The Effects of Explicitly Parallel Mechanismson the Multi-ALU ProcessorCluster Pipeline
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Abstract

Continuing reductionsin on-chip geometriesyield in-
creasingnumbersf transistorsper chipandfundamentally
fasterdevicedutalsoresultin effectivel\slowerwires. This
combinatiorpresentsigni®canthallengegor newmicro-
processorarchitectues. Thedisparityin performancebe-
tweenon-chiparithmeticunits and memorycreateslonger
effectivelylatencies. The changingbalancebetweemngate
delay and wire delay penalizesglobal interactions. The
MIT Multi-ALU Processo{MAP)architectueincorporates
threeexplicitly parallel mechanism$ addressthesechal-
lenges.Ef®cientnterclusterinteractionsenableinstruction
schedulingacrossclusteed arithmeticunits. Defered ex-
ceptionsbasedon ERR/AL's facilitate aggressiveinstruc-
tion reodering and speculation. Zem-cycle multithread-
ing provideslatency tolerancewithout sacri®cingsingle
threadedperformance. In this paper we describeeach
of thesemechanismand quantifytheir impacton the area
and routing of the cluster pipelinein the 5 Million tran-
sistor MAP chip. Zem-cycle multithreadingaccountsfor
over 44% of thetotal clusterarea. Supportfor ERR/AL's
requires very little area (lessthan 4%). The intercluster
interaction mechanismsequire minimal cluster area and
lessthan 5% of the available global routing resouces, but
enablefully generalaccessacrossclustersand betweerall
arithmeticunits.

1 Intr oduction

As interconnecidelay becomesan increasinglyimpor-
tant limit to processomperformancenew innovationsare
neededn microprocessoarchitectureso minimize global
interactionsegnableexplicit instructionschedulingandtol-
eratewire latencies. One approach,compilerscheduled
explicit parallelism simpli®esnstructionissueandenables
distributeddecisionlogic. While, compilerbasednstruc-
tion schedulindhasbeenusedn VLIW supercomputef8],
and hasbeenproposedfor new architecturesuchas the
Intel EPIC [7], additionalmechanismsre neededfor ef-
fective schedulingacrossdistributedclustersof arithmetic
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units. Compilerscanaggressivelyincovemorelnstruction
Level Parallelism(ILP) by reorderingnstructionsaboveor

below brancheg11], andby schedulingnstructionsspec-
ulatively. However unnecessarilyriggeredexceptionsan
negatethe performancéene®ts.Multithreadingcan pro-

vide latencytoleranceandimproveutilization by interleav-
ing the executionof multiple instructionstreamd6, 1]. It

canalsoimprove performancey simultaneouslyombin-
ing instructionandthreadlevel parallelism[8, 10]. Unfor-

tunately manyexistingimplementation®f multithreading
penalizesingle-threadegerformance.

TheMIT Multi-ALU ProcessofMAP)incorporateshree
explicitly parallelmechanismso addresshesechallenges.
The MAP's distributedexecutiorunits andregister®lesef-
®cientlycommunicateandsynchronizehrougha smallset
of interclusterinteractions The introductionof a tagged
errorvalue (ERR/AL) datatypesimpli®esexceptiondefer
ral. Zemw-cycle multithreadingcombinesinstantaneous
threadswitcheswith cycle-by-cycledynamicthreadselec-
tionwithoutsacri®cingingle-threadeperformanceWhile
theperformancéene®tsf thesdeaturehavebeerdetailed
separately9, 8], this paperdescribegachmechanisnand
guanti®edhe associatedogic areacostsand routing re-
guirements. Section2 providesa brief overview of the
organizationof the MAP chip, including the partition of
globalandlocalresourcesndthecompositiorof eachclus-
ter. Section3 detailsthethreemechanismandtheirusage.
Sectiord describesheclusterpipeline. Sectionb evaluates
the costsassociateavith implementingeachmechanisnin
the MAP chip. Finally, Section6 summarizeshethreekey
mechanismanddiscussetheirapplicabilityto mainstream
microprocessaopipelines.

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

taneouslysupportingparallelismat all granularities. As

shownin Figure 1, the MAP' containsthreeindependent

'Theoriginal MIT MAP architecturg4] includedfour symmetricpro-
cessingclusters;a quad-bankeanemorysystem;the two switches;anda
networkinterface/3D-mesh-router
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Figure 2. Plot of the MAP Chip

processoclusters,eachwith threeexecutionunits; a dual

banked32-KByteuni®ectachetwo globalcommunication
switches(ClusterSwitch and Memory Switch); a network

interface/2D-mesh-routeandan I/O controller Theclus-

terscandirectly write into eachother sregister®lesandre-

ceiveresultsfrom memorysystermand|/O requestshrough

the ClusterSwitch. They submitmemoryandI/O requests
usingthe Memory Switch. The clusterscanperformglobal

synchronizatiothrougha singlecbar instructionenabled
by asetof global CBAR wires.

Figure2 showsa plot of the actual5 Million transistor
MAP chip which measuresl8.25mmx 18.30mm. Due
to on-chipareaconstraintsthe clustersin the actualchip
areasymmetric. Cluster0Q is completeand containsthree
executiorunits- integer(lU), memory(MU), and oating-
point (FPU),while clustersl and2 lack the oating point-
pipelines.The MAP chipwasreleasedor manufacturingn
Junel998andis beingfabricatedn a0.7um drawn,0.5um
effective, 5-levelmetal, CMOS process.The MAP chipis
the core processingelementfor eachnodeof the planned
16-nodeprototypeM-Machinemulticomputer

Cluster Organization: As illustratedin Figure3, Clus-
ter O is equivalentto a basic64-bit microprocessowith-
out a datacache. The clusterconsistsof threelocal arith-
metic units, threeregister®les,and a 4-KByte instruction
cache. ThelU containsa 64-bit ALU anda barrelshifter
while the MU containsa 64-bit ALU anda load/storeunit.
TheFPUconsistof afully-pipelined,four-cyclemultiplier-
accumulatenitandanon-pipelinedterativedivide/square-
rootunit. BoththelntegerandFloating-Pointinitscanwrite
resultsto remoteclustersvia a sharedClusterSwitch port.
The MU and the Instruction Cachesubmit fetch requests
througha sharedMemory Switch port. Eachinstruction
containsup to three operations(one per arithmetic unit)
which areissuedsimultaneoushandin lock step. While,

issuedn order instructionamay completeout of orderdue
to differencesn executionatencies.

The datawithin a clusteris storedin threeregister®les.
Theintegerregiste®le(IRF) contains bankf 16registers
andcanbereadandwrittenindependentlyy boththeinte-
gerandmemoryunits. The oating-pointregiste®le(FRF)
alsoincludes®vebanksof 16 registers.The oating-point
unit canreadthreeoperandgfor multiply-accumulateand
write oneresultto the FRE The memoryunit canreadone
operandfrom the FRF for “oating-point storeoperations.
Thelocal ClusterSwitch port canwrite into eitherthe IRF
ortheFRFE Eaclclusteralsohas®vebankf 16 one-bitcon-
dition code(CC) registers.Theseregistershold the results
from comparisonoperationsand are usedfor conditional
branchesandpredication.

Concurrencyis exploitedwithin a clusterusing multi-
threading.In eachclusterpipeline,up to ®vethreadsmay
besimultaneouslyoadednto dedcatedhreadslotsconsist
ing of private pipelineregistersanduniquesetsof integer
“oating pointandCC registerbanks.Instructionsrom dif-
ferentthreadsaredynamicallyinterleavedvertheclustets
executiorunits. A total of 15threadslotsareimplemented
acrosshethreeMAP clustersandaninstructionstreanmay
beinstalledin anythreadslot. Thethreadslotson separate
clustersare organizednto ®vethreadgroupsconsistingof
onethreadslot from eachcluster Theinterclusterinterac-
tions discussedn this paperare only applicablewithin a
singlethreadgroup.

Global Interconnections: The Cluster Switch and the
Memory Switch providethe communicatiorpathsbetween
theMAP'sprocessinginitsandstoragenodules.TheClus-
ter Switch, shownin Figure 1, is a crossbarcomposedf
threeglobal bussesgachwriting into a differentspeci®c

2In the IRF, i0 is hard-wiredto Zero andil is setto the value of the
programcounter Similarly, fO is hard-wiredto Zeroin theFRE
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cluster A clusterusesthe switchto write datadirectlyinto
anotherclustetsregiste®leandto transferdatabetweerits
own integerand oating-point register®les. The memory
banks,the externalmemoryinterface,andthe I/O unit use
the ClusterSwitchto returndatato the clustersin response
to prior requests. All sevendatasourcesarbitratefor the
ClusterSwitchonecycle prior to sendinghe data,andloss
of arbitrationcauseghe sourceunit to stall. The Memory
Switch is a crossbaimplementedwith two busses.Each
buswritesinto oneof theon-chipcachebanks.Theclusters
transmitload and storerequestdo the memorysystenwvia
theMemorySwitchaftersuccessfullarbitratingfor thebus
connectedo the bankindicatedby the address Both arbi-
trationanddatatransferonthe MemorySwitchcanoccurin
thesamecycle. Thecombinatiorof theClusterandMemory
Switchesallows multiple clustersto accessnultiple cache
bankssimultaneouslyvith a minimum load-usdatencyof
threecycles,includingbothswitchtraversals.

Clustersanperformfastsynchrontationthroughasepa-
rateglobal CBAR mechanismThreadndifferentclusters
but within the samethreadgroup caninitiate a barrierby
issuinga clusterbarrier(cbar ) instruction. A setof ded-
icatedCBAR wires transmitthe synchronizatiorcondition
to all threeclusters.Eachthreadgrouphasits own unique
setof CBAR wires. As aresult,the MAP chip cansupport
simultaneoudarriersin multiple threadgroupsandallow
an arbitrary mix of synchronizingand non-synchronizing
threadgroups.

3 Explicitly Parallel Mechanisms

TheMAP architecturencorporateshreemechanism$o
enableef®cientcompilerdriveninstructionscheduling In-
terclusterinteractionsenablefast explicit communication
andsynchronizatiorbetweendecoupledctlustersof execu-
tion units. ERRVAL baseddeferredexceptiongprovide a

simplemeango preservdault stateandenableaggressive
instructionreorderingand speculationby eliminating un-
necessanhandling penalties. Zero-cycle multithreading
providedatencytoleranceandallowsinstantaneouthread-
switchwhile preservingsingle-threadegerformance.

Intercluster Interactions: Fourfeaturescollectively en-
ableef®cientinterclusterinteractions:local registerscore-
boarding,remote-registewrite capability the empty in-
structionandthecbar instruction.Thecombinatiorof the
®rstthreeenablesi®cientexplicit communicationwhile
cbar allows fast interclustersynchronization. The local
registerscoreboarduni®esthe managemenof both local
andremoteregisterwrites. A registeris presenfi(full), if it
hasbeenupdatedandis absenf{empty)if it is awaitingthe
update.Theemptystateof aregistemwill stallanyinstruction
which attemptdo readthatregisterbeforeit is updated All
integerand oating-point arithmeticinstructionscan spec-
ify eitheralocal or remoteregisterastheir destination.A
local operationuponissue jmplicitly marksthedestination
registerasemptyand,uponcompletion automaticallysets
thepresencéit to full. Forremote-registewrites,thecom-
piler mustusethe empty instructionto explicitly empty
the destinationregisterin the remotecluster The source
clustercannot implicitly invalidatethis registerasit only
haslocal instructionschedulenformation. It would needa
globalinteractionpathto thedestinatiorclusterto eliminate
a potentialread-aftemwrite hazard.Whenthe remote-write
completesthe local ClusterSwitch port at the destination
marksthe registerfull and any stalledinstruction stream
maythenproceed.

In both superscalaand VLIW processorsbarriersare
implicit. Orderingis guaranteedby hardwaren theformer
andby thelock-stepissuepolicy of thelatter However in
the MAP chip, lock-stepissueis only maintainedwithin a
cluster Thecbar instructionprovidesan explicit barrier
Theinsertionof acbar into theinstructionstreamin each
of thethreeclusteramplementsafastbarrieramonghreads
within athread-groupWhenacbar reachesheissuepoint
in acluster it stallsthatthreaduntil the associatethreads
in eachof the other clustershavealsoreachedheir own
cbar operations. Eachclusterthenissuesits respective
cbar with no side-efectsandproceedsiormally Any in-
structionscheduledfterthe cbar 'sis guaranteedo issue
only afterthebarrierhasoccurred.Theclusterssignaleach
otherusingtheCBAR wires. At thecostof asingleissueslot
andthe CBAR wires,thismechanisnguaranteethe order
ing of instructiondor threadswithin athreadgroup,across
clustersandindependenof dynamicexecutioreffects.

ERRVAL Enabled Deferred Exceptions: The MAP ar
chitectureusesa segmentation-basedemorysystemand
implementainforgeableguardedpointersfor fastcapability-
basedaddressind?]. The ERRVAL is a speci®adype of
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guardedpointer and, for severalcommonprotectionand
segmentatiowiolations,encodesa distinct error code;the
identi®erof the offendingthread;andthe programcounter
value. In eachfaulting case hardwareletectdheerrorcon-
dition andautomaticallycreateshe appropriateERRVAL.
Insteadof triggeringan exceptionthe ERRVAL is written
backastheresultfor thefaulting instruction.

ERRVAL' sareallowedto freely migratethroughouthe
MAP architecture As with aregulardatatype,they canbe
loadedand storedinto registers/memorgnd off-chip 1/O,
or be transmittedin messagebetweenMAP nodes. All
arithmeticoperationscantake ERRVAL' s as operands.If
oneoperands anERRVAL, theoperatiorsimplypropagates
that ERRVAL asthe result. If an operationhasmultiple
ERRVAL operandsit arbitrarily passe®neof them.

An ERRVAL onlytriggersanactualkexceptiorwhencon-
tinuedpropagations impossible for example:storesto an
ERRVAL addresscomparisoroperationsvith oneor both
ERRVAL operandsand®nalresolutionof branch/jumpp-
erations. If desired,the occurrenceof ERRVAL's canbe
easilydetectedisinga providediserr  instructionallow-
ing programmergo testthe resultsof registersto detect
ERRVAL' sandcontroltheir propagation.

Zero Cycle Multithr eading: The MAP employszero-
cyclemultithreadingo enhanceperformance Eachcluster
accommodatesip to ®ve independenthreadssimultane-
ously Eachof thesecanbe switchedinto executioninstan-
taneously allowing ef®cientoverlapof computationonto
latencieof evenafew cycles.Everycycle,zero-cyclemul-
tithreadingdynamicallyadaptshe selectiorfor instruction
issueto the numberof readyand availablethreads. No
issueslotsaregrantedto stalledthreads.Whenonly a sin-
glethreads installed zero-cyclemultithreadingnaximizes
performanceby allowing that threadto issueinstructions
wheneverits operandsare presentand the executionre-
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sourcesare available. When combinedwith the register
scoreboardzero-cyclemultithreadingprovidesa mecha-
nism to instantly trigger an installed but dormantthread
without incurring polling or interruptoverhead.The pres-
encestateof a registerbecomeghe activationcondition.
When the registeris updated,its presencestatebecomes
afulle andthe previouslydormantthreadbecome<ligible
to issueinstructions. The MAP architecturealso supports
threadpriorities,which areusefulfor dynamicoptimization
of multithreadedxecutiorduringacritical codesection5]
andwhenthereis a static hierarchyof importanceamong
the threads. In the MAP chip, the priority of eachthread
canbe setdynamically allowing detailedadjustmenbf its
relativeissuefrequency

4 Pipeline Description and Operation

Eachclusteremploysa basic 5-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 the clusterpipelineis similar to a standard-stageRISC
pipeline. However as highlightedin Figure 4, thereare
®vekey differences:the addition of the SZ stageto con-
trol instructionissueand decouplepipeline operation,the
replication of pipeline and registerresourceso support
zero-cyclemultithreading the additionof a registerscore-
board,the addedremote-writecapabilitythroughthe Clus-
ter Switch, and the absenceof a Data Fetch (DF) stage.
Branchedavethreedelayslots,howeverthesecanbe®lled
effectively asthe executionof any instructioncanbe pred-
icatedon the value of oneof 16 CC registers.To simplify
its implementationthe clustercontainsno supportfor ei-
therregisterrenamingor branchprediction. Thefollowing
sectionsexaminethe differentiatingfeaturesof the MAP
pipelinein moredetail.



Pipeline Overview and Operation: The single logical
clusterpipelineis implementedasa distributedsetof three
physically separatepipelinessharinga commonlF stage.
As depictedn Figure5, theinstructionissudogic (SZ.CT)
controlspipelineoperatiorwith a5-bitthread-seledT SEL)
signal. The assertiorof oneof thesebits selectghe corre-
spondinghreadto advancen the pipelinefor onecycle.
Theoperatiorof theMAP pipelineis highly decoupleds
differentportionscanproceedr stallindependensf other
stages.During single-threadeéxecutionaninstructionin
the MAP clusterpipeline proceedsn a similar fashionto
thestandarcRISCpipeline. However a threadstallsif one
of its instructionds in the SZ stagewaiting for its operands
to becomepresent.Otherthreadscanproceedorward and
issue,execute andwrite-backtheir resultsindependenbof
the stalledthreadsincethe pipelineregistersarereplicated
inthelF, RFandSZstagesThetopthreestageglF, RF and
SZ) of the pipelineare stalledonly if all installedthreads
are stalled. In this scenariothe EX and WB stagescan
still proceedto completeall previouslyissuedoperations.
Updatesand bypass-writedrom the Cluster Switch port,
eventhosetargeting a stalledthread,can also still occur
Only wheneveryexecutionunit in the pipelineis waiting
to usea sharedresourcesuchasthe ClusterSwitchor the
Memory Switch,do all ®vestage®f the pipelinestall.

Instruction Fetch Stage(IF): ThelF stageof the cluster
is composedf a 4KB instructioncache,an autonomous
prefetchengine,a multithreadedinstructionqueueand a
multithreadedrefetchprogramcounterbuffer. Up to eight
operationgrom eachthreadcanbestoredin theinstruction
gueue.Thereplicationof boththeinstructionqueueandthe
programcounterbuffer is the main modi®catiorto the IF
stageto supportzero-cyclemultithreading. The transferof
instructionissuedecisiondrom the IF stageto the SZ stage
requiresthe generatioranddistributionof both the AVAIL
andKILL signals. The vectorof AVAIL signalsoptimisti-
cally reportsthe availability of operationsn theinstruction
gueuefor eachthread.TheKILL signalis theonlyrequired
pipelineinterlockandis asserted aninstructioncachamiss
occursfor aselectedhreadthatpreviouslysignaledAVAIL.
Also, the IF stagecontainsa comparatotto detectbranch
targetswhich are ERRVAL's. To supportinterclusterin-
teractions the operationencodingsare extendedy 3 bits
to allow integerand oating-point arithmeticinstructions
to specifythe destinatiorclusterandthetamgetregister®le
(IRF/FRF). Thesebits are passedhroughthe subsequent
stagesto the EX and WB stageswith minimal hardware
costs.

Register Fetch (RF): While the RF stageof the MAP
performsthe samefunction asin the basicRISC proces-
sor, it requiresadditionalhardwarefeaturesto supportthe
threeexplicitly parallelmechanisms.Threemodi®cations
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Figure 6. SZ Stage Issue Logic

arerequiredto supportinterclusterinteractions: the addi-
tion of a local registerscoreboardithe expansionof the
normalinvalidationpathbetweertheexecutiorunit andthe
scoreboardallowing the empty instructionto clearanar
bitrary vectorof registerpresencdits; andthe addition of
a ClusterSwitch port to both the register®lesand bypass
paths,enablingthe identical handlingof local andremote
writes. Five copiesof theregiste®lesand®vecopiesof the
pipelineregisterare requiredto supportzero-cyclemulti-
threadingn theRF stage.Additionallevelsof decodingare
alsorequiredin boththewritebackandbypassontrollogic
to discriminatebetweerthreadsandto enablesimultaneous
updatesby differentthreadsto both the register®lesand
pipelineregisters While theclustetslock-stepssuepolicy
guaranteethatlocalupdateswithin acyclearealwaysfrom
the samethread,remote-writegeceivedthroughthe Clus-
ter Switch port can be targetedto a registerin any thread
slot. While no additionalhardwarefeaturesareneededn
theRFstageo speci®callgupporERRVAL generatiorand
exceptiondeferral,all datapathsareextendedyy one-bitto
supporttheguardedointerdatatype.

Synchronization Stage(SZ): The Synchronizatio(SZ)
stageis the most signi®cantdeparturefrom the standard
RISC pipeline. Instructionissue,the zero-cyclethread-
switch,andtheclusterbarrierarecontrolledby theSZ stage.
The SZ stageconsistsf a distributedsetof multithreaded
reservationstations[12], one for eachexecutionpipeline
(SZ21U, SZMU, SZ FPU);acentralizegipelinecontroller
includingthe SZ CT; andsupportingbypasspathsandde-
codinglogic. The ClusterSwitchportensureghatremote-
writesarebypassedirectly to instructionsstalledin the SZ
stages reservatiorstations. The SZ stagealsomaintainsa
copy of the scoreboardaluesfor all waiting instructions
andre ectsall modi®cationsesultingfrom dataupdatesor
explicitempty instructions.

Eachcycle,asshownin Figure6, the SZ CT determines



whichthreadwill issueaninstructionin threesteps:operand
checking,priority masking,and rotating arbitration. The
operandchecklogic determinesvhich of the ®vethreads
areeligible to issuein the cycle. For eachinstruction,the
SZ CT reviewsthe presencef eachrequiredoperandthe
readines®f eachrequisiteexecutionunit, the appropriate
optimisticAVAIL signal,andthethreadsclusterbarriersta-
tus. TheSZ CT applieghepriority maskto ®ltertheeligible
threadsandenforcethreadpriorities. Theresultingeligible
threadsarepassedo arotatingarbiterwhich selectgheac-
tive threadfor the cycleandgenerateanoptimisticversion
of TSEL. If the IF stageencountersan instruction-cache
missfor the selectedthread,it invokesthe KILL pipeline
interlock,nullifying theselectiorandsignalingthe SZ stage
to foregotheissueslot for the cycle. An instructionis not
issuedf it cancauseabubblein thelF stage.Since for each
cycle,the SZ CT logic dynamicallyselectsdrom all ready
threadsany readythreadmay be switchedinto execution
instantaneouslynablingzero-cyclemultithreading.

Theclusterbarrierlogic in the SZ stageenablesexplicit
couplingof theinstructionissuedecisiondetweerclusters.
Thebarrieris implementedy a simple®nitestatemachine
(FSM) with threestates: RUN, WAIT, and SYNC. Each
FSM communicatesvith the other two within its thread-
groupthrougha uniquesetof CBAR wires. Eachthread
slothasits owncbar FSM,resultingin ®veperclusterand
atotal of 15perMAP chip.

Execution Stage(EX) and Writeback Stage(WB): The
executionunits in the MAP incorporateboth the EX and
WB pipelinestages.As all threadssharethe executionre-
sourcesthewritebacksignalsbetweertheEX andRF stage
are expandedo include thread-identi®ersThe execution
unitsprovideresourceavailabilitysignalso thecorrespond-
ing SZ stagego supportissuedecisions.The EX stagealso
trivially convertsissuedcbar 'sinto NOP's. As datapro-
ducersneedto arbitratefor the Cluster Switch one cycle
in advanceof datadelivery, both the IlU and FPU control
logic areenhancedo enablearbitrationrequests.Also, in
boththe IlU andFPU, the registerinvalidationpathsto the
RF stageare expandedo supportexplicit empty instruc-
tions. In additionto executingoperationsthe EX pipeline
stageis responsibldor detectingerror conditions. When
a deferrableerror conditionis detected the EX stageau-
tomatically generatesan ERRVAL to be written back in
placeof original operatiorresult. The threadstateis other
wisenot modi®ed.The EX stagehaltsthe offendingthread
and signalsan exceptiononly whenthe error conditionis
non-deferrable Both the decodingand multiplexinglogic
requiredto supportexceptiondetectionrandERR/AL gen-
erationarealsoenhancement® the basicEX logic. The
only requiredmodi®cationso the WB stagearethe added
routingto the ClusterSwitchfor remoteregistemritesand
associatetransceivers.

Module MAP(mm?) Basic (mm?) Area
IF (w/ I$) 59 5.0 + 18% (Growth)
RF 15.1 3.1 +387%
EX+WB 25.8 25.8 + 0%
Misc 113 2.3 +400%
SZ 12.2 - 16% (of Cluster 0)
Cluster Switch Port 1.6 - 2%
Scoreboard/empty 14 - 2%
Guarded Pointers 3.1 - 2.7%
ERRVAL generation 0.9 - 1%
cbar FSM 0.04 - 0.05%

[ Pipelines 1] 703 ] 362 |+ 94% (Growth) |

MAP 334.0 -
Cluster 0 773 - 23% (of MAP)
Cluster 142 89.8 - 27%
Unified Cache 36.9 - 11%
1/0 Pads 34.0 - 10%
Network + Misc 96.0 - 29%

Table 1. Logic Area Consumed

5 Evaluation of Implementation Costs

Thecompletiorof theMAP chipenableshecomparison
of the expectedcostswith the actualareaandinterconnect
requirementsThereplicatedhreadstaterequiredfor zero-
cyclemultithreadingvasanticipatedo bethemostcostlyof
the threedescribedexplicitly parallelmechanisms.While
thelocalroutingusewasalsoexpectedo benoticeablethe
global routing consumptionwas plannedto be negligible.
For interclusterinteractionsthe anticipatedogic areawas
smallandtherequiredglobalroutingusagenvasplannedn
detailandallocatedexplicitly to minimizeits impact. The
costsin both chip areaand routing to supportERRVAL's
wereexpectedo beaminimalaswell, sinceERRVAL' sex-
ploit the MAP's inherentsupportfor guardedpointers.The
actualconsumedhreais determinedy directmeasurement
for datapatltomponentandby combiningthe synthesized
netlistdatawith theactualrandomlogic cell site utilization
(typically 45%—55%)for controllogic modules.Theinter-
connectiorstatisticsfor both datapathandcontrolmodules
aredeterminedy accumulatingheroutelengthgor all rel-
evantnetsin the wire reportextractedfrom the placeand
route(P&R) chip database.

Logic AreaUtilization: A summaryofthemeasuredrea
(squaremillimeters) costsis shownin the four horizontal
sectionsf Table1l. The®rstsectioncomparesheareacost
of zero-cyclemultithreadingfor commonpipeline stages
with a hypotheticalpipeline composedf single-threaded
versionsof the samestages. All differencesare reported
relativeto the single-threadedtage. The secondsection
itemizestheadditionallogic which, in conjunctionwith the
previouslylisted componentsform a completeCluster0.
While the SZ stagerequires16% of the areathe combina-
tion of a ClusterSwitch port, Scoreboard/mpty logic and
cbar FSMaccounfor only 3%of thecluster Similarly, the
guardedpointersupportandtheaddedERRVAL logic have
modestrequirements.All statisticsarerelativeto Cluster
0. Thethird sectioncompareghetotal areaof the 5-stage



MAP pipelinewith the hypotheticald-stagebasicpipeline
andshowsalmosta doublingin size. However this result
overstateshe penaltyasthe hypotheticapipelinedoesnot
includea DataFetchstage. For referencethe fourth sec-
tion providesa coarsebreakdownof the contributionsof
eachmajorcomponenin the MAP. Theseareastatisticsare
relativeto thefull chip.

Inter connectUtilization:  Eachof the®veavailablerout-
ing layersin the MAP hasaprimarypurpose.TheM1 layer
is usedto providerouting within cells. The M5 layer dis-
tributesthe pad pattern,powerand clock. The M2, M3,
andM4 layersarekey globalroutingresourcesistheyare
usedto interconnectells, blocksand modulesthroughout
thechip. Themaximumpotentialinearroutingavailableon
the chip is 834.9Mum andis calculatedoy assumingb0%
coverageon eachof the 5 metal layersover the full area
of the chip. The analysisof the actualchip datashowsthat
only519.5Mum (62%)isemployed TheM2/M3/M4 usage,
252.3Mum, representalmost49%of thereportednetaliza-
tion. Automatedroutingfor randomlogic interconnectaind
globalwires predominantlyemploysthe M2, M3, andM4
layers.It accountdor over44%of theirusage Themanual
wiring for the embeddedoutesin full-custommacrocells,
RAM arraysandalsoto supplementhe padpattern,clock
andpowerdistribution,accountdor the remaining56% of
consumedesources.Unfortunately the wire reportfrom
the P&R databasealoesnot provide detailedstatisticsfor
thesemanualroutes.

Thefour horizontalsectionsn Table2 providesa break-
down of the interconnectusage. Eachof the lengthsis
reportedin millions of microns. The ®rstsectionsumma-
rizesthe contributionsof manualandautomatedoutingto
both total and M2/M3/M4 interconnectusage. Only 22%
of all metalizationon the chip is the result of autorout-
ing, re”ectingthe high degreeof customizatioreffort in the
MAP's implementation.The secondsectionhighlightsthe
resourcesonsumedo supportheexplicitly parallelmech-
anisms. The accumulatednterconnectusageis a small
fractionof boththetotalandthe M2/M3/M4 resourceson-
sumed(<5% and <8% respectively). Thesepercentages
arerelativeto the MAP totals. The®naltwo sectionf Ta-
ble 2 enablethe comparisorof thelocal interconnectisage
requiredwithin a clusterto supportClusterSwitch access
with the internal writeback and bypasspaths. Here, the
percentagearerelativeto theclustertotal.

Analysis: Boththeactuallogic areaandinterconnectis-
age correlatewell with the original designassumptions.
Over44%of ClusterQis devotedo suppotingzero-cyclenul-
tithreading con®rminghattheaddedSZ stageroutingand
replicatedstatehaveanoticeableareacost. The5-waymul-
tithreadedRF stagerequiresalmost400% additionalarea
beyondthesingle-threadefasicversion.In contrastsince

Type M1-M5 % | M2/M3/M4 %
MAP 519.52M | 100.0 252.34M | 100.0
Manual Routing 407.50M 784 140.30M 55.6
Autorouting 112.00M 21.6 112.00M 44.4
Cluster Switch 12.02M 23 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
char 0.14M — 0.14M | <0.1
Cluster 0 28.70M 100.0
IF 1.70M 59
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(pm)

the areaof the IF stageis dominatedby the 4-KByte in-
structioncache the effect of replicationis small. Boththe
localusaggsigni®cantandglobalroutingusaggminimal)
of zero-cyclemultithreadingalsomatchexpectation$37%
and 1.2%respectively). The total addedlogic for fastin-
terclusterinteractionsERRVAL' s andguardedpointersis
minimal, lessthan8% of Cluster0. The useof the Clus-
ter Switch to enableinterclusterinteractionsresultsin a
smallimpacton both total routing (<3%) andM2/M3/M4
usagg<5%). Thecombinatiorof guardedpointerandER-
RVAL supporthasaninsigni®caneffect onrouting.

Fromthe implementationye alsogain insightinto or-
ganizingandcorrectlybypassingnultiple arithmeticunits.
EmployingasingleClusterSwitchportto channekll cross-
clusteroperationss asigni®canadvantageWhile thelocal
ClusterSwitch consumedwo timesthe resourcesisedfor
intraclustemwritebackandbypassingall interclustemvrites
from four externakexecutiorunits(IlU andMU from eachof
theotherclustersirechanneledhroughthe ClusterSwitch.
Theuseof asingleClusterSwitchport providesfully general
accesdetweertheindependentegister®lesandall seven
arithmeticpipelineswithout the routing overheadequired
for thefull cross-produacdf 49interconnections.

6 Conclusion

The MIT MAP architecturepartitions arithmetic units
into clustersto localize commoninteractionsandto allow
explicit schedulingof globalinteractions. In existing su-
perscalararchitecturesthe sharedregister®le providesa
simpleunifying mechanismwhichimplicitly performsdata
communicatiorandimplicitly guaranteeprogramsynchro-
nization. With decouplectlustersandindependentegister
®les,ef®cientexplicit mechanismarenecessaryThis pa-
per introducesthree suchmechanisms:interclusterinter-
actions ERRVAL basedexceptiondeferral,andzen-cycle



multithreading. The combinationof registerscoreboard-
ing, remote-writesandthe explicit empty instructionen-
able fast producer/consumenteractions. In concert,the
cbar instructionprovidesa generalpurposesynchroniza-
tion barrieramongstclustersat the costof only oneissue
slot. TheERRVAL datatypeencodegaultingprotectiorand
segmentiolations simpli®egxceptiordeferralandallows
the eliminationof unnecessargxceptionhandling. Zero-
cyclemultithreadingcombinesnstantaneouthreadswitch,
betweer®veinstalledthreadswith dynamicadaptatiorof
threadselection;andtherebyincreasesrithmeticunit uti-
lization while preservingsingle-threadegerformance.

There are ®ve primary differencesbetweenthe MAP
clusterpipelineandthe basicRISC pipeline. The novel SZ
stagecontrolsinstructionissueanddecouplegipeline op-
eration.Theregisterstateis replicatedn thelF, RF, andSZ
stagesThelocal ClusterSwitchportenablesemote-writes
andchannelshedeliveryof remotedata.Localscoreboards
distributethe managemendf operandavailability. Lastly,
the Memory Switchdecouplesnemoryrequestgrom their
returnvalues.

The analysisof the actualMAP chip designenableghe
assessmerf the implementationimpact of eachof the
threemechanismsThelogic requiredfor interclusteiinter-
actionsconsume®nly 3% of the clusterarea. Intercluster
interactionaitilize the ClusterSwitchinterconnecaindcon-
sumeunder5% of the total M2/M3/M4 routing andunder
8% of the clusterM2/M3/M4 routing. The ERRVAL fea-
turesarebasedn the guardedointerdatatypdan the MAP
architecture. The combinedlogic areacostfor both ER-
RVAL handlingandguardedpointersis a modest3.7% of
thefull clusterandhasminimal routingimpact. However
zero-cyclanultithreadingconsumed4%of thetotal cluster
areacon®rminghatthereplicatedstates asigni®cantost.

TheMIT Multi-ALU Processoarchitecturgealizesef-
fectiveinstructionschedulingacrossclustersof arithmetic
units by facilitating ef®cientinterclusterinteractions,en-
abling aggressivecompilerdriven instruction scheduling
andallowing effectivelatencytolerance Theuseof asingle
ClusterSwitch port to channelall cross-clustepperations
is a signi®cantadvantageand providesfully generalac-
cesawhile reducingnterconnecandbypassingomplexity
Eachof thekey enablingmechanismbasbeensuccessfully
implementedandintegratedn the clusterpipelinesof the
MAP chip. The resultingexperiencandicatesthat these
mechanismsanalsobeeffectively incorporatednto main-
streammicroprocessopipelines.
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