeenusedin VLIW supercomputers[3],
and hasbeenproposedfor new architecturessuchas the
Intel EPIC [7], additionalmechanismsareneededfor ef-
fectiveschedulingacrossdistributedclustersof arithmetic

units.CompilerscanaggressivelyuncovermoreInstruction
LevelParallelism(ILP) by reorderinginstructionsaboveor
below branches[11], andby schedulinginstructionsspec-
ulatively. However, unnecessarilytriggeredexceptionscan
negatethe performancebene®ts.Multithreadingcanpro-
vide latencytoleranceandimproveutilizationby interleav-
ing the executionof multiple instructionstreams[6, 1]. It
canalsoimproveperformanceby simultaneouslycombin-
ing instructionandthreadlevel parallelism[8, 10]. Unfor-
tunately, manyexistingimplementationsof multithreading
penalizesingle-threadedperformance.

TheMIT Multi-ALU Processor(MAP) incorporatesthree
explicitly parallelmechanismsto addressthesechallenges.
TheMAP'sdistributedexecutionunitsandregister®lesef-
®cientlycommunicateandsynchronizethrougha smallset
of intercluster interactions. The introductionof a tagged
error-value(ERRVAL) datatypesimpli®esexceptiondefer-
ral. Zero-cycle multithreadingcombinesinstantaneous
threadswitcheswith cycle-by-cycledynamicthreadselec-
tionwithoutsacri®cingsingle-threadedperformance.While
theperformancebene®tsof thesefeatureshavebeendetailed
separately[9, 8], this paperdescribeseachmechanismand
quanti®esthe associatedlogic areacostsand routing re-
quirements. Section2 providesa brief overview of the
organizationof the MAP chip, including the partition of
globalandlocalresourcesandthecompositionof eachclus-
ter. Section3 detailsthethreemechanismsandtheirusage.
Section4 describestheclusterpipeline.Section5 evaluates
thecostsassociatedwith implementingeachmechanismin
theMAP chip. Finally, Section6 summarizesthethreekey
mechanismsanddiscussestheirapplicabilityto mainstream
microprocessorpipelines.

2 Description of MIT Multi-ALU Processor
The MAP maximizeson-chip performanceby simul-

taneouslysupportingparallelismat all granularities. As
shownin Figure1, the MAP1 containsthreeindependent

1TheoriginalMIT MAP architecture[4] includedfour symmetricpro-
cessingclusters;a quad-bankedmemorysystem;the two switches;anda
networkinterface/3D-mesh-router.
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Figure 1. Block Diagram of the MAP

processorclusters,eachwith threeexecutionunits; a dual
banked32-KByteuni®edcache;two globalcommunication
switches(ClusterSwitch andMemorySwitch); a network
interface/2D-mesh-router;andan I/O controller. Theclus-
terscandirectlywrite into eachother'sregister®lesandre-
ceiveresultsfrom memorysystemandI/O requeststhrough
theClusterSwitch. TheysubmitmemoryandI/O requests
usingtheMemorySwitch. Theclusterscanperformglobal
synchronizationthrougha singlecbar instructionenabled
by asetof globalCBAR wires.

Figure2 showsa plot of the actual5 Million transistor
MAP chip which measures18.25mm � 18.30mm. Due
to on-chipareaconstraints,the clustersin the actualchip
areasymmetric. Cluster0 is completeandcontainsthree
executionunits- integer(IU), memory(MU), and¯oating-
point (FPU),while clusters1 and2 lack the¯oating point-
pipelines.TheMAP chipwasreleasedfor manufacturingin
June1998andis beingfabricatedin a0.7� m drawn,0.5� m
effective,5-levelmetal,CMOSprocess.TheMAP chip is
the coreprocessingelementfor eachnodeof the planned
16-nodeprototypeM-Machinemulticomputer.

Cluster Organization: As illustratedin Figure3, Clus-
ter 0 is equivalentto a basic64-bit microprocessorwith-
out a datacache. The clusterconsistsof threelocal arith-
metic units, threeregister®les,anda 4-KByte instruction
cache. The IU containsa 64-bit ALU anda barrelshifter
while theMU containsa 64-bitALU anda load/storeunit.
TheFPUconsistsof afully-pipelined,four-cyclemultiplier-
accumulateunit andanon-pipelinediterativedivide/square-
rootunit. BoththeIntegerandFloating-Pointunitscanwrite
resultsto remoteclustersvia a sharedClusterSwitchport.
The MU and the InstructionCachesubmit fetch requests
througha sharedMemory Switch port. Each instruction
containsup to threeoperations(one per arithmeticunit)
which are issuedsimultaneouslyandin lock step. While,

Figure 2. Plot of the MAP Chip

issuedin order, instructionsmaycompleteout of orderdue
to differencesin executionlatencies.

Thedatawithin a clusteris storedin threeregister®les.
Theintegerregister®le(IRF)contains5banksof 16registers2

andcanbereadandwrittenindependentlyby boththeinte-
gerandmemoryunits. The¯oating-pointregister®le(FRF)
alsoincludes®vebanksof 16 registers.The¯oating-point
unit canreadthreeoperands(for multiply-accumulate)and
write oneresultto theFRF. Thememoryunit canreadone
operandfrom the FRF for ¯oating-point storeoperations.
Thelocal ClusterSwitchport canwrite into eitherthe IRF
ortheFRF.Eachclusteralsohas®vebanksof 16one-bitcon-
dition code(CC) registers.Theseregistershold theresults
from comparisonoperationsand are usedfor conditional
branchesandpredication.

Concurrencyis exploitedwithin a clusterusing multi-
threading.In eachclusterpipeline,up to ®vethreadsmay
besimultaneouslyloadedintodedicatedthreadslotsconsist-
ing of privatepipelineregistersanduniquesetsof integer,
¯oating pointandCCregisterbanks.Instructionsfrom dif-
ferentthreadsaredynamicallyinterleavedoverthecluster's
executionunits. A total of 15 threadslotsareimplemented
acrossthethreeMAP clusters,andaninstructionstreammay
beinstalledin anythreadslot. Thethreadslotsonseparate
clustersareorganizedinto ®vethreadgroupsconsistingof
onethreadslot from eachcluster. Theinterclusterinterac-
tions discussedin this paperareonly applicablewithin a
singlethreadgroup.

Global Interconnections: The Cluster Switch and the
MemorySwitchprovidethecommunicationpathsbetween
theMAP'sprocessingunitsandstoragemodules.TheClus-
ter Switch, shownin Figure1, is a crossbarcomposedof
threeglobal busses,eachwriting into a differentspeci®c

2 In the IRF, i0 is hard-wiredto Zero andi1 is set to the valueof the
programcounter. Similarly, f0 is hard-wiredto Zeroin theFRF.
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cluster. A clusterusestheswitchto write datadirectly into
anothercluster'sregister®leandto transferdatabetweenits
own integerand¯oating-point register®les. The memory
banks,theexternalmemoryinterface,andthe I/O unit use
theClusterSwitchto returndatato theclustersin response
to prior requests.All sevendatasourcesarbitratefor the
ClusterSwitchonecycleprior to sendingthedata,andloss
of arbitrationcausesthe sourceunit to stall. TheMemory
Switch is a crossbarimplementedwith two busses.Each
buswritesinto oneof theon-chipcachebanks.Theclusters
transmitloadandstorerequeststo the memorysystemvia
theMemorySwitchaftersuccessfullyarbitratingfor thebus
connectedto thebankindicatedby theaddress.Both arbi-
trationanddatatransferontheMemorySwitchcanoccurin
thesamecycle.Thecombinationof theClusterandMemory
Switchesallowsmultiple clustersto accessmultiple cache
bankssimultaneouslywith a minimumload-uselatencyof
threecycles,includingbothswitchtraversals.

Clusterscanperformfastsynchronizationthroughasepa-
rateglobalCBARmechanism.Threadsondifferentclusters
but within the samethreadgroupcaninitiate a barrierby
issuinga clusterbarrier(cbar ) instruction. A setof ded-
icatedCBAR wires transmitthesynchronizationcondition
to all threeclusters.Eachthreadgrouphasits own unique
setof CBAR wires. As a result,theMAP chip cansupport
simultaneousbarriersin multiple threadgroupsandallow
an arbitrary mix of synchronizingand non-synchronizing
threadgroups.

3 Explicitly Parallel Mechanisms
TheMAP architectureincorporatesthreemechanismsto

enableef®cientcompiler-driveninstructionscheduling.In-
terclusterinteractionsenablefast explicit communication
andsynchronizationbetweendecoupledclustersof execu-
tion units. ERRVAL baseddeferredexceptionsprovidea

simplemeansto preservefault stateandenableaggressive
instructionreorderingand speculationby eliminating un-
necessaryhandling penalties. Zero-cyclemultithreading
provideslatencytoleranceandallowsinstantaneousthread-
switchwhile preservingsingle-threadedperformance.

Intercluster Interactions: Four featurescollectivelyen-
ableef®cientinterclusterinteractions:local registerscore-
boarding,remote-registerwrite capability, the empty in-
struction,andthecbar instruction.Thecombinationof the
®rstthreeenablesef®cientexplicit communication,while
cbar allows fast interclustersynchronization.The local
registerscoreboarduni®esthe managementof both local
andremoteregisterwrites. A registeris present(full), if it
hasbeenupdatedandis absent(empty)if it is awaitingthe
update.Theemptystateof aregisterwill stallanyinstruction
whichattemptsto readthatregisterbeforeit is updated.All
integerand¯oating-point arithmeticinstructionscanspec-
ify eithera local or remoteregisterastheir destination.A
localoperation,uponissue,implicitly marksthedestination
registerasemptyand,uponcompletion,automaticallysets
thepresencebit to full. Forremote-registerwrites,thecom-
piler mustusethe empty instructionto explicitly empty
the destinationregisterin the remotecluster. The source
clustercannot implicitly invalidatethis registerasit only
haslocal instructionscheduleinformation. It would needa
globalinteractionpathto thedestinationclusterto eliminate
a potentialread-after-write hazard.Whentheremote-write
completes,the local ClusterSwitch port at the destination
marksthe registerfull and any stalledinstructionstream
maythenproceed.

In both superscalarandVLIW processors,barriersare
implicit. Orderingis guaranteedby hardwarein theformer
andby thelock-stepissuepolicy of thelatter. However, in
theMAP chip, lock-stepissueis only maintainedwithin a
cluster. Thecbar instructionprovidesanexplicit barrier.
Theinsertionof a cbar into theinstructionstreamin each
of thethreeclustersimplementsafastbarrieramongthreads
within athread-group.Whenacbar reachestheissuepoint
in a cluster, it stallsthat threaduntil theassociatedthreads
in eachof the other clustershavealso reachedtheir own
cbar operations. Eachclusterthen issuesits respective
cbar with no side-effectsandproceedsnormally. Any in-
structionscheduledafterthecbar 's is guaranteedto issue
only afterthebarrierhasoccurred.Theclusterssignaleach
otherusingtheCBARwires.At thecostof asingleissueslot
andtheCBAR wires,thismechanismguaranteestheorder-
ing of instructionsfor threadswithin a threadgroup,across
clusters,andindependentof dynamicexecutioneffects.

ERRVAL Enabled Deferred Exceptions: TheMAP ar-
chitectureusesa segmentation-basedmemorysystemand
implementsunforgeableguardedpointersfor fastcapability-
basedaddressing[2]. The ERRVAL is a speci®ctype of
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Figure 4. Basic RISC vs. MAP Cluster Pipeline

guardedpointer and, for severalcommonprotectionand
segmentationviolations,encodesa distinct errorcode;the
identi®erof theoffendingthread;andtheprogramcounter
value.In eachfaultingcase,hardwaredetectstheerrorcon-
dition andautomaticallycreatesthe appropriateERRVAL.
Insteadof triggeringanexception,theERRVAL is written
backastheresultfor thefaulting instruction.

ERRVAL' sareallowedto freely migratethroughoutthe
MAP architecture.As with a regulardatatype,theycanbe
loadedandstoredinto registers/memoryandoff-chip I/O,
or be transmittedin messagesbetweenMAP nodes. All
arithmeticoperationscantakeERRVAL' s asoperands.If
oneoperandisanERRVAL, theoperationsimplypropagates
that ERRVAL as the result. If an operationhasmultiple
ERRVAL operands,it arbitrarilypassesoneof them.

An ERRVAL only triggersanactualexceptionwhencon-
tinuedpropagationis impossible,for example:storesto an
ERRVAL address,comparisonoperationswith oneor both
ERRVAL operands,and®nalresolutionof branch/jumpop-
erations. If desired,the occurrenceof ERRVAL' s canbe
easilydetectedusinga providediserr instructionallow-
ing programmersto test the resultsof registersto detect
ERRVAL' sandcontroltheirpropagation.

Zero Cycle Multithr eading: The MAP employszero-
cyclemultithreadingto enhanceperformance.Eachcluster
accommodatesup to ®ve independentthreadssimultane-
ously. Eachof thesecanbeswitchedinto executioninstan-
taneously, allowing ef®cientoverlapof computationonto
latenciesof evenafewcycles.Everycycle,zero-cyclemul-
tithreadingdynamicallyadaptstheselectionfor instruction
issueto the numberof readyand availablethreads. No
issueslotsaregrantedto stalledthreads.Whenonly a sin-
glethreadis installed,zero-cyclemultithreadingmaximizes
performanceby allowing that threadto issueinstructions
wheneverits operandsare presentand the executionre-
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Figure 5. Distributed Implementation

sourcesare available. When combinedwith the register
scoreboard,zero-cyclemultithreadingprovidesa mecha-
nism to instantly trigger an installedbut dormantthread
without incurringpolling or interruptoverhead.Thepres-
encestateof a registerbecomesthe activationcondition.
When the registeris updated,its presencestatebecomes
ªfullº andthe previouslydormantthreadbecomeseligible
to issueinstructions. The MAP architecturealsosupports
threadpriorities,whichareusefulfor dynamicoptimization
of multithreadedexecutionduringacritical codesection[5]
andwhenthereis a statichierarchyof importanceamong
the threads. In the MAP chip, the priority of eachthread
canbesetdynamically, allowing detailedadjustmentof its
relativeissuefrequency.

4 PipelineDescription and Operation
Eachclusteremploysa basic5-stagepipeline consist-

ing of an Instruction Fetch (IF) stage,a RegisterFetch
(RF) stage,a Synchronization(SZ) stage,an Execution
(EX) stage,and a Writeback(WB) stage. The operation
of theclusterpipelineis similar to a standard5-stageRISC
pipeline. However, as highlighted in Figure4, thereare
®vekey differences:the additionof the SZ stageto con-
trol instructionissueanddecouplepipelineoperation,the
replication of pipeline and register resourcesto support
zero-cyclemultithreading,the additionof a registerscore-
board,theaddedremote-writecapabilitythroughtheClus-
ter Switch, and the absenceof a Data Fetch (DF) stage.
Brancheshavethreedelayslots,however, thesecanbe®lled
effectively astheexecutionof any instructioncanbepred-
icatedon thevalueof oneof 16 CC registers.To simplify
its implementation,the clustercontainsno supportfor ei-
therregisterrenamingor branchprediction.Thefollowing
sectionsexaminethe differentiatingfeaturesof the MAP
pipelinein moredetail.
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Pipeline Overview and Operation: The single logical
clusterpipelineis implementedasa distributedsetof three
physicallyseparatepipelinessharinga commonIF stage.
As depictedin Figure5, theinstructionissuelogic (SZ CT)
controlspipelineoperationwith a5-bit thread-select(TSEL)
signal. Theassertionof oneof thesebits selectsthecorre-
spondingthreadto advancein thepipelinefor onecycle.

Theoperationof theMAP pipelineishighlydecoupledas
differentportionscanproceedor stall independentof other
stages.During single-threadedexecution,an instructionin
the MAP clusterpipelineproceedsin a similar fashionto
thestandardRISCpipeline.However, a threadstallsif one
of its instructionsis in theSZstagewaiting for its operands
to becomepresent.Otherthreadscanproceedforwardand
issue,execute,andwrite-backtheir resultsindependentof
thestalledthreadsincethepipelineregistersarereplicated
in theIF,RFandSZstages.Thetopthreestages(IF, RF,and
SZ) of the pipelinearestalledonly if all installedthreads
are stalled. In this scenario,the EX and WB stagescan
still proceedto completeall previouslyissuedoperations.
Updatesand bypass-writesfrom the ClusterSwitch port,
eventhosetargeting a stalledthread,canalso still occur.
Only wheneveryexecutionunit in the pipelineis waiting
to usea sharedresource,suchastheClusterSwitchor the
MemorySwitch,doall ®vestagesof thepipelinestall.

Instruction FetchStage(IF): TheIF stageof thecluster
is composedof a 4KB instructioncache,an autonomous
prefetchengine,a multithreadedinstructionqueueand a
multithreadedprefetchprogramcounterbuffer. Up to eight
operationsfrom eachthreadcanbestoredin theinstruction
queue.Thereplicationof boththeinstructionqueueandthe
programcounterbuffer is the main modi®cationto the IF
stageto supportzero-cyclemultithreading.Thetransferof
instructionissuedecisionsfrom theIF stageto theSZstage
requiresthegenerationanddistributionof both theAVAIL
andKILL signals.Thevectorof AVAIL signalsoptimisti-
cally reportstheavailabilityof operationsin theinstruction
queuefor eachthread.TheKILL signalis theonlyrequired
pipelineinterlockandisassertedif aninstructioncachemiss
occursfor aselectedthreadthatpreviouslysignaledAVAIL.
Also, the IF stagecontainsa comparatorto detectbranch
targetswhich areERRVAL' s. To supportinterclusterin-
teractions,the operationencodingsareextendedby 3 bits
to allow integerand ¯oating-point arithmeticinstructions
to specifythedestinationclusterandthetarget register®le
(IRF/FRF).Thesebits arepassedthroughthe subsequent
stagesto the EX and WB stageswith minimal hardware
costs.

Register Fetch (RF): While the RF stageof the MAP
performsthe samefunction as in the basicRISC proces-
sor, it requiresadditionalhardwarefeaturesto supportthe
threeexplicitly parallelmechanisms.Threemodi®cations
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arerequiredto supportinterclusterinteractions:the addi-
tion of a local register-scoreboard;the expansionof the
normalinvalidationpathbetweentheexecutionunit andthe
scoreboard,allowing theempty instructionto clearanar-
bitrary vectorof registerpresencebits; andtheadditionof
a ClusterSwitch port to both the register®lesandbypass
paths,enablingthe identicalhandlingof local andremote
writes.Fivecopiesof theregister®lesand®vecopiesof the
pipeline registerare requiredto supportzero-cyclemulti-
threadingin theRFstage.Additionallevelsof decodingare
alsorequiredin boththewritebackandbypasscontrollogic
to discriminatebetweenthreadsandto enablesimultaneous
updatesby different threadsto both the register®lesand
pipelineregisters.While thecluster'slock-stepissuepolicy
guaranteesthatlocalupdateswithin acyclearealwaysfrom
the samethread,remote-writesreceivedthroughthe Clus-
ter Switch port canbe targetedto a registerin any thread
slot. While no additionalhardwarefeaturesareneededin
theRFstagetospeci®callysupportERRVAL generationand
exceptiondeferral,all datapathsareextendedby one-bitto
supporttheguardedpointerdatatype.

Synchronization Stage(SZ): TheSynchronization(SZ)
stageis the most signi®cantdeparturefrom the standard
RISC pipeline. Instruction issue, the zero-cyclethread-
switch,andtheclusterbarrierarecontrolledbytheSZstage.
TheSZ stageconsistsof a distributedsetof multithreaded
reservationstations[12], one for eachexecutionpipeline
(SZ IU, SZ MU, SZ FPU);acentralizedpipelinecontroller,
includingtheSZ CT; andsupportingbypasspathsandde-
codinglogic. TheClusterSwitchport ensuresthatremote-
writesarebypasseddirectly to instructionsstalledin theSZ
stage's reservationstations.TheSZ stagealsomaintainsa
copy of the scoreboardvaluesfor all waiting instructions
andre¯ectsall modi®cationsresultingfrom dataupdatesor
explicit empty instructions.

Eachcycle,asshownin Figure6, theSZ CT determines
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whichthreadwill issueaninstructionin threesteps:operand
checking,priority masking,and rotatingarbitration. The
operandchecklogic determineswhich of the ®vethreads
areeligible to issuein thecycle. For eachinstruction,the
SZ CT reviewsthepresenceof eachrequiredoperand,the
readinessof eachrequisiteexecutionunit, the appropriate
optimisticAVAIL signal,andthethread'scluster-barriersta-
tus.TheSZ CTappliesthepriority maskto®ltertheeligible
threadsandenforcethreadpriorities. Theresultingeligible
threadsarepassedto arotatingarbiterwhichselectstheac-
tive threadfor thecycleandgeneratesanoptimisticversion
of TSEL. If the IF stageencountersan instruction-cache
missfor the selectedthread,it invokesthe KILL pipeline
interlock,nullifying theselectionandsignalingtheSZstage
to foregothe issueslot for thecycle. An instructionis not
issuedif it cancauseabubblein theIF stage.Since,for each
cycle, theSZ CT logic dynamicallyselectsfrom all ready
threads,any readythreadmay be switchedinto execution
instantaneously, enablingzero-cyclemultithreading.

Thecluster-barrierlogic in theSZstageenablesexplicit
couplingof theinstructionissuedecisionsbetweenclusters.
Thebarrieris implementedby a simple®nitestatemachine
(FSM) with threestates: RUN, WAIT, and SYNC. Each
FSM communicateswith the other two within its thread-
groupthrougha uniquesetof CBAR wires. Eachthread
slothasits owncbar FSM,resultingin ®veperclusterand
a totalof 15perMAP chip.

ExecutionStage(EX) and Writeback Stage(WB): The
executionunits in the MAP incorporateboth the EX and
WB pipelinestages.As all threadssharetheexecutionre-
sources,thewritebacksignalsbetweentheEX andRFstage
areexpandedto includethread-identi®ers.The execution
unitsprovideresourceavailabilitysignalsto thecorrespond-
ing SZstagesto supportissuedecisions.TheEX stagealso
trivially convertsissuedcbar 's into NOP's. As datapro-
ducersneedto arbitratefor the ClusterSwitch one cycle
in advanceof datadelivery, both the IU andFPU control
logic areenhancedto enablearbitrationrequests.Also, in
both the IU andFPU,the registerinvalidationpathsto the
RF stageareexpandedto supportexplicit empty instruc-
tions. In additionto executingoperations,theEX pipeline
stageis responsiblefor detectingerror conditions. When
a deferrableerror condition is detected,the EX stageau-
tomatically generatesan ERRVAL to be written back in
placeof originaloperationresult.Thethreadstateis other-
wisenot modi®ed.TheEX stagehaltstheoffendingthread
andsignalsan exceptiononly whenthe error conditionis
non-deferrable.Both the decodingandmultiplexing logic
requiredto supportexceptiondetectionandERRVAL gen-
erationarealsoenhancementsto the basicEX logic. The
only requiredmodi®cationsto theWB stagearetheadded
routingto theClusterSwitchfor remoteregisterwritesand
associatedtransceivers.

Module MAP(mm2) Basic (mm2) Area
IF (w/ I$) 5.9 5.0 � 18% (Growth)
RF 15.1 3.1 � 387%
EX � WB 25.8 25.8 � 0%
Misc 11.3 2.3 � 400%

SZ 12.2 - 16% (of Cluster 0)
Cluster Switch Port 1.6 - 2%
Scoreboard/empty 1.4 - 2%
Guarded Pointers 3.1 - 2.7%
ERRVAL generation 0.9 - 1%
cbar FSM 0.04 - 0.05%

Pipelines 70.3 36.2 � 94% (Growth)

MAP 334.0 - -
Cluster 0 77.3 - 23% (of MAP)
Cluster 1 � 2 89.8 - 27%
Unified Cache 36.9 - 11%
I/O Pads 34.0 - 10%
Network � Misc 96.0 - 29%

Table 1. Logic Area Consumed

5 Evaluation of Implementation Costs
Thecompletionof theMAP chipenablesthecomparison

of theexpectedcostswith theactualareaandinterconnect
requirements.Thereplicatedthreadstaterequiredfor zero-
cyclemultithreadingwasanticipatedtobethemostcostlyof
the threedescribedexplicitly parallelmechanisms.While
thelocalroutingusewasalsoexpectedto benoticeable,the
global routing consumptionwasplannedto be negligible.
For interclusterinteractions,theanticipatedlogic areawas
smallandtherequiredglobalroutingusagewasplannedin
detailandallocatedexplicitly to minimizeits impact. The
costsin both chip areaandrouting to supportERRVAL' s
wereexpectedto beaminimalaswell, sinceERRVAL' sex-
ploit theMAP's inherentsupportfor guardedpointers.The
actualconsumedareais determinedby directmeasurement
for datapathcomponentsandby combiningthesynthesized
netlistdatawith theactualrandomlogic cell siteutilization
(typically 45%� 55%)for controllogic modules.Theinter-
connectionstatisticsfor bothdatapathandcontrolmodules
aredeterminedby accumulatingtheroutelengthsfor all rel-
evantnetsin the wire reportextractedfrom the placeand
route(P&R) chipdatabase.

Logic AreaUtilization: A summaryof themeasuredarea
(squaremillimeters)costsis shownin the four horizontal
sectionsof Table1. The®rstsectioncomparestheareacost
of zero-cyclemultithreadingfor commonpipeline stages
with a hypotheticalpipelinecomposedof single-threaded
versionsof the samestages. All differencesare reported
relative to the single-threadedstage. The secondsection
itemizestheadditionallogic which,in conjunctionwith the
previouslylisted components,form a completeCluster0.
While theSZ stagerequires16%of thearea,thecombina-
tion of a ClusterSwitchport,Scoreboard/empty logic and
cbar FSMaccountfor only3%of thecluster. Similarly, the
guardedpointersupportandtheaddedERRVAL logic have
modestrequirements.All statisticsarerelativeto Cluster
0. The third sectioncomparesthe total areaof the5-stage
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MAP pipelinewith the hypothetical4-stagebasicpipeline
andshowsalmosta doublingin size. However, this result
overstatesthepenaltyasthehypotheticalpipelinedoesnot
includea DataFetchstage. For reference,the fourth sec-
tion providesa coarsebreakdownof the contributionsof
eachmajorcomponentin theMAP. Theseareastatisticsare
relativeto thefull chip.

InterconnectUtilization: Eachof the®veavailablerout-
ing layersin theMAP hasaprimarypurpose.TheM1 layer
is usedto provideroutingwithin cells. The M5 layerdis-
tributesthe pad pattern,powerand clock. The M2, M3,
andM4 layersarekey global routingresourcesastheyare
usedto interconnectcells,blocksandmodulesthroughout
thechip. Themaximumpotentiallinearroutingavailableon
thechip is 834.9M� m andis calculatedby assuming50%
coverageon eachof the 5 metal layersover the full area
of thechip. Theanalysisof theactualchip datashowsthat
only519.5M� m(62%)isemployed.TheM2/M3/M4 usage,
252.3M� m,representsalmost49%of thereportedmetaliza-
tion. Automatedroutingfor randomlogic interconnectand
globalwirespredominantlyemploysthe M2, M3, andM4
layers.It accountsfor over44%of theirusage.Themanual
wiring for theembeddedroutesin full-custommacrocells,
RAM arraysandalsoto supplementthepadpattern,clock
andpowerdistribution,accountsfor theremaining56%of
consumedresources.Unfortunately, the wire report from
the P&R databasedoesnot provide detailedstatisticsfor
thesemanualroutes.

Thefour horizontalsectionsin Table2 providesabreak-
down of the interconnectusage. Each of the lengthsis
reportedin millions of microns. The ®rstsectionsumma-
rizesthecontributionsof manualandautomatedroutingto
both total andM2/M3/M4 interconnectusage. Only 22%
of all metalizationon the chip is the result of autorout-
ing, re¯ectingthehighdegreeof customizationeffort in the
MAP's implementation.Thesecondsectionhighlightsthe
resourcesconsumedto supporttheexplicitly parallelmech-
anisms. The accumulatedinterconnectusageis a small
fractionof boththetotalandtheM2/M3/M4 resourcescon-
sumed( 	 5% and 	 8% respectively). Thesepercentages
arerelativeto theMAP totals.The®naltwo sectionsof Ta-
ble2 enablethecomparisonof thelocal interconnectusage
requiredwithin a clusterto supportClusterSwitch access
with the internal writebackand bypasspaths. Here, the
percentagesarerelativeto theclustertotal.

Analysis: Both theactuallogic areaandinterconnectus-
age correlatewell with the original designassumptions.
Over44%of Cluster0isdevotedtosupportingzero-cyclemul-
tithreading,con®rmingthattheaddedSZstage,routingand
replicatedstatehaveanoticeableareacost.The5-waymul-
tithreadedRF stagerequiresalmost400%additionalarea
beyondthesingle-threadedbasicversion.In contrast,since

Type M1-M5 % M2/M3/M4 %
MAP 519.52M 100.0 252.34M 100.0
Manual Routing 407.50M 78.4 140.30M 55.6
Autorouting 112.00M 21.6 112.00M 44.4
Cluster Switch 12.02M 2.3 12.02M 4.8
zero-cycle(global) 6.50M 1.2 6.50M 2.6
ERRVAL/ptr 1.38M 0.3 1.38M 0.6
cbar 0.14M 
 0.14M � 0.1

Cluster 0 28.70M 100.0
IF 1.70M 5.9
RF 6.44M 22.4
SZ 5.12M 17.8
EX � WB 8.36M 29.1

Cluster Switch (local) 2.14M 7.5

Total WB/BY 1.05M 3.7
IWB 0.17M 0.6
MWB 0.11M 0.4
FWB 0.19M 0.7
IBY 0.16M 0.6
MBY 0.15M 0.5
FBY 0.27M 0.9

Table 2. Interconnect Usage( � m)

the areaof the IF stageis dominatedby the 4-KByte in-
structioncache,theeffect of replicationis small. Both the
localusage(signi®cant)andglobalroutingusage(minimal)
of zero-cyclemultithreadingalsomatchexpectations(37%
and1.2%respectively).The total addedlogic for fast in-
terclusterinteractions,ERRVAL' s andguardedpointersis
minimal, lessthan8% of Cluster0. The useof the Clus-
ter Switch to enableinterclusterinteractionsresultsin a
small impacton both total routing ( 	 3%) andM2/M3/M4
usage( 	 5%). Thecombinationof guardedpointerandER-
RVAL supporthasaninsigni®canteffect onrouting.

Fromthe implementation,we alsogain insight into or-
ganizingandcorrectlybypassingmultiple arithmeticunits.
EmployingasingleClusterSwitchportto channelall cross-
clusteroperationsisasigni®cantadvantage.While thelocal
ClusterSwitchconsumestwo timesthe resourcesusedfor
intraclusterwritebackandbypassing,all interclusterwrites
fromfourexternalexecutionunits(IU andMU fromeachof
theotherclusters)arechanneledthroughtheClusterSwitch.
Theuseof asingleClusterSwitchport providesfully general
accessbetweenthe independentregister®lesandall seven
arithmeticpipelineswithout the routingoverheadrequired
for thefull cross-productof 49 interconnections.

6 Conclusion
The MIT MAP architecturepartitionsarithmeticunits

into clustersto localizecommoninteractionsandto allow
explicit schedulingof global interactions. In existingsu-
perscalararchitectures,the sharedregister®leprovidesa
simpleunifying mechanismwhich implicitly performsdata
communicationandimplicitly guaranteesprogramsynchro-
nization. With decoupledclustersandindependentregister
®les,ef®cientexplicit mechanismsarenecessary. This pa-
per introducesthreesuchmechanisms:intercluster inter-
actions, ERRVAL basedexceptiondeferral,andzero-cycle
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multithreading. The combinationof registerscoreboard-
ing, remote-writes,andthe explicit empty instructionen-
able fast producer/consumerinteractions. In concert,the
cbar instructionprovidesa generalpurposesynchroniza-
tion barrieramongstclustersat the costof only oneissue
slot. TheERRVAL datatypeencodesfaultingprotectionand
segmentviolations,simpli®esexceptiondeferral,andallows
the eliminationof unnecessaryexceptionhandling. Zero-
cyclemultithreadingcombinesinstantaneousthreadswitch,
between®veinstalledthreads,with dynamicadaptationof
threadselection;andtherebyincreasesarithmeticunit uti-
lizationwhile preservingsingle-threadedperformance.

There are ®ve primary differencesbetweenthe MAP
clusterpipelineandthebasicRISCpipeline.ThenovelSZ
stagecontrolsinstructionissueanddecouplespipelineop-
eration.Theregisterstateis replicatedin theIF, RF, andSZ
stages.ThelocalClusterSwitchportenablesremote-writes
andchannelsthedeliveryof remotedata.Localscoreboards
distributethe managementof operandavailability. Lastly,
theMemorySwitchdecouplesmemoryrequestsfrom their
returnvalues.

Theanalysisof theactualMAP chip designenablesthe
assessmentof the implementationimpact of eachof the
threemechanisms.Thelogic requiredfor interclusterinter-
actionsconsumesonly 3% of theclusterarea. Intercluster
interactionsutilize theClusterSwitchinterconnectandcon-
sumeunder5% of the total M2/M3/M4 routingandunder
8% of the clusterM2/M3/M4 routing. The ERRVAL fea-
turesarebasedon theguardedpointerdatatypein theMAP
architecture. The combinedlogic areacost for both ER-
RVAL handlingandguardedpointersis a modest3.7%of
the full clusterandhasminimal routingimpact. However,
zero-cyclemultithreadingconsumes44%of thetotalcluster
area,con®rmingthatthereplicatedstateis asigni®cantcost.

TheMIT Multi-ALU Processorarchitecturerealizesef-
fective instructionschedulingacrossclustersof arithmetic
units by facilitating ef®cientinterclusterinteractions,en-
abling aggressivecompiler-driven instruction scheduling
andallowingeffectivelatencytolerance.Theuseof asingle
ClusterSwitch port to channelall cross-clusteroperations
is a signi®cantadvantageand providesfully generalac-
cesswhile reducinginterconnectandbypassingcomplexity.
Eachof thekeyenablingmechanismshasbeensuccessfully
implementedandintegratedin the clusterpipelinesof the
MAP chip. The resultingexperienceindicatesthat these
mechanismscanalsobeeffectively incorporatedinto main-
streammicroprocessorpipelines.
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