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TheM-Machine’scombinedhardware-softwareshared-memory

systemprovidessignificantly lower remotememorylatenciesthansoftware
DSM systemswhile retainingthe flexibility of softwareDSM. This system
is basedaroundfour hardwaremechanismsfor sharedmemory:statusbitson
individual memory blocks, hardwaretranslationof memory addressesto
homeprocessors,fast detectionof remoteaccesses,and dedicatedthread
slotsfor shared-memoryhandlers.Thesemechanismshavebeenimplement-
edon theMAP processor,andallow remotememoryreferencesto becom-
pleted in as little as 336 cycles at low hardware cost.
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DistributedShared-Memory(DSM) systemsusea variety of methodsto implement
shared-memorycommunicationbetweenprocessors.Somedesignersprovidesubstan-
tial hardwaresupportfor sharedmemory,suchashardwareprotocolengines[1] or ded-
icatedco-processors[10]. Other systemsrely completelyon softwareto implement
sharedmemory[13]. Hardwareprotocolenginescangivevery low remotememoryla-
tencies,but increasethecomplexityandhardwarecostof thesystem.In addition,they
restrict the systemto oneshared-memoryprotocol,limiting performanceon applica-
tionswhosecommunicationspatternsdonotmatchtheassumptionsof theshared-mem-
ory protocol.Software-basedshared-memoryis veryflexible,anddoesnot increasethe
costof thesystem,but tendsto haverelativelypoorperformancedueto theoverheads
imposedby conventionalnetworksandvirtual memorysystems.Providingco-proces-
sorsto executeshared-memoryhandlersgivesbothflexibility andspeed,but thehard-
ware cost of this approach is substantial.

In this paper,we presentan alternativeapproachto implementingDSM systems,
basedaroundfour hardwaremechanismsfor sharedmemorythatareintegratedinto the
processoritself, substantiallyimprovingshared-memoryperformanceat low hardware
costwhile retainingtheflexibility of software-basedapproaches.Shared-memorypro-
tocolsshareseveralcommonfeatures,whichcanbeexploitedin thedesignof hardware
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mechanismsto acceleratesharedmemory.Theymustbeableto detectreferencesto re-
motememory,determinewheretherequestfor theremotememorymustbesent,trans-
fer databackto therequestingprocessor,andcompleteoperationswhicharewaitingfor
thedata.In addition,it is desirablethatanarchitecturesupporttransfersof smallblocks
of databetweenprocessorsto reducefalsesharing(unnecessaryremotememoryoper-
ationscausedby placingtwo or moreunrelateddataobjectswithin a block of memory
thattheshared-memorysystemtreatsasanatomicunit), andthatthearchitectureallow
user programs to continue executing during remote memory references.

Basedon theserequirements,we havedesignedfour hardwaremechanismsfor
sharedmemory,which havebeenimplementedaspartof theMIT M-Machineproject
[5]. Block statusbits on eacheight-wordblock of memoryallow individual blocksto
be transferredbetweenprocessors.A fasteventsystemdetectsremotememoryrefer-
encesand invokessoftwarehandlersin as little as 10 cycles.A Global Translation
LookasideBuffer cachestranslationsbetweenvirtual addressesandtheirhomeproces-
sors.Dedicatedthreadslots for softwarehandlerseliminatecontextswitch overhead
whenstartinghandlers,andallow userprogramsto executein parallelwith shared-
memory handlers.

Usingall of ourmechanismsallowssystemsoftwareto completearemotememory
referencein 336cycleson theM-Machine,almost20x fasterthanmostsoftware-only
shared-memorysystems,and only 2.5x slower than current-generationhardware
shared-memorysystemssuchastheSGIOrigin 2000[11]. Onapplications,weachieve
a 9% performanceimprovementon a latency-boundFFT computationanda 30%im-
provementonanoccupancy-boundmultigrid computation,ascomparedto theperform-
ance of our system without these hardware mechanisms [4].

Theremainderof this paperbeginswith a brief overviewof theMIT M-Machine,
followed by a descriptionof the mechanismsand their usein implementingshared
memory.We continuewith ananalysisof theperformanceimpactof our mechanisms
for sharedmemory,followedby adiscussionof relatedwork andsomefutureresearch
directions.

B C�DFEHGJI/GLKM>%DN@O2?E

The M-Machine Multicomputer is an experimentalmulticomputerthat we havede-
signedat M.I.T. andStanfordto explorearchitecturaltechniquesto takeadvantageof
improvementsin silicon fabricationtechnology.An M-Machineconsistsof a two-di-
mensionalarrayof processingnodes,eachof which consistsof a customMulti-ALU
processor(MAP) andfive SDRAM chips.TheMAP chip hasbeenfabricatedin a 0.5-
micron process, and work is ongoing as of July, 2000 on a prototype M-Machine.

As shownin Figure1, eachMAP chip containsthreeprocessorclusters[8], two
cachememorybanks,anda networksubsystem.Eachof the clustersactsasan inde-
pendent,multithreadedprocessor.The instructionissuelogic in eachcluster imple-
mentszero-overheadmultithreadingbetweenthefive activethreadsin thecluster,se-
lecting an instructionto issueeachcycle basedon operandandresourceavailability.
Threadsrunningin thesamethreadslot (hardwareregisterswhich hold programstate)
on eachof theclustersareassumedto bepartof thesamejob, andmayusethecluster
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switch to write into eachother’sregisterfiles. Memory addressesareinterleavedbe-
tweenthetwo cachebanks,allowing two memoryoperationsto becompletedeachcy-
cle.

TheMAP chip’s architectureallowsit to exploit parallelismat multiple granulari-
ties.Eachclusteractsasa2- or 3-wideLIW processor1, allowing fine-grainedinstruc-
tion-level parallelismto be exploitedwithin a cluster.The MAP chip’s inter-cluster
communicationmechanisms[9] providelow-latencycommunicationbetweenthreads
runningondifferentclusters,makingit feasibleto exploitmedium-grainedparallelism
within aMAP chip.Finally, theon-chipnetworkhardware[12] providesfast,user-level
messagingbetweenprocessorsin anM-Machine,allowingcoarser-grainedparallelism
to be exploited across multiple processors.

Sharedmemoryis implementedon the M-Machineusinga combinationof hard-
wareandsoftware.Hardwaredetectsremotememoryoperationsandpassesthemto
softwareto resolve.Remotememoryreferencesareenqueuedin softwarewhile their
datais beingobtained,andarethenresolvedby theshared-memoryhandlers.Complet-
ing pendingoperationsin softwareis madeeasierby the MAP chip’s configuration
space, amechanismwhichmapsall of theregisterstateof thechipintoanaddressspace
that canbe accessedusingnormal load andstoreoperations,relying on the Guarded
Pointers[3] protectionschemeto preventunauthorizedprogramsfrom modifyingother
program’sregisterstates.This allows the systemsoftwareto write the resultof each
pendingoperationdirectly into its original destinationregister,makingsoftwarereso-
lution of remote memory requests transparent to user programs.

Figure 1: MAP Chip Block Diagram

1. Theoriginaldesigncalledfor eachclusterto have3 ALUs: oneinteger,onememory,
and one floating-point. Chip-space constraints forced the removal of the FP ALUs from
two of the clusters during implementation.
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Wehavedesignedfourhardwaremechanismsfor softwaresharedmemory:blockstatus
bits,afasteventsystem,aglobaltranslationlookasidebuffer,anddedicatedthreadslots
for shared-memoryhandlers.Together,thesemechanismsimplementseveralimportant
sub-tasksof mostshared-memoryprotocolsin hardware,freeingthesoftwarehandlers
to implementhigher-levelDSM policies.Block statusbitsallow 8-wordblocksof data
to betransferredbetweenprocessors,reducingfalsesharing.Theeventsystemdetects
remotereferencesandinvokessoftwarehandlersto resolvethem.TheGlobalTransla-
tion LookasideBuffer providesaflexible mappingof addressesto homeprocessors,al-
lowing datato be mappedfor maximumlocality. Dedicatedthreadslotsfor software
handlerseliminatecontextswitchoverheadswheninvoking softwarehandlers,reduc-
ing the remote reference time.

dfehgjilkhmonZprqSsutoswvRx5ilyzsux

Theblockstatusbitsallow smallblocksof datato betransferredbetweenprocessorsby
associatingtwobitsof statewith each8-wordblockof dataonanode.Thesebitsencode
thestatesinvalid, read-only,read-write,anddirty, andthehardwareenforcestheper-
missionsrepresentedby thesestates.Block statusbitseliminatemuchof thefalseshar-
ing whichoccursin software-onlysharedmemorysystemsbecauseconventionalvirtu-
al memorysystemsareunableto recordpresenceinformationon unitsof datasmaller
thana page.Theyarestoredin thepagetableandcopiedinto the local TLB (LTLB)
andthecachewhenablockis referenced,allowingremotedatato bestoredatall levels
in the memory hierarchy.

Duringamemoryreference,thememorysystemcheckstheblockstatusbitsof the
referencedaddressto determineif theoperationis allowed.This checkis donein par-
allel with hit/missdeterminationin thecacheor LTLB andthereforedoesnot impact
memorylatency.If theblockstatusbitsallow theoperation,it is completedin hardware.
Otherwise,theeventsystemstartsa softwarehandlerto resolvetheoperation.Imple-
mentingblockstatusbits requires1KB of SRAM in theLTLB, and0.25KB of SRAM
in the caches.

dfe|{W}9~R�?���o���Rs�qS�ox�su���

Theeventsystemis responsiblefor invoking softwarehandlersin responseto remote
memory accessesand other eventswhich require interventionby systemsoftware.
Whenthehardwaredetectsa situationwhich requiressoftwareintervention,suchasa
remotememoryreference,it placesaneventrecorddescribingthesituationin a 128-
word hardwareevent queue. It thendiscardstheoriginal operation,allowing programs
to continueto executewhile the eventis resolved.A dedicatedeventhandlerthread
processes the event records and resolves events.

Theheadof theeventqueueis mappedontoaregisterin theeventhandler’sregister
file. Thisspeedsupqueueaccessesandprovidesalow-overheadmechanismfor block-
ing theeventhandlerwhentherearenopendingevents.If theeventqueueis empty,the
registerfor theheadof thequeueis markedemptyby thescoreboardlogic, preventing
instructionsthatreadtheregisterfrom issuing.Whentheeventhandlertriesto readthe
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headof theeventqueueto beginprocessingthenextevent,theinstructionstallswhile
thequeueisempty,butissuesassoonasaneventrecordisplacedin thequeue,allowing
theeventhandlerto respondquickly to eventswithoutconsumingexecutioncyclesthat
could be used by other threads in polling.

dfe|dW�5�f�Syzn�tosu����}9~��7�fto�rqSkhmosux5�'mo��qS~�to�7�f�A��������m`������to�R�Skh���7x

TheM-Machinetakesadvantageof theMAP chip’smultithreadedarchitectureto elim-
inatecontextswitchoverheadfrom softwarehandlersby dedicatingasetof threadslots
to softwarehandlerthreads.Sincethehandlerthreadsarealwaysresidentin theirthread
slots,thereis noneedto performacontextswitchwhenahandlerexecutes,in contrast
to single-threaded implementations of software shared memory.

Figure2 showsthethreadslotassignmentsontheMAP chipwhenshared-memory
programsarebeingrun. Threadswhich areinvolved in implementingsharedmemory
areshownin italics,while threadslotswhich includespecialhardwareareunderlined.
Theeventandmessagehandlersprocesstheeventswhichoccurwhenaremotememory
referenceis madeaswell as the variousmessageswhich areusedto implementthe
shared-memoryprotocol.In addition,two threadslotsareusedfor proxy threads,which
areusedto breakpotentialdeadlocksituationsthatoccurwhentheshared-memorysys-
temneedsto sendthreesequentialmessagesovertheMAP chip’s two networkpriori-
ties.

Allocating threadslots to softwarehandlerssignificantly improvesthe M-Ma-
chine’sremoteaccesstime,andsimplifiesthedesignof thesoftwarehandlersbecause
ahandlerisneverinterruptedtoallowanotherhandlertoexecute.Themainincremental
costof dedicatingthreadslotsto handlersis the1.25KBof storagerequiredto hold the
registerfiles of the dedicatedthreads,sincethe substantialhardwarecomplexity in-
curred by multithreading is required by the MAP chip’s base architecture.

dfe|�W}9~R�?�5khm`��tokR}=��t`��x�khtosuyzmo�H�9m`mopAtox�yz�S�?ilvR���'�f�

Determininghow datawill bemappedacrosstheprocessorsin a DSM is animportant
partof programimplementation.Mappingdatafor maximumlocality cansubstantially
reducethenumberof remotereferencesmadeby aprogram,andthusimproveperform-
ance.However,providingflexibility in addressmappingincreasesthelatencyof soft-
waresharedmemory,astheshared-memoryhandlersmusttranslateeachremoterefer-

Thread Cluster 0 Cluster 1 Cluster 2

0 User User User

1 User User User

2 Exception Exception Exception

3 Event Handler Evict Proxy Bounce Proxy

4 LTLB Miss Handler Request Handler
(P0 Message Handler)

Reply Handler
(P1 Message Handler)

Figure 2: Thread Slot Assignments on the MAP Chip
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enceto find thehomeprocessorof the reference,creatinganotherareawherea small
amount of hardware support can significantly improve performance.

TheGlobalTranslationLookasideBuffer (GTLB) actsasa cachefor translations
betweenvirtual addressesandtheirhomeprocessors,similar to thewayanormalTLB
cachestranslationsbetweenvirtual andphysicaladdresses.Theformatof aGTLB entry
(Figure3) allows eachentry to mapa variable-sizedgroupof pagesacrossvariable-
sizedregionsof themachine.Thedatamappedby aGTLB entryis specifiedby abase
addressandasizefield, whichspecifiesthenumberof pagesin thepagegroup.There-
gionof themachinethatthepagegroupis mappedacrossis specifiedby its startnode,
theX- andY-extentsof theregion(in the2-D network),andthenumberof contiguous
pagesmappedpernode.All fields exceptthebaseaddressandthestartnodeareloga-
rithmically encoded to reduce space.

TheGTLB allowssubstantialflexibility in mappingaddresses.Forexample,Figure
4 showsthethreewaysin which16pagesof datacanbemappedacrossa2x2blockof
processors.Notethatchangingthevalueof thestartfield allowsthepagesto betrans-
lated across the machine, facilitating space sharing of a multiprocessor.

TheGTLB’s entryformatallowsit to beimplementedin very little hardware.The
MAP chip implementsa4-entryGTLB dueto spaceconstraints(a16-entryGTLB was
specifiedin theinitial design),whichrequires64bytesof content-addressablememory.
For theexperimentsrun for this paper,only two GTLB entrieswererequired-- oneto
map the codesegmentlocally on eachprocessor,and one to map the datasegment
across the entire machine.

Figure 3: GTLB Entry Format

Figure 4: GTLB Mappings
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Figure5 showsthestepsinvolvedin completingaremotememoryreferenceontheM-
Machinewhenall of our hardwaremechanismsareused.On cycle1, a userprogram
issuesa loador storewhichreferencesaremoteaddress.By cycle10,theeventsystem
hasdeterminedthatthereferencedblock is remoteandhasstartedtheeventhandlerto
resolvetheevent.By cycle33,theeventhandlerhasdecodedthetypeof theeventand
jumped to the correct routine to resolve it.

On cycle 49, the eventhandlercompletesthe computationof the configuration
spaceaddresswhich will beusedto resolvetheoriginal loador store,andexecutesa
GPRB operation to probe the GTLB for the home processor of the requested address.

In cycles63-111,theeventhandlercreatesarecorddescribingtheremoteoperation
and enqueuesit in the softwarependingoperationstructurethat recordsall remote
memoryreferencesbeingcompletedin software.It thensendstherequestmessageto
thehomenodeandterminates.Therequestmessagemustbesentafterthependingop-
erationdatastructurehasbeenunlockedto avoid a potentialdeadlockwith the reply
handler.

Therequestmessagearrivesatthehomeprocessoroncycle116.Thenext50cycles
arespentlockingdatastructures,to ensurethatnootherthreadmodifiesthestateof the
referencedblock while therequesthandleris executing.On cycle186,theevictionof
thehomeprocessor’scopyof theblockbegins,whichcompletesoncycle237.There-
ply message containing the requested block is sent on cycle 241.

Oncycle246,thereplymessagearrivesat therequestingprocessor.Block installa-
tion beginsoncycle266.Oncycle315,theinstallationcompletes,andthereplyhandler
beginsto resolvetheloadorstorethatcausedtheremotereference,completingtheorig-
inal operation on cycle 336.

Figure 5: Remote Request Timeline
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A three-hopcache-coherenceprotocolwasimplementedin softwareontheMSIM sim-
ulatorto evaluateourmechanismsfor sharedmemory.MSIM is aC-languagemodelof
theM-Machinethatgivesexecutiontimeswithin 10%of thosegivenby thecycle-ac-
curateRTL modelof theMAP chiponourverificationtestsuite.Themodelof theMAP
chipusedfor theseexperimentshasa128-entry,two-wayset-associativeLTLB aswell
asfloating-pointunitsin all threeclusters,restoringfeaturesthatwereremovedlatein
the implementationprocessdueto areaconstraints.Theshared-memoryhandlersuse
thefloating-pointregistersastemporarystorageandperformconstantgenerationin the
floating-point units, making them relevant for this study.

Thehandlersusedfor theseexperimentswereimplementedin hand-codedassem-
bly language.Fourversionsof thehandlerswerewritten,onewhichusesall of thehard-
waremechanisms,onewhich only usestheblock statusbits,onewhich usestheblock
statusbits andthe GTLB, andonewhich usestheblock statusbits andthe dedicated
threadslots for softwarehandlers.Versionswhich did not usethe GTLB includeda
softwareaddresstranslationroutine,while versionswhich did not usethethreadslots
simulated context switches when starting or exiting handlers.

Ç ehgjÈ�����mosu�5ÉNnZn��fx�x5}=yz����x

Figure6 showstheM-Machine’sremoteaccesstimeasa functionof thesetof mecha-
nismsused.Thecolumnlabelled“Full M-MachineMechanisms”showstheremoteac-
cesstimewhenall of thehardwaremechanismsarein use,measuredfrom thecycleon
which theprocessorissuesa load to thecycleon which an instructionwhich usesthe
resultof the load issues.Proceedingto the left, the columnsshowthe remoteaccess
time if varioussubsetsof the mechanismsfor shared-memoryareused.The leftmost
columnshowsanestimateof theremoteaccesstime if noneof theMAP chip’s mech-
anismsareused,while therightmostcolumnshowstheremoteaccesstimeof an8-proc-
essorSGI Origin 2000[11] for comparisonpurposes.All of thecolumnswhich show
measureddatafrom the M-Machinehavebeensubdividedinto the time spentin the
eventhandleron therequestingprocessor,therequesthandleron thehomeprocessor,
and the reply handler on the requesting processor.

Basedon block transferprogramswritten for theM-Machine,we estimatethatus-
ing theblockstatusbitsreducesremoteaccesstimebyapproximately1000cycleswhen
only oneblock of a pageis required.This estimatewasusedto generatethe leftmost
columnof Figure7. If a programrequiresfine-grainedsharingof data,this latencyre-
duction can significantly improve performance.For programswith more coarse-
graineddatasharing,usingsoftwareto implementsharedmemoryallowstheblocksize
of the protocol to be increased to match the needs of the application.

If theGTLB is addedto theblockstatusbits, remoteaccesstime is reducedto 427
cycles,an improvementof 18%.Using the block statusbits andthe dedicatedthread
slotsfor softwarehandlershassimilar results,reducingtheremoteaccesstime to 433
cycles(17%improvement).Combiningtheblock statusbits, theGTLB, andthededi-
catedthreadslotsfor shared-memoryhandlerssothatall of theM-Machine’shardware
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mechanismsarein usegivesa remoteaccesstime of 336cycles,a 35%improvement
over the block status bits alone.

Themechanismsaffecttheexecutiontimeof differenthandlersin theshared-mem-
ory protocol,whichhasasignificantimpactonprogramperformance,aswill beshown
later.WhentheGTLB is used,only theexecutiontimeof therequesthandlerchanges,
sincethedeterminationof therequestedaddress’homeprocessoris only doneonce,in
therequesthandler.On theotherhand,usingthededicatedthreadslotsaffectstheexe-
cution time of both theeventandtherequesthandlers,asit eliminatescontextswitch
overheadfrom all of thehandlers.Theexecutiontimesfor thereplyhandlersshownon
this graphdo not changewhenthe dedicatedthreadslotsareusedbecauseexecution
time is measuredfrom thepointatwhich thefirst instructionof ahandlerexecutesand
the context switch at the end of the reply handler does not affect the total latency.

Figure7 showshow the remoteaccesstime changeswhenoneor moreinvalida-
tionsarerequiredto completearemotereference.In theprotocolimplementedfor these
experiments,thehomeprocessordoesnot sendaninvalidationmessageto itself when
it needsto invalidateits copyof ablock,sothepointsshownon thegraphrepresent2-
, 4-, and8-waysharingof data.All versionsof theprotocolseean increasein remote
accesstime of approximately50%whenan invalidationis requiredto completea re-
motememoryreference.As thenumberof invalidationsrequiredto completetherefer-
enceincreases,all of theprotocolsseea linearincreasein remotememorylatency,be-
causethebottleneckis thetimerequiredto processtheacknowledgementmessagefrom
each invalidation on the requesting processor.

Useof the GTLB producesa constantimprovementin remoteaccesstime, inde-
pendentof the numberof invalidations,while the dedicatedthreadslotsgive an im-
provementwhich increaseswith thenumberof invalidations.Again, this is dueto the
fact that thedeterminationof thehomeprocessorof anaddressis only doneonce.In
contrast,theuseof dedicatedthreadslotseliminatesthecontextswitchoverheadfrom

Figure 6: Remote Access Times
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eachhandler.As thenumberof invalidationsincreases,thenumberof handlersin the
critical pathof the remoterequestincreases,andthereforetheperformanceimpactof
the dedicated thread slots increases with the number of invalidations.

Ç e|{WÊ��7moËo�7to�ÌÈ���x�vRkhswx

Two programsweresimulatedto evaluatethe impactof the mechanismsfor shared
memoryon programexecutiontime: a 1,024-pointFFT,andan8x8x8multigrid com-
putation.Theseprogramswerebasedonsourcecodeprovidedby theAlewife groupat
M.I.T. [2], andwerewritten in C with annotationsfor parallelism.Themeasurements
presented here show the execution time of the parallel kernel of each application.

Theseprogramsdisplayvery differentshared-memorycharacteristics.In FFT, re-
mote memory referencesare relatively infrequentand are fairly evenly distributed
acrosstheprocessors.Multigrid makesmanymoreremotereferences,andspendsmuch
moretime waiting for memorythanFFT.More importantly,multigrid’s remotemem-
ory referencesarepoorlydistributedacrosstheprocessors,becausethedestinationma-
trix fits in asinglepageof memoryandis thusmappedontoonly oneprocessor.Dueto
this differencein memoryaccesspatterns,theshared-memoryperformanceof FFT is
dominatedby the latencyof the shared-memoryhandlers,while the performanceof
multigrid is dominatedby theoccupancyof therequest(priority 0message)handlerslot
on the hot-spot processor.

Figure8 showsthe executiontime of a 1,024-pointFFT on the M-Machine.As
wouldbeexpectedfrom thelow demandsthatthisprogramplacesontheshared-mem-
ory system,overallperformanceis good,achievingbetterthan4 timesspeeduponeight
processorsevenwhenonly theblock statusbits areused.Adding eithertheGTLB or
thededicatedthreadslotsfor softwarehandlersto theblock statusbits improvesper-
formanceby2-5%,dependingonthenumberof processors.Addingbothof thesemech-
anismsgivesspeedupsalmostequalto the speedupsprovidedby eachof the mecha-
nisms independently, reducing execution time by up to 9%. .

Figure9 showstheexecutiontime of an8x8x8multigrid computation.Whenjust
theblock statusbits andtheGTLB areused,executiontime is up to 20%greaterthan

Figure 7: Remote Access Time With Invalidations



Appears in the International Symposium on High-Performance Computing,
Tokyo, Japan, October 2000

11

whenall of theM-Machine’smechanismsarein use.Usingonly theblock statusbits
increases execution time by up to 30% over the full-mechanism case.

Interestingly,disablingtheGTLB so thatonly theblock statusbits anddedicated
threadslotsareuseddoesnot significantlyincreasetheexecutiontime of multigrid. In
fact,performingaddresstranslationin softwaregivesa 1% performanceimprovement
overusingall of thehardwaremechanismswhentheprogramis runoneightprocessors.
This counter-intuitivebehaviouroccursbecausetheGTLB reducestheexecutiontime
of the eventhandleron the requestingprocessor,while the dominantfactor in Multi-
grid’s performanceis theoccupancyof therequesthandlerthreadonthehot-spotproc-
essor,which is notaffectedby theuseof theGTLB. In fact,usingtheGTLB increases
therateatwhich requestsarriveat thehot-spotprocessor,increasingthenumberof re-
questswhich mustbe returnedto the requestingprocessorbecausetheblock they re-
questis in theprocessof beinginvalidated.Theserequestsmustberetriedlater,increas-
ing theoccupancyof therequesthandleronthehot-spotprocessoranddecreasingover-
all performance.

Figure 8: 1,024-Point FFT

Figure 9: 8x8x8 Multigrid
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A numberof systemshaveexploreddifferent hardware/softwaretradeoffsin imple-
mentingdistributedsharedmemory.IVY [13] implementssharedmemoryin software
throughuser-levelextensionsto thevirtual memorysystem.Shasta[16] andBlizzard-
S[17] rely onthecompilerto insertcheckcodebeforeeachmemoryreferenceto deter-
minewhetherthe referenceddatais local or remote.Blizzard-E[17] takesa different
approach,modifying the error correctioncode(ECC) bits on blocksof datato force
traps to software when remote blocks are referenced.

Thesesystemsshowtheadvantagesof theMAP chip’sbasearchitectureovercom-
modityprocessorsin implementingsoftwaresharedmemory.Blizzard-SandBlizzard-
E haveremotememorylatenciesof approximately6000cycles,while Shastaachieves
latenciesaslow as4200cycles.In contrast,theM-Machine’sremotememorylatency
is estimatedto beapproximately1500cycleswhentheeventsystemis theonly mech-
anismin use,giving it a2.8-4xspeedadvantageoverthesesoftware-onlysystems.This
speedadvantageis dueto theMAP chip’s eventsystemandintegratednetworkhard-
ware,whichreducethetimeto invokesoftwarehandlersandinter-processorcommuni-
cationdelay.Adding theblock statusbits, GTLB, anddedicatedthreadslotsfor soft-
warehandlersto thebaseMAP architecturereducestheremoteaccesstime to 336cy-
cles, increasing the M-Machine’s advantage to 12.5x-17.8x.

TheTyphoon[14][15] andFLASH [10][6][7] projectsexploredtheuseof a dedi-
catedco-processorto implementsharedmemory.Typhoonuseda commodityproces-
sorto executetheshared-memoryhandlers,while FLASH reliedon a customMAGIC
chip. Typhoon-0,the least-integratedof the systemsstudiedin the Typhoonproject,
wasimplementedusingFPGAtechnology,andachieveda remotememorylatencyof
1461cycles.Two more-integratedversionsof the Typhoonarchitecture,Typhoon-1
andTyphoon,werestudiedin simulation,andhadremotememorylatenciesof 807and
401cyclesrespectively.With all of its mechanismsin use,theM-Machinehasbetter
thana 4x advantagein remotememorylatencyoverTyphoon-0,anda 19%advantage
overthefull Typhoonsystem.Mostof thisadvantagecomesfrom theM-Machine’ssu-
perior network subsystem and low-latency event system.

FLASH is ableto completea remotememoryaccessin 111-145cycles,depending
on whethertheremotedatais cached.TheISA of theMAGIC chip is a majorcontrib-
utor to FLASH’s low memorylatency,asit containsmanynon-standardinstructionsto
accelerateshared-memoryprotocols.In [6], theauthorsreportthatat least38%of pro-
tocol processorissueslotscontainoneof thesenon-standardinstructions,suggesting
thatthelatencyof shared-memoryhandlersrunningonMAGIC is significantlyreduced
by the addition of these instructions.

ComparingtheM-Machineto theseothersystemsshowstheadvantagesof integrat-
ing hardwaresupportfor softwaresharedmemoryinto theprocessor.TheM-Machine
achievessignificantly betterremotememorylatenciesthan the software-onlyshared
memorysystemsby performingcommontasksin hardware.In addition, the M-Ma-
chinehasbetterremotememorylatenciesthananyof theTyphoonsystems,in spiteof
thefact thattheyutilize substantialcustomhardwareandacommodityco-processorto
implementsharedmemory.While FLASH’s remotememorylatenciesaresignificantly
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betterthantheM-Machine’s,muchof this is dueto theMAGIC chip’s optimizedin-
structionset,creatinganopportunityfor futurework whichcombineshardwaresupport
for software shared memory with an optimized instruction set.
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In thispaper,wehaveshownthataddingasmallsetof hardwaremechanismsto support
softwaresharedmemoryto a processorcansignificantly improveremotememoryla-
tencyat low hardwarecost.We haveimplementedfour key mechanismsfor software
sharedmemory:blockstatusbitsto allow smallblocksof datato betransferredbetween
processors,a fasteventsystemto detectremotememoryaccessesandinvokesoftware
handlers,dedicatedthreadslotstoeliminatecontextswitchoverheadwhenstartinghan-
dlers,andaglobaltranslationlookasidebuffer to determinethehomeprocessorsof re-
moteaddressesin hardware.In combination,thesemechanismsallow remotememory
accessesto beperformedin aslittle as336cycles,significantly fasterthanmostsoft-
ware-onlyor combinedhardware/softwaresharedmemorysystems.Hardwarecostof
these mechanisms is small -- approximately 3.5KB of storage, and some control logic.

Program-levelexperimentsshowedthattheimpactof ourmechanismsonprogram
executiontime dependsstronglyon whetherthedominantfactorin theprogram’sper-
formancewasthelatencyor theoccupancyof theshared-memoryhandlers.Ona1,024-
point FFT, in which latencywasthedominantfactor,usingall of themechanismsim-
provedperformanceby upto 9%whencomparedto usingonly theblockstatusbits.On
an8x8x8multigrid,whichis dominatedby theoccupancyrateof therequesthandleron
the hot-spot processor, the mechanisms improved execution time by up to 30%.

Themechanismsimplementedon theMAP chip substantiallyimprovetheM-Ma-
chine’s shared-memoryperformanceat a low hardwarecost. However, the M-Ma-
chine’sremoteaccesstime is still morethana factorof 2.5x greaterthanthatof con-
temporaryfull-hardwareshared-memorysystems,suggestingthatadditionalhardware
supportis requiredto closetheperformancegapbetweenhardware-andsoftware-based
shared-memory systems.
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