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Abstract. TheM-Machine’scombinechardware-softwarshared-memory
systemprovidessignificantly lower remotememorylatencieghansoftware
DSM systemsawhile retainingthe flexibility of softwareDSM. This system
is basedaroundfour hardwaremechanism$or sharednemory:statusbitson
individual memory blocks, hardwaretranslationof memory addresseso
home processorsfast detectionof remoteaccessesand dedicatedthread
slotsfor shared-memorfiandlersThesemechanismbiavebeenmplement-
edonthe MAP processorandallow remotememoryreferenceso be com-
pleted in as little as 336 cycles at low hardware cost.

1 Introduction

Distributed Shared-Memory(DSM) systemsusea variety of methodsto implement
shared-memorgommunicatiorbetweernprocessorsSomedesignergrovidesubstan-
tial hardwaresupportfor sharednemory,suchashardwaregprotocolengineg1] or ded-
icated co-processor§l0]. Other systemsrely completelyon softwareto implement
sharednemory[13]. Hardwareprotocolenginesangive very low remotememoryla-
tenciesputincreaseghe complexityandhardwarecostof the systemlIn addition,they
restrictthe systemto one shared-memaoryrotocol, limiting performanceon applica-
tionswhosecommunicationpatternslonotmatchtheassumptionsf theshared-mem-
ory protocol.Software-basedhared-memoris veryflexible, anddoesnotincreasehe
costof the systemput tendsto haverelatively poor performancealueto the overheads
imposedby conventionahetworksandvirtual memorysystemsProvidingco-proces-
sorsto executeshared-memorpandlergyivesbothflexibility andspeedbutthe hard-
ware cost of this approach is substantial.

In this paper,we presentan alternativeapproacho implementingDSM systems,
basedaroundfour hardwarenechanismgor sharednemorythatareintegratednto the
processoitself, substantiallymproving shared-memorperformancetlow hardware
costwhile retainingtheflexibility of software-basedpproachesShared-memorpro-
tocolsshareseveracommonfeatureswhich canbeexploitedin thedesignof hardware
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mechanism$o acceleratsharednemory.Theymustbeableto detectreferenceso re-
motememory,determinevheretherequesfor theremotememorymustbe sent trans-
fer databackto therequestingprrocessorandcompleteoperationsvhich arewaiting for
thedata.In addition,it is desirablghatanarchitecturesupportiransfersof smallblocks
of databetweerprocessorso reducefalsesharing(unnecessargemotememoryoper-
ationscausedy placingtwo or moreunrelateddataobjectswithin a block of memory
thatthe shared-memaorgystemreatsasanatomicunit), andthatthearchitectureallow
user programs to continue executing during remote memory references.

Basedon theserequirementsywe have designedfour hardwaremechanismgor
sharedmemory,which havebeenimplementecdaspartof the MIT M-Machineproject
[5]. Block statushits on eacheight-wordblock of memoryallow individual blocksto
be transferrechetweenprocessorsA fasteventsystemdetectsremotememoryrefer-
encesand invokes softwarehandlersin aslittle as 10 cycles.A Global Translation
LookasideBuffer cachedranslationdetweernvirtual addresseandtheirhomeproces-
sors.Dedicatedthreadslotsfor softwarehandlerseliminate contextswitch overhead
when startinghandlers,and allow userprogramsto executein parallelwith shared-
memory handlers.

Usingall of our mechanismallows systensoftwareto completearemotememory
referencan 336 cycleson the M-Machine,almost20x fasterthanmostsoftware-only
shared-memorysystems,and only 2.5x slower than current-generatiorhardware
shared-memorgystemsuchasthe SGI Origin 2000[11]. Onapplicationswe achieve
a 9% performancemprovemenion a latency-bound=-FT computatioranda 30%im-
provemenbnanoccupancy-bounthultigrid computationascomparedo the perform-
ance of our system without these hardware mechanisms [4].

Theremaindenf this paperbeginswith a brief overviewof the MIT M-Machine,
followed by a descriptionof the mechanismsand their usein implementingshared
memory.We continuewith ananalysisof the performancempactof our mechanisms
for sharedmemory followed by a discussiorof relatedwork andsomefutureresearch
directions.

2 The M-Machine

The M-Machine Multicomputeris an experimentaimulticomputerthat we have de-
signedat M.I.T. and Stanfordto explorearchitecturatechniquego takeadvantagef
improvementsn silicon fabricationtechnology. An M-Machine consistsof a two-di-
mensionalrray of processingiodes,eachof which consistsof a customMulti-ALU
processo(MAP) andfive SDRAM chips.The MAP chip hasbeenfabricatedn a0.5-
micron process, and work is ongoing as of July, 2000 on a prototype M-Machine.

As shownin Figure 1, eachMAP chip containsthreeprocessoclusters[8], two
cachememorybanks,anda networksubsystemEachof the clustersactsasaninde-
pendent,multithreadedprocessor.The instructionissuelogic in eachclusterimple-
mentszero-overheadnultithreadingbetweenthefive activethreadsn the cluster,se-
lecting an instructionto issueeachcycle basedon operandandresourceavailability.
Threadsunningin the samethreadslot (hardwareregisterswvhich hold programstate)
on eachof the clustersareassumedo be partof the sameob, andmay usethe cluster
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switch to write into eachother’sregisterfiles. Memory addresseareinterleavedbe-
tweenthetwo cachebanks allowing two memoryoperationgo becompletedeachcy-
cle.

External Memory Bus
I

Bank 0 EMI Bank 1

LTLB

I
| Memory Switch | |
I

| Cluster Switch |
' |

Event
Queue

Cluster 0 — Cluster 1 Cluster 2

— I

Netout | | Netin |
GTLB

Figure 1: MAP Chip Block Diagram

The MAP chip’s architectureallowsit to exploit parallelismat multiple granulari-
ties. Eachclusteractsasa 2- or 3-wide LIW processot, allowing fine-grainednstruc-
tion-level parallelismto be exploitedwithin a cluster.The MAP chip’s inter-cluster
communicatiormechanism$9] providelow-latencycommunicatiorbetweerthreads
runningon differentclustersmakingit feasibleto exploit medium-grainegharallelism
within aMAP chip.Finally, theon-chipnetworkhardward12] providesfast,user-level
messagindpetweerprocessorin anM-Machine,allowing coarser-grainegarallelism
to be exploited across multiple processors.

Sharedmemoryis implementedon the M-Machine usinga combinationof hard-
ware and software.Hardwaredetectsremotememoryoperationsand passegshemto
softwareto resolve.Remotememoryreferencesare enqueuedn softwarewhile their
datais beingobtainedandarethenresolvedby theshared-memorgiandlersComplet-
ing pendingoperationsn softwareis madeeasierby the MAP chip’s configuration
space, amechanismvhichmapsall of theregisterstateof thechipinto anaddresspace
that canbe accessedising normalload and storeoperationsyelying on the Guarded
Pointerd3] protectionschemeo preventunauthorizegorogramsrom modifying other
program’sregisterstates.This allows the systemsoftwareto write the resultof each
pendingoperationdirectly into its original destinatiorregister,making softwarereso-
lution of remote memory requests transparent to user programs.

1. Theoriginal designcalledfor 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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3 Mechanisms for Shared Memory

Wehavedesignedour hardwarenechanism#or softwaresharednemory:block status
bits,afasteventsystemaglobaltranslationookasidebuffer,anddedicatedhreadslots
for shared-memorkiandlersTogetherthesemechanismanplementseveraimportant
sub-task®f mostshared-memorprotocolsin hardwarefreeingthe softwarehandlers
to implementhigher-levelDSM policies.Block statushits allow 8-wordblocksof data
to betransferrecbetweerprocessorg,educingfalsesharing.The eventsystemdetects
remotereferencesindinvokessoftwarehandlergo resolvethem.The Global Transla-
tion LookasideBuffer providesaflexible mappingof addresse® homeprocessorsl-

lowing datato be mappedfor maximumlocality. Dedicatedthreadslotsfor software
handlerseliminatecontextswitch overheadsvheninvoking softwarehandlersyeduc-
ing the remote reference time.

3.1 Block Status Bits

Theblock statushits allow smallblocksof datato betransferreetweerprocessorby
associatingwo bits of statewith each8-wordblockof dataonanode.Thesebitsencode
the statesnvalid, read-only read-write,anddirty, andthe hardwareenforceshe per-
missiongepresentedy thesestatesBlock statushits eliminatemuchof thefalseshar-
ing which occursin software-onlysharednmemorysystems$ecaus&onventionavirtu-
al memorysystemsareunableto recordpresencénformationon units of datasmaller
thana page.They arestoredin the pagetableandcopiedinto thelocal TLB (LTLB)
andthe cachewvhenablockis referencedallowing remotedatato bestoredatall levels
in the memory hierarchy.

During amemoryreferencethe memorysystemchecksheblock statusbits of the
referencechddresgo determindf the operationis allowed.This checkis donein par-
allel with hit/missdeterminatiorin the cacheor LTLB andthereforedoesnotimpact
memorylatency.If theblock statusitsallow theoperationit is completedn hardware.
Otherwise the eventsystemstartsa softwarehandlerto resolvethe operationImple-
mentingblock statusbits requireslKB of SRAM in theLTLB, and0.25KB of SRAM
in the caches.

3.2 The Event System

The eventsystemis responsibldor invoking softwarehandlersn response¢o remote
memory accessesind other eventswhich require interventionby systemsoftware.
Whenthe hardwaredetectsa situationwhich requiressoftwareintervention,suchasa
remotememoryreferenceijt placesan eventrecorddescribingthe situationin a 128-
word hardwareevent queue. It thendiscardghe original operationallowing programs
to continueto executewhile the eventis resolved.A dedicatedeventhandlerthread
processes the event records and resolves events.

Theheadof theeventqueuds mappedntoaregisterin theeventhandler'sregister
file. Thisspeedsip queueaccesseandprovidesalow-overheadnechanisnfor block-
ing theeventhandlewhenthereareno pendingeventslf theeventqueuds empty,the
registerfor the headof the queues markedemptyby the scoreboardiogic, preventing
instructionghatreadtheregisterfrom issuing.Whentheeventhandlertriesto readthe
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headof the eventqueueto beginprocessinghe nextevent,theinstructionstallswhile
thequeuds empty,butissuesassoonasaneventrecordis placedn thequeueallowing
theeventhandlerto respondjuickly to eventswvithoutconsumingexecutiorcyclesthat
could be used by other threads in polling.

3.3 Dedicated Thread Slots for Shared-Memory Handlers

TheM-Machinetakesadvantagef the MAP chip’s multithreadedarchitectureo elim-
inatecontextswitchoverheadrom softwarehandlerdy dedicatinga setof threadslots
to softwarehandlerthreadsSincethehandletthreadsarealwaysresidenin theirthread
slots,thereis no needto performa contextswitchwhenahandlerexecutesin contrast
to single-threaded implementations of software shared memory.

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 Reply Handler
(PO Message Handler) (P1 Message Handler)

Figure2: Thread Slot Assignments on the MAP Chip

Figure2 showsthethreadslotassignmententhe MAP chipwhenshared-memory
programsarebeingrun. Threadswhich areinvolvedin implementingsharedmemory
areshownin italics, while threadslotswhich includespecialhardwareareunderlined.
Theeventandmessagéandlergprocessheeventsvhichoccurwhenaremotememory
references madeaswell asthe variousmessagesvhich are usedto implementthe
shared-memorprotocol.In addition,two threadslotsareusedfor proxy threadsyhich
areusedto breakpotentialdeadlocksituationghatoccurwhentheshared-memorgys-
temneeddo sendthreesequentiamessagesverthe MAP chip’s two networkpriori-
ties.

Allocating threadslots to software handlerssignificantly improvesthe M-Ma-
chine’sremoteaccesdime, andsimplifiesthe designof the softwarehandlerdecause
ahandleris neverinterruptedo allow anothethandlerto executeThemainincremental
costof dedicatinghreadslotsto handlerds the 1.25KB of storagerequiredto holdthe
registerfiles of the dedicatedthreads sincethe substantiahardwarecomplexity in-
curred by multithreading is required by the MAP chip’s base architecture.

3.4 The Global Translation Lookaside Buffer

Determininghow datawill be mappedacrosghe processorin a DSM is animportant
partof programimplementationMappingdatafor maximumlocality cansubstantially
reducehenumberof remotereferencesnadeby aprogram andthusimproveperform-
ance However,providing flexibility in addressnappingincreaseshe latencyof soft-
waresharednemory,asthe shared-memorfiandleranusttranslateeachremoterefer-
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enceto find the homeprocessoof the referencecreatinganotherareawherea small
amount of hardware support can significantly improve performance.

The Global TranslationLookasideBuffer (GTLB) actsasa cachefor translations
betweervirtual addresseandtheirhomeprocessorssimilar to theway anormalTLB
cachedranslationdetweervirtual andphysicaladdresseg heformatof aGTLB entry
(Figure 3) allows eachentry to mapa variable-sizedyroup of pagesacrossvariable-
sizedregionsof themachine Thedatamappedoy a GTLB entryis specifiedby abase
addresandasizefield, which specifieghe numberof pagesn the pagegroup.There-
gion of themachinethatthe pagegroupis mappedacrosss specifiedby its startnode,
the X- andY-extentsof theregion(in the2-D network),andthe numberof contiguous
pagesnappedpernode.All fields exceptthe baseaddressandthe startnodeareloga-
rithmically encoded to reduce space.

Pages Per

Base Address Size Start Node X Extent Y Extent
Node

Figure 3: GTLB Entry Format

TheGTLB allowssubstantiaflexibility in mappingaddresses$:orexamplefFigure
4 showsthethreewaysin which 16 pagesof datacanbemappedacrossa 2x2 block of
processordNote thatchangingthe valueof the startfield allowsthe pagego betrans-
lated across the machine, facilitating space sharing of a multiprocessor.

The GTLB'’s entryformatallowsit to beimplementedn very little hardwareThe
MAP chipimplementsa4-entryGTLB dueto spaceconstraintga 16-entryGTLB was
specifiedin theinitial design)whichrequire$4 bytesof content-addressabieemory.
Fortheexperimentsun for this paper,only two GTLB entrieswererequired-- oneto
map the code segmentocally on eachprocessorand one to map the datasegment
across the entire machine.

Node 0 Node 1 Node 0 Node 1 Node 0 Node 1

0 1 4 5 0 1 2 3 0 4 1 5

2 3 6 7 8 9 10 11 8 12 9 13

Node 2 Node 3 Node 2 Node 3 Node 2 Node 3

8 9 12| 13 4 5 6 7 2 6 3 7

0] 11 4] 15 12 13 14( 15 10| 14 1] 15
Pages per node = 4 Pages per node =2 Pages per node = 1

Figure 4: GTLB Mappings
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4 Using the Hardware Mechanisms to Implement
Shared Memory

Figure5 showsthe stepsinvolvedin completinga remotememoryreferenceon the M-

Machinewhenall of our hardwaremechanismareused.On cycle 1, a userprogram
issuesaloador storewhich referencesiremoteaddressBy cycle 10, the eventsystem
hasdeterminedhatthereferencedlock is remoteandhasstartedthe eventhandlerto

resolvetheevent.By cycle 33, theeventhandlerhasdecodedhetypeof theeventand
jumped to the correct routine to resolve it.

On cycle 49, the eventhandlercompletesthe computationof the configuration
spaceaddresswvhich will be usedto resolvethe original load or store,andexecutesa
GPRB operation to probe the GTLB for the home processor of the requested address.

In cycles63-111 theeventhandlercreatesarecorddescribingheremoteoperation
and enqueuest in the softwarependingoperationstructurethat recordsall remote
memoryreferencedeingcompletedn software.lt thensendghe requesimessagéo
thehomenodeandterminatesTherequesimessagenustbe sentafterthe pendingop-
erationdatastructurehasbeenunlockedto avoid a potentialdeadlockwith the reply
handler.

Pending

Config. Begin Done with operation
space address  accessing pending operation structure
computed, pending structure, send Reol locked (261) Block Ready
start GPRB operation request message (111) eply . for next
message instal done | e
Event (49)i structure arrives (246) (315) (ej;)'g
d\e(e(fleﬂ a0 Il 1] l/(GS) Il | - — Il Il |
Event Handler: Reply Handler:
vent Hendler — I T 1 ey Rendler: ——r1 T 1
Load/ Event type Ready for Vd AN Load/store
storeissues decoded (33) next event (136) Message Begin completed (336)
PRB handler starts block
done (55) (@58 installation
Pending 266)
Request operation X (¢
message structure locked (151) Donewith
arrives (116) / directory (226}/ reply (241)
Request Handler: || Il Il Il I |
e — R — 1
Message Evict Ready
handler starts complete for next
(125) Directory Begin (237) message

locked (166) eviction (186) (@57)

Figure 5: Remote Request Timeline

Therequesmessagarrivesatthehomeprocessooncycle116.Thenext50cycles
arespentiocking datastructuresto ensurehatno otherthreadmodifiesthe stateof the
referencedlock while the requeshandleris executing.On cycle 186, the eviction of
thehomeprocessor'sopyof theblock beginswhich completencycle237. There-
ply message containing the requested block is sent on cycle 241.

Oncycle246,thereply messagarrivesattherequestingprocessorBlock installa-
tion beginsoncycle266.0ncycle315,theinstallationcompletesandthereply handler
begingo resolvetheloador storethatcausedheremotereferencecompletingtheorig-
inal operation on cycle 336.
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5 Evaluation

A three-hopache-coherengeotocolwasimplementedn softwareonthe MSIM sim-
ulatorto evaluateour mechanismgor sharednemory MSIM is aC-languagenodelof

the M-Machinethatgivesexecutiontimeswithin 10% of thosegiven by the cycle-ac-
curateRTL modelof theMAP chiponourverificationtestsuite. Themodelof theMAP

chipusedfor theseexperimentfiasa 128-entry two-wayset-associativeTLB aswell

asfloating-pointunitsin all threeclustersyestoringfeatureghatwereremovedatein

the implementatiorprocesgdueto areaconstraintsThe shared-memorpandlersuse
thefloating-pointregisteraastemporarystorageandperformconstangenerationn the
floating-point units, making them relevant for this study.

Thehandlerausedfor theseexperimentsvereimplementedn hand-codegssem-
bly languageFourversionsof thehandlersverewritten,onewhich usesall of thehard-
waremechanismspnewhich only usesthe block statushits, onewhich usesthe block
statushits andthe GTLB, andonewhich usesthe block statusbits andthe dedicated
threadslots for softwarehandlersVersionswhich did not usethe GTLB includeda
softwareaddresgranslationroutine,while versionswhich did not usethe threadslots
simulated context switches when starting or exiting handlers.

5.1 Remote Access Times

Figure6 showsthe M-Machine’sremoteaccesdime asafunctionof the setof mecha-
nismsused.Thecolumnlabelled“Full M-MachineMechanisms’showstheremoteac-
cesgime whenall of the hardwaremechanismsrein use,measuredrom thecycleon
which the processoissuesa loadto the cycle on which aninstructionwhich usesthe
resultof the load issuesProceedingo the left, the columnsshowthe remoteaccess
time if varioussubsetof the mechanismgor shared-memorare used.The leftmost
columnshowsan estimateof theremoteaccesgime if noneof the MAP chip’s mech-
anismaareusedwhile therightmostcolumnshowstheremoteaccessime of an8-proc-
essorSGI Origin 2000[11] for comparisorpurposesAll of the columnswhich show
measuredlatafrom the M-Machine havebeensubdividedinto the time spentin the
eventhandleron the requestingorocessorthe requeshandleron the homeprocessor,
and the reply handler on the requesting processor.

Basedon block transfermprogramswritten for the M-Machine,we estimatethatus-
ing theblock statushitsreducesemoteaccessime by approximatelyl000cycleswhen
only oneblock of a pageis required.This estimatewasusedto generatehe leftmost
columnof Figure7. If aprogramrequiresfine-grainedsharingof data,this latencyre-
duction can significantly improve performance.For programswith more coarse-
graineddatasharingusingsoftwareto implementsharedmemoryallowstheblock size
of the protocol to be increased to match the needs of the application.

If the GTLB is addedto theblock statushits, remoteaccesdime is reducedo 427
cycles,animprovementof 18%. Using the block statusbits andthe dedicatedhread
slotsfor softwarehandlershassimilar results,reducingthe remoteaccesgime to 433
cycles(17%improvement) Combiningthe block statushits, the GTLB, andthe dedi-
catedthreadslotsfor shared-memorfiandlersothatall of the M-Machine’shardware
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Figure 6: Remote Access Times

mechanismsirein usegivesa remoteaccesgime of 336 cycles,a 35% improvement
over the block status bits alone.

Themechanismaffecttheexecutiortime of differenthandlersn theshared-mem-
ory protocol,which hasasignificantimpacton programperformanceaswill beshown
later.Whenthe GTLB is used,only the executiortime of therequestandlerchanges,
sincethe determinatiorof therequeste@ddresshomeprocessors only doneonce,in
therequeshandler.Ontheotherhand,usingthededicatedhreadslotsaffectstheexe-
cutiontime of boththe eventandthe requesthandlersasit eliminatescontextswitch
overheadrom all of thehandlersTheexecutiortimesfor thereply handlersshownon
this graphdo not changewhenthe dedicatedhreadslots are usedbecausexecution
timeis measuredrom the pointatwhich thefirst instructionof a handlerexecutesind
the context switch at the end of the reply handler does not affect the total latency.

Figure 7 showshow the remoteaccesdime changesvhenone or moreinvalida-
tionsarerequiredto completearemotereferenceln theprotocolimplementedor these
experimentsthe homeprocessodoesnot sendaninvalidationmessagéo itself when
it needgo invalidateits copy of a block, sothe pointsshownon the graphrepreseng-
, 4-, and8-way sharingof data.All versionsof the protocolseeanincreasean remote
accesdime of approximately50% whenan invalidationis requiredto completea re-
motememoryreferenceAs thenumberof invalidationsrequiredto completetherefer-
enceincreasesall of the protocolsseea linearincreasen remotememorylatency,be-
causehebottlenecks thetimerequiredto processheacknowledgemenhessagérom
each invalidation on the requesting processor.

Useof the GTLB producesa constanimprovementn remoteaccesgime, inde-
pendentof the numberof invalidations,while the dedicatedhreadslots give anim-
provementwhichincreasesvith the numberof invalidations.Again, this is dueto the
fact thatthe determinatiorof the homeprocessoof anaddresss only doneonce.In
contrastthe useof dedicatedhreadslotseliminatesthe contextswitch overheadrom
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Figure 7: Remote Access Time With Invalidations

eachhandler.As the numberof invalidationsincreasesthe numberof handlerdan the
critical pathof the remoterequestncreasesandthereforethe performanceémpactof
the dedicated thread slots increases with the number of invalidations.

5.2 Program Results

Two programswere simulatedto evaluatethe impact of the mechanismgor shared
memoryon programexecutiortime: a 1,024-point=FT, andan 8x8x8 multigrid com-
putation.Theseprogramsverebasedn sourcecodeprovidedby the Alewife groupat
M.L.T. [2], andwerewrittenin C with annotationgor parallelism.The measurements
presented here show the execution time of the parallel kernel of each application.

Theseprogramddisplayvery differentshared-memorgharacteristicsin FFT, re-
mote memory referencesare relatively infrequentand are fairly evenly distributed
acrosgheprocessordVultigrid makesmanymoreremotereferencesandspendsnuch
moretime waiting for memorythanFFT. More importantly, multigrid’s remotemem-
ory referencesrepoorly distributedacrosghe processordyecause¢hedestinatiorma-
trix fits in asinglepageof memoryandis thusmappedntoonly oneprocessorDueto
this differencein memoryaccesgatternsthe shared-memorperformanceof FFT is
dominatedby the latencyof the shared-memorfandlerswhile the performanceof
multigrid is dominatey theoccupancyf thereques{priority 0 messagefandlerslot
on the hot-spot processor.

Figure 8 showsthe executiontime of a 1,024-pointFFT on the M-Machine. As
would beexpectedrom thelow demandshatthis programplaceson theshared-mem-
ory systempverallperformancés good,achievingoetterthan4 timesspeedumn eight
processorgvenwhenonly the block statusbits areused.Adding eitherthe GTLB or
the dedicatedhreadslotsfor softwarehandlersto the block statusbits improvesper-
formanceby 2-5%,dependingnthenumberof processorsAddingbothof thesemech-
anismsgives speedupslmostequalto the speedupprovidedby eachof the mecha-
nisms independently, reducing execution time by up to 9%. .

Figure9 showsthe executiorntime of an 8x8x8 multigrid computationWhenjust
the block statusbits andthe GTLB areused,executiontime is up to 20% greaterthan

10
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Figure 9: 8x8x8 Multigrid

whenall of the M-Machine’smechanismarein use.Usingonly the block statushits
increases execution time by up to 30% over the full-mechanism case.

Interestingly,disablingthe GTLB sothatonly the block statusbits anddedicated
threadslotsareuseddoesnot significantlyincreasehe executiontime of multigrid. In
fact, performingaddresdranslationin softwaregivesa 1% performanceémprovement
overusingall of thehardwaremechanismsvhentheprogramis runoneightprocessors.
This counter-intuitivebehaviouroccursbecauséhe GTLB reduceghe executiorntime
of the eventhandleron the requestingprocessorwhile the dominantfactorin Multi-
grid’s performances the occupancyf therequeshandlerthreadon the hot-spotproc-
essorwhichis not affectedby the useof the GTLB. In fact, usingthe GTLB increases
therateatwhich requestarrive atthe hot-spotprocessorincreasinghe numberof re-
questswhich mustbe returnedto the requestingprocessobecauséhe block they re-
questsin theproces®f beinginvalidated Thesaequestsnustberetriedlater,increas-
ing theoccupancyf therequeshandleronthehot-spotprocessoanddecreasingver-
all performance.

11
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6 Related Work

A numberof systemshaveexploreddifferent hardware/softwaréradeoffsin imple-
mentingdistributedsharednemory.lVY [13] implementssharednemoryin software
throughuser-levelextensiongo the virtual memorysystem.Shastgd16] andBlizzard-
S[17] rely onthecompilerto insertcheckcodebeforeeachmemoryreferenceo deter-
mine whetherthe referencediatais local or remote.Blizzard-E[17] takesa different
approachmodifying the error correctioncode (ECC) bits on blocks of datato force
traps to software when remote blocks are referenced.

Thesesystemshowtheadvantagesf the MAP chip’s basearchitecturevercom-
modity processorn implementingsoftwaresharedmemory.Blizzard-SandBlizzard-
E haveremotememorylatenciesof approximately6000cycles,while Shastaachieves
latenciesaslow as4200cycles.In contrastthe M-Machine’'sremotememorylatency
is estimatedo be approximatelyl500cycleswhenthe eventsystemis the only mech-
anismin use giving it a2.8-4xspeedadvantag®verthesesoftware-onlysystemsThis
speedadvantagés dueto the MAP chip’s eventsystemandintegratednhetworkhard-
ware,whichreducethetimeto invoke softwarehandlersaandinter-processocommuni-
cationdelay.Adding the block statusbits, GTLB, anddedicatedhreadslotsfor soft-
warehandlergo the baseMAP architecturaeduceghe remoteaccesgime to 336¢y-
cles, increasing the M-Machine’s advantage to 12.5x-17.8x.

The Typhoon[14][15] andFLASH [10][6][7] projectsexploredthe useof a dedi-
catedco-processoto implementsharednemory.Typhoonuseda commodityproces-
sorto executehe shared-memoripandlerswhile FLASH relied on a customMAGIC
chip. Typhoon-0,the least-integrateaf the systemsstudiedin the Typhoonproject,
wasimplementedusingFPGAtechnology andachieveda remotememorylatencyof
1461 cycles.Two more-integratedrersionsof the Typhoonarchitecture,Typhoon-1
andTyphoonwerestudiedin simulation,andhadremotememorylatenciesof 807and
401 cyclesrespectivelyWith all of its mechanismén use,the M-Machine hasbetter
thana4x advantagén remotememorylatencyover Typhoon-0,anda 19%advantage
overthefull TyphoonsystemMostof thisadvantageomesrom theM-Machine’ssu-
perior network subsystem and low-latency event system.

FLASH is ableto completearemotememoryaccessn 111-145cycles,depending
onwhethertheremotedatais cachedThelSA of the MAGIC chipis amajorcontrib-
utorto FLASH’s low memorylatency,asit containamanynon-standaréhstructiongo
acceleratshared-memorprotocols.In [6], theauthorsreportthatatleast38%of pro-
tocol processoissueslots containone of thesenon-standardnstructions,suggesting
thatthelatencyof shared-memorfiandlersunningon MAGIC is significantlyreduced
by the addition of these instructions.

ComparingheM-Machineto theseothersystemshowstheadvantagesf integrat-
ing hardwaresupportfor softwaresharednemoryinto the processorThe M-Machine
achievessignificantly betterremotememorylatenciesthan the software-onlyshared
memorysystemsby performingcommontasksin hardwareIn addition,the M-Ma-
chinehasbetterremotememorylatencieghanany of the Typhoonsystemsin spiteof
thefactthattheyutilize substantiatustomhardwareanda commodityco-processoto
implementsharedmemory.While FLASH’s remotememorylatenciesaresignificantly
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betterthanthe M-Machine’s,muchof this is dueto the MAGIC chip’s optimizedin-
structionset,creatinganopportunityfor futurework whichcombineshardwaresupport
for software shared memory with an optimized instruction set.

7 Conclusion

In this paperwe haveshownthataddinga smallsetof hardwarenechanismgo support
softwaresharedmemoryto a processocansignificantly improveremotememoryla-
tencyatlow hardwarecost.We haveimplementedour key mechanismsgor software
sharednemory:block statushitsto allow smallblocksof datato betransferredetween
processorsa fasteventsystemto detectremotememoryaccesseandinvoke software
handlersdedicatedhreadslotsto eliminatecontextswitchoverheadvhenstartinghan-
dlers,anda globaltranslationookasidebufferto determinghe homeprocessorsf re-
moteaddressem hardwareln combinationthesemechanismsillow remotememory
accesseto be performedin aslittle as336 cycles,significantly fasterthanmostsoft-
ware-onlyor combinedhardware/softwareharedmemorysystemsHardwarecostof
these mechanisms is small -- approximately 3.5KB of storage, and some control logic.

Program-levekxperimentshowedhattheimpactof our mechanismen program
executiontime dependstronglyon whetherthe dominantfactorin the program’sper-
formancewasthelatencyor theoccupancyf theshared-memorkiandlersOna1,024-
point FFT, in which latencywasthe dominantfactor, usingall of the mechanismém-
provedperformancédy upto 9% whencomparedo usingonly theblock statusits. On
an8x8x8multigrid, whichis dominatedyy theoccupancyateof therequeshandleron
the hot-spot processor, the mechanisms improved execution time by up to 30%.

The mechanismimplementedn the MAP chip substantiallyimprovethe M-Ma-
chine’s shared-memonyperformanceat a low hardwarecost. However,the M-Ma-
chine’sremoteaccesgime is still morethana factor of 2.5x greaterthanthatof con-
temporaryfull-hardwareshared-memorgystemssuggestinghatadditionalhardware
supports requiredo closetheperformancgapbetweerhardwareandsoftware-based
shared-memory systems.
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