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Abstract

Software fine-grain distributed shared memory
(FGDSM) providesa simplifiedshared-memoryprogram-
minginterfacewith minimalor nohardwaresupport.Orig-
inally software FGDSMs targeted uniprocessor-node
parallel machines.ThispaperpresentsSirocco,a family of
software FGDSMsimplementedon a networkof low-cost
SMPs.Siroccotakesfull advantageof SMPnodesby imple-
mentinginter-nodesharingdirectly in hardware andover-
lapping computationwith protocol execution.To maintain
correct shared-memorysemantics,however, SMP nodes
require mechanismsto guaranteeatomiccoherenceopera-
tions.Multiple SMPprocessors mayalso result in conten-
tion for shared resources and reduceperformance. SMP
nodesalso impactthecosttrade-off. WhileSMPstypically
chargehigherprice-premiums,for a givensystemsizeSMP
nodessubstantiallyreducenetworkinghardware require-
ment as compared to uniprocessor nodes.

In this paper, weaskthequestion“ar e SMPscost-effec-
tive building blocks for software FGDSM?” We present
experimental measurementson Sirocco implementations
rangingfroman all-software systemto a systemwith mini-
mal hardware support.Together with simplecost models
weshowthat low-costSMPnodes:(i) resultin competitive
performancewith uniprocessornodes, (ii) substantially
reducehardware requirementand are more cost-effective
than uniprocessornodes, (iii) significantly benefit from
hardware support for coherenceoperations, and (iv) are
especially beneficial for FGDSMs with high-overhead
coherence operations.

1  Introduction
Clusters of small-scale symmetric multiprocessors

(SMPs)areemerging asa promisingapproachto building
cost-effective large-scaleparallelcomputers.Therelatively
high volumes of small-scaleSMP servers make them
extremelycost-effective asbuilding blocks.By connecting
theselow-cost nodes,systemdesignershopeto construct
large-scaleparallelmachineswith bettercost-performance
thanhasbeenpreviouslypossible[4].

To preserve applicationcompatibilitywhile maintaining
a low systemcost,many designersimplementsoftwaredis-
tributed sharedmemory(DSM) over a network of SMPs.
Most software DSMs [7,15] usestandardvirtual memory

translationmechanismsto maintain coherenceat a page
granularity(or larger)acrossSMPs.Transparentpage-level
coherence,however, can result in poor performancefor
applicationswith fine-grainsharing.

Alternatively, somesystemsimplementfine-grain dis-
tributedsharedmemory(FGDSM)whichallowsfor sharing
dataacrossthe nodesat a cacheblock (e.g.,32-128byte)
granularity. FGDSMsareparticularlyattractive for imple-
mentingDSM onanetwork of SMPsbecausethey transpar-
ently (i.e., without the involvement of the application
programmer)extend the SMP fine-grain shared-memory
abstractionacrossall thenodes.

SMP nodesprovide an opportunityto improve perfor-
mancein softwareFGDSM[22]. By sharinga singlelarge
memorycachefor remotedataamongmultiple processors,
SMPs improve memory utilization. Processorswithin a
nodecandirectly sharememoryusingfastSMP hardware
mechanisms.Multiple processorscanoverlapcomputation
with protocol handling to reduce execution time. SMP
nodescanalsoreduceremotemissfrequency by allowing
datafetchedbyoneprocessortobeusedbyothers.

Sharinga node’s resourcesalsocomesat a cost.Shared-
memory semantics dictates that coherenceoperations
appearto executeatomically[22]. By overlappingprotocol
executionwith computation,coherencechecksin theappli-
cation(ononeprocessor)mayexecutesimultaneouslywith
coherenceoperationsin a protocol handler(on another).
While some systemsdirectly support atomic coherence
operationsin hardware(e.g.,Typhoon-0[20]), othersimple-
menttheseoperationsin anon-atomicsequenceof software
instructions(e.g., Blizzard-S [25] or Shasta[23]). Non-
atomiccoherenceoperationsrequireadditionalsynchroni-
zationandmayresultin low SMP-nodeperformance.

Contentionfor resourcesin anSMPnodemayalsolower
performance.Commoditynetwork interfacecardsaretypi-
cally placedfar from processorson a slow peripheralbus
and do not provide supportfor multiple messagequeues
[6,8]. As such, frequentnetwork communicationusing a
singlepair of messagequeueson an SMP may result in a
bottleneck [12]. Multiplexing computationand protocol
executiononprocessorsmayalsoleadto cacheinterference,
lower cacheperformance,andresultin highermemorybus
contention.

Besidesperformance,clustering processorsinto SMP
nodesalsoimpactsthecosttrade-off. SMPstypically charge
higherprice premiumsthanuniprocessors.However, for a



systemwith a given aggregate numberof processorsand
amountof memory, SMPssubstantiallyreducethenetwork-
ing hardwarerequirementby reducingthenumberof nodes
in thesystemascomparedtouniprocessors.

In this paperwe presentSirocco, a family of software
FGDSMsderivedfrom WisconsinBlizzard[25] andimple-
mentedonnetwork of SunSparcStation20sinterconnected
by Myrinet [5]. Siroccosystemsrangefrom anall-software
designto a designwith minimal customhardwaresupport
for coherenceoperations.We identify and evaluate the
sourcesof overheadin SMP-nodeimplementationsof soft-
wareFGDSM.WecompareSirocco’sperformanceonSMP
nodesagainstuniprocessornodesfor systemswith a given
aggregatenumberof processorsandamountof memory. We
useperformancemeasurementsrunningeightshared-mem-
ory applicationstogetherwith simplecostmodelsto askthe
question:“areSMPscost-effectivebuilding blocksfor soft-
wareFGDSM?”

Our resultsindicatethatSMPnodes:(i) resultin perfor-
mancecompetitive with uniprocessornodes,(ii) substan-
tially reduce hardware requirementand are more cost-
effective thanuniprocessornodes,(iii) significantlybenefit
from hardware supportfor coherence,and (iv) especially
benefitsystemswith high-overheadcoherenceoperations.

Our resultsalso indicate that SMP-nodeperformance
maybehighly sensitiveto theprotocolschedulingpolicy. In
Sirocco,an idle processoron a nodecan handleprotocol
operationson behalfof another. Schedulingoneprocessor
to handle protocol messagesfor another may result in
adversecacheeffectsin applicationswith burstycommuni-
cationpatterns.

The restof the paperis organizedasfollows. Section2
describeshow Sirocco implementsFGDSM on an SMP
node.Section3 qualitatively analyzesthe impact of SMP
nodeson FGDSM performance.Section4 and Section5
evaluate the performanceand cost-effectivenessof the
Siroccosystemsrespectively. Finally, Section6 concludes
thepaper.

2  Sirocco: FGDSM on an SMP Node
Figure1 illustratesthe anatomyof a softwareFGDSM

node[25]. Thefiguredepictstheprotocol-onlyresourcesin
light gray, andresourcesusedby both theprotocolandthe
applicationin dark gray. The protocol maintainsmemory
block sharinginformationin a directoryandusesa pair of
send/receive messagequeuesto communicatewith other
nodes. A remote cache in memory temporarily stores
fetched remote data. Shareddata pagesare distributed
amongdesignatedhome nodes.A set of fine-grain tags
enforceaccesssemanticsfor shareddatain theremotecache

andhomepages.Upona block accessfault (i.e., anaccess
violationonasharedmemoryblock), thesysteminsertsthe
relevant informationinto a fault queue.Processorsexecute
boththeapplicationandtheprotocolsoftware.

SiroccoextendsthesoftwareFGDSMin Blizzard[25] to
target small-scaleSMP rather than uniprocessornodes.
Unlike other SMP-nodesoftware FGDSMs (e.g., Shasta
[22]), Siroccofully sharesa node’s resourcesamongSMP
processors.A singleremotecacheimprovesmemoryutili-
zation by eliminating redundantcopiesof sharedremote
data.SharingamemorycacheespeciallybenefitsFGDSMs
becausememory cachestypically suffer from pagefrag-
mentation[11]. In Sirocco,SMP processorsdirectly share
data in the remotecacheand home pagesusing shared-
memoryhardwareandobviatetheneedfor intra-nodemes-
saging.Sharingmemory also enablescombining request
messagesfrom multiple processorsfor a single memory
blockandallowsaprocessorto usememoryblocksfetched
by others.Sharingprotocol resources(e.g., the directory,
messagequeues)allows idle processorsto executeprotocol
handlerswhileotherprocessorsarebusycomputing[12,7].

Sharing resources,however, may violate the shared-
memory accesssemantics.Shared-memorydictates that
coherenceoperationsondatain theremotecacheandhome
pagesmustappearto executeatomically[22,25]. Figure2
illustrates examples of atomic sequencesrequired in
FGDSMcoherenceoperations.Coherenceoperationseither
correspondto fine-graintaglookupsuponamemoryloador
storeoperationin theapplication,or protocolactions(e.g.,a
writebackrequestfor adirty block)whichrequireanatomic
pairof accessesto thefine-graintagsandmemory.

Uniprocessor-nodeimplementationsof FGDSM[25] or
SMP-nodeimplementationsthatdonotallow resourceshar-
ing [23] guaranteeatomicity of coherenceoperationsin
threeways. First, the resourcesare replicatedamongthe
processorsandeachprocessoralwaysexecutesits own pro-
tocol handlers.As such,anapplicationanda protocolhan-
dler simultaneouslyexecutingonmultipleprocessorsnever
accessthe sameresources.Second,protocol handlersare
only invokedif thereis anaccessviolation or throughpoll-
ing for messagesand always execute to completion.As
such,protocolactionsalwaysappearto executeatomically
with respectto theapplication.Third,FGDSM’sthatimple-
ment tag lookup in software (e.g., Blizzard-S [25] and
Shasta[23]) carefully insertpolling codeto avoid handling
messagesin themiddleof acoherencelookup.

In therestof thesection,wedescribeSirocco’sapproach
to sharingresourcesamongSMPprocessors.Thenext sec-
tion describesthe protocol dispatchand executionmodel
and how Sirocco coordinatesaccessesto protocol-only

FIGURE 1. Anatomy of an FGDSM node: resources (left), application/protocol access breakdown (right).
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resourcesandthefaultqueue.Section2.2presentsthealter-
native mechanismsin variousSiroccosystemsto support
atomiccoherenceoperations.

2.1  Protocol Dispatch and Execution Model
Theprotocol-onlyresourcesmayrequireaccesscoordi-

nationif multiple processorssimultaneouslyexecuteproto-
col handlers.FGDSM protocol handlers,however, only
consistof codeto moveasmalldatablockbetweenmemory
and the network, and updatethe correspondingprotocol
state.As such,moving network datain/outof memoryoften
dominatesa handler’s executiontime.Parallelhandlerexe-
cution is only beneficialif the network interfacecardpro-
videsmechanismsto efficiently transferdatablocksin/out
of the network [17], and implementseithermultiple mes-
sagequeues[6] or mechanismsto efficiently dispatchmes-
sages from a single queue to multiple handlers [8].
Unfortunately, many commodity network interface cards
fail to satisfy the above requirementsand hencepreclude
efficient simultaneousexecutionof multiple protocolhan-
dlers.

Unlike Shasta[22], Siroccoobviatesthe needfor syn-
chronizationaroundtheprotocol-onlyresources(Figure1)
by serializing handler execution. In Sirocco, processors
contendfor a(software)lock toassumetheroleof theproto-
col processoruponanaccessviolationor amessagearrival,
or while waiting at a barriersynchronization.Thenetwork
interfacecardsignalsamessagearrival by settingaflagin a
user-accessiblememorylocation.Weuseexecutableediting
[16] andinstrumenttheapplicationcodeto poll theflag on
every loop-backedge.Backedgepolling obviatesthe need
for user-level messageinterruptswhich incur prohibitively
high overheads(~ 70µs) in our commodityoperatingsys-
tem.A protocolprocessoralwaysgoesbackto computation
by releasingthelock whenit no longerneedsto wait—e.g.,
aremoteblockarrivesorall messagesarereceived.

Siroccomultiplexescomputationwith runningprotocol
handlerson all the processors.Alternatively, the system
coulddedicateoneprocessoron every nodeto executepro-
tocolhandlers.A recentstudy[12], however, concludesthat
a dedicatedprocessoris not advantageousfor slow com-
modity networking hardwareandsmall-scaleSMP nodes.
While alternative schedulingpoliciesarepossible,they are
beyondthescopeof thispaper.

Siroccousesan array of per-processorfault recordsto
implementthesharedfault queue.Fault arrayaccessesare
of a producer-consumernature in which the application
always insertsnew dataand the protocol simply removes
them.A simpleper-processorsignalflag in the fault array
guaranteesthat fault informationis correctlyhanded-off to
theprotocol.

2.2  Support for Atomic Coherence Operations
Supportfor atomiccoherenceoperationsdependson the

fine-grain tag implementation.Much like Blizzard [25],
Siroccoprovidesaspectrumof tagimplementationsinclud-
ing customhardware tags in a snoopy board [20], ECC-
basedtags managedby the memory-controller[25], and
table-basedtagsmaintainedin software[23,25].Hardware
tagsperforma lookup atomicallywith the memoryrefer-
enceand eliminate overheadeither entirely or for most
memoryreferences.Software tagsperform a lookup in a
(non-atomic) sequenceof instrumentedinstructionsand
requireexplicit softwaresynchronizationto guaranteeato-
micity. Tagimplementationsalsovary in thedegreeof sup-
port for atomiccoherenceoperationsin handlers.In therest
of the section,we describein detail how variousSirocco
systemssupportatomiccoherenceoperations.

Sirocco-T0: Custom Board SRAM Tags
Sirocco-T0usestheTyphoon-0(T0) customboard[20]

to snoop memory bus transactions,perform fine-grain
accesscontrol teststhroughanSRAM lookup,andcoordi-
nate intra-node communication.T0 enforces fine-grain
accesssemanticsby assertinga bus error in responseto
memory transactionsthat incur accessviolations—e.g.,
read/writeto an invalid memoryblock or write to a read-
only block. An optimizedkerneltraptabledeliversthebus
error to the userlevel [26,18]. The user-level codeinserts
the appropriatefault information into an arrayof per-pro-
cessorfaultrecordswhichtheprotocolcodepollson.

Sirocco-T0supportsatomiccoherenceoperationsfrom
theprotocoldirectly in hardware.By writing to aT0 control
register, handlerscanatomicallyreadamemoryblockwhile
invalidating/downgrading the correspondingtag. Upon a
write to thecontrolregister, T0 updatesthetagandreadsthe
datainto a handler-accessibleblock buffer. Whenplacinga
fetchedblock into memory, a handlermustatomicallyexe-
cutea sequenceof memorywrites anda tag upgrade.T0
providesuncachedpage-mappingaliasesto memory[25] to
allow bypassinghardwaretaglookupwhilewriting thedata.
Becausehandlersin Siroccoalwaysexecuteto completion
without interruption,the non-atomicsequenceof memory
writes and tag upgradeappearto executeatomicallywith
respectto theapplication.Any applicationaccessviolations
duringhandlerexecutionarecaughtby thesystemandare
resumedimmediatelyafterthetagupdate.

Sirocco-E: Error-Correcting Code (ECC)
Sirocco-E(a descendentof Blizzard-E[25]) usesdelib-

eratelyincorrecterror-correctingcode(ECC) bits to iden-
tify invalid fromread-only/read-writeblocks.Todistinguish
read-onlyfrom read-writeblocks, Sirocco-Eusesvirtual

Memory Operation

FIGURE 2. Examples of atomic sequences required by FGDSM coherence operations.
Coherencecheckonapplicationshare-memoryloadsandstores(left),coherentreadandinvalidaterequestin aprotocolhandlerwriting
back a dirty block to the home node.

Required Atomic

read tag[address]
if (access is valid given tag)

else invoke an access fault
load data[address]

in Application
Block Invalidation Required Atomic

read and invalidate
data[address]

read data[address]
set tag[address] to invalid

load data[address]

in Protocol HandlerSequence Sequence



memorypageprotectionto mark a pagewith at leastone
read-onlyblock as a read-onlypage.Both bus errorsand
pageprotectiontrapsusethe samecustomtrap tableasin
Sirocco-T0.Thekernelmaintainsread-writestatefor each
blockonaread-onlypage,detectswritesto writableblocks,
and directly executesthe writes [25]. Writes to read-only
blocksandbuserrorsaredeliveredto a user-level traphan-
dlerasin Sirocco-T0.

Sirocco-Emanipulatespageprotectionandimplements
ECCinvalidates/downgradesin theOSusinga customsys-
tem call interface.Atomicity is guaranteedby suspending
memoryactivity on all but oneof a node’s processors,and
throughhandshakesin thekernel.In Sirocco,thereis amas-
ter processoron the memorybus capableof maskingbus
arbitration.A systemcall to invalidatea block issuedfrom
any processorbut the masterwill sendan interprocessor
interrupt to the master. The mastermasksbus arbitration,
readsthe data into a user-accessiblebuffer in memory,
writes incorrectECC to memory, andreleasesbus arbitra-
tion. Downgradingthe tag (from read-writeto read-only)
mayinvolvechangingthepageprotectionandconsequently
aTLB shootdown. Sirocco-Eperformsatomictagupgrades
usinguncachedpage-mappingaliasesasin Sirocco-T0.

Sirocco-S: Software Tags
Sirocco-Sstoresthetagsin memoryandusesexecutable

editing [16] to insert accesscontrol testsaroundshared-
memoryloadsandstores.Unlike its predecessorBlizzard-S
[25], Sirocco-Susestwo formsof teststo detectaccessvio-
lations.Invalid memoryis markedwith asentinelvaluethat
hasa low probabilityof occurringin theprogram[24]. The
mostcommontestcaseusesasequenceof 3 instructions(3
cycles) to detectword anddoubleword load operationsto
invalid memoryblocks.Whenthe testdetectsa sentinel,it
performsa completetable lookup in order to distinguish
accessviolationsfrom innocentusesof the sentinelvalue.
Therestof thememoryoperations(i.e.,all storesandsome
loads)usea sequenceof 5 test instructions(6 cycles) to
index a tag table prior to the memoryreferenceto detect
accessviolations.

Unlike hardware tags, software tag table lookups use
memoryinstructionsandarenotatomicwith respectto data
references.Sirocco-Sguaranteesatomicity througha soft-
ware handshake betweenthe applicationand the protocol
handlers.Thehandshakeaugmentstheinstrumentationwith
a pair of storeandclearinstructionsto per-processormem-
ory locations that protocol handlerspoll on (Figure3).
Upon invalidating/downgradinga block, the protocolhan-
dler cansafelymodify thetagin advance,but mustguaran-
tee that all writes to the data from the applicationhave
completed.

Unfortunately, thehandshake overheadmaybehigh for
applicationswith a largenumberof non-atomicinstrumen-
tations(i.e., all storesandsomeloads).Moreover, frequent
handshakingwith the protocol is unnecessaryin applica-
tions with less frequentprotocol activity. Sirocco-SB(B
standsfor backedge)addressesthisproblemandonly usesa
singleclearinstructionin loop-backedgesin theapplication
(Figure3).Uponatagupdate,ahandlersetstheflagsfor all
processorsand simply verifies that all processorshave
reacheda loop backedgeat leastoncebeforereadingthe
block. Sirocco-SBreducesoverheadin applicationswith a

low frequency of protocolactivity while increasingthepro-
tocolwaitingtimein communication-intensiveapplications.

Upon an accessviolation the test code in Sirocco-S
(Sirocco-SB)inserts the fault information into the fault
array. To placea fetchedblock in memory, a handlerfirst
writesthedataandthenupgradesthetag.Becausehandlers
executeto completionwithout interruptions,suchanopera-
tion appearsto executeatomicallywith respectto theappli-
cation.

Our handshake methodsin Sirocco assumea sequen-
tially consistentmemorysystem.Weaker memorymodels
requirefenceinstructionswhichmayincur highoverheads.
Shastareplicatesfine-graintagsamongtheprocessorsand
usesintra-nodemessagingto obviatetheneedfor asoftware
handshake andfenceinstructionson anAlpha Server [22].
Modern microprocessors,however, are using aggressive
speculative techniquesto provide sequentiallyconsistent
systemswith performancecompetitive to weaker models
[14]. Sincethesetechniquesalsoenhanceperformanceof
fence instructionsin processorswith weaker models,we
expect our handshake methodsto remain low-overhead
alternativesto intra-nodemessagingin futuresystems.

Sirocco-ES: A Hybrid of ECC and Software Tags
Sirocco-ESis anattemptto takeadvantageof featuresin

both Sirocco-Eand Sirocco-S.Sirocco-ESusesECC to
identify invalid memoryblocksandsoftwaretagsto distin-
guish read-writefrom read-onlyblocks. In comparisonto
Sirocco-S,Sirocco-ESeliminatesinstrumentationoverhead
on load operationsaltogether, but introducesthe cost of
maintainingECCtags.Comparedto Sirocco-E,Sirocco-ES
eliminatestheuseof high-overheadpageprotectionmecha-

FIGURE 3. Handshake between application and
protocol handlers in Sirocco-S and Sirocco-SB.

The figuredepicts thesoftwarehandshakebetween theapplica-
tion (left) and protocol (right). In Sirocco-S, synchronization
statements (shaded gray) consist of a store indicating theblock
being accessed and a clear indicating there are no accesses in
progress. Sirocco-SB reduces thesynchronization statements in
the application to a single clear in every loop backedge.
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clear poll_flag[i]
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nismsat the costof introducinginstrumentationoverhead
for write operations.Much like Sirocco-SB,Sirocco-ESB
implementsthe alternative form of application-protocol
handshake.

3  Factors Affecting SMP-Node Performance
An FGDSM’s performanceon a network of SMPs

dependson both application and systemcharacteristics.
Clusteringprocessorsinto SMP nodesis beneficialif the
applicationsharingpatternsfavor fast(local)SMPhardware
shared-memorymechanismsover high-latency (remote)
FGDSM mechanisms.An SMP node also provides the
opportunityfor an idle processorto overlaprunningproto-
col handlerswith computationon other processors.SMP
nodes,however, introduceadditionaloverheads,whichmay
resultin loweroverallperformance.In thissectionweiden-
tify thesourcesof overheadin SMP-nodeimplementations,
andquantifyoverheadfor commonFGDSMoperations.

We classify overheadinto correctnessand contention
overhead.Correctnessoverheadcorrespondsto the mini-
mumoverheadassociatedwith SMP-nodeimplementations
in theabsenceof contentionamongprocessors.Contention
overheadrefersto additionaloverheaddueto resourceshar-
ingamongmultipleSMPprocessors.

Correctness Overhead
Table1 depictsthecostof commonFGDSMoperations

in a basesystemwithout SMP-nodesupport,andtheaddi-
tional overheadof supportingSMP nodes.Softwarehand-
shake incursbetween0 (for sentinel)to 2 (for tablelookup)
cycles of overheadupon tag lookup in Sirocco-S and
Sirocco-ES,and1 cycle of overheaduponloop-backedges
in Sirocco-SBandSirocco-ESB.Manipulatingtagsin ECC
implementationsmay requirea systemcall which incurs
about30µs.SMPnodesmayrequireanadditionalinterpro-
cessorinterrupt(Section2.2)for anoverheadof 30µs if the
systemcall originatesfrom a processorincapableof mask-
ing memorybus arbitration.The tag updateoverheadfor
softwaretagscorrespondsto thehandshakecostin thehan-
dlers(Figure3).

Thetablealsopresentsremotemisstimesin Sirocco.The
measurementscorrespondtominimumroundtripmisstimes
for a 128-block software protocol betweentwo machine

nodes.The rangeof miss times correspondsto the three
typesof remotemisses:a readmiss,a write miss,andan
upgrade(write to aread-onlyblock)miss.SMPnodesincur
the additionaloverheadsof passinginformationthrougha
fault array and acquiring/relinquishingthe protocol lock
upon an accessviolation. In comparison,a uniprocessor-
nodeimplementation(suchas Blizzard) directly calls the
appropriateprotocol handler upon accessviolation and
passesthe fault information through processorregisters.
SMP nodeson averageincreaseroundtrip miss times by
about7-18%.

Contention Overhead
SMP nodes also incur contention overhead due to

resourcesharingamongmultipleprocessors.While conten-
tion for (local)memoryaccessescanleadto queuingdelays
on the memory bus, contention for (remote) memory
accessescanresult in queuingdelaysfor runningprotocol
handlers. Applications not benefiting from clustering
increasethe demandfor protocol executionby increasing
theaggregatefrequency of remotemissesonanode.Allow-
ing oneprocessorto executeprotocolhandlerson behalfof
othersmayalsopollute theprotocolprocessor’s cacheand
increaselatency by requiring a cache-to-cachetransferof
databetweena requestingprocessorandthereceiving pro-
tocolprocessor[12].

4  Performance Evaluation
In thissection,wefirst presentarchitecturaldetailsof our

network of SMPs.Next, we presentapplicationspeedups
for our basesystems which areuniprocessor-nodeFGDSM
implementations(as in Blizzard) incurring no SMP-node
overhead.We usethebasessystemsfor performancecom-
parisonsagainstSiroccoin therestof thepaper. Weproceed
by evaluating the correctnessoverheadin Sirocco and
finally measurethe impact of clusteringprocessorsinto
SMPnodesonapplicationperformance.

Our platformconsistsof 16 SunSPARCstation20srun-
ningSolaris2.4,eachwith up to four 66MHz RossHyper-
SPARC processors[21], and 64 MB of memory. The
processorseachhaveaunified256KB cacheanda50MHz
memorybus (SunMBus) that maintainsthe cachescoher-
ent.Thememorybuscontainstwo slots,eachaccommodat-

System

Tag Lookup (cycles) Backedge (cycles) Tag Update (µs) Remote Miss (µs)

Base
Cost

+SMP
Overhead

Base
Cost

+SMP
Overhead

Base
Cost

+SMP
Overhead

Base
Cost

+SMP
Overhead

Sirocco-T0 0 0 5 0 15-21 0 61-90 4-7

Sirocco-E 0 0 5 0 16-64 0,30 85-157 8-16

Sirocco-S 3,6 0,2 5 0 7-10  < 1 56-80 4-7

Sirocco-SB 0 1

Sirocco-ES 0,6 0,2 5 0 14-58 0,30 77-146 9-13

Sirocco-ESB 0 1

TABLE 1. Cost of operations in uniprocessor- and SMP-node implementations of Sirocco.
Thetablepresentsthecostofcoherenceoperationsin uniprocessornodes(Base)andtheadditionaloverheadsin SMPnodes.Tag lookup
correspondsto thelookupoverheadfor loadsandstores(separatedbyacomma)respectively. Backedgecorrespondsto thepoll overhead
in everyloop-backedge. Tag updatecorrespondsto theoverheadof validating/invalidating, or upgrading/downgradingthetags.Remote
miss times correspond to roundtrip time from an access violation until resuming the access.



ingadual-processormodule.TheT0customboardoccupies
oneof thebusslotsin Sirocco-T0andthereforeallows for
only dual-processornodes.The SMPsare interconnected
usingMyricom’s Myrinet [5] switch-basednetwork. Myri-
netnetwork interfacecardsconnectto anodevia a25MHz
I/O bus.We usea 128-byteStachesoftwarecoherencepro-
tocol[19] to implementsharedmemoryacrossthenodes.

4.1  Base System Performance
Table2 presentsspeedupsfrom shared-memoryapplica-

tionsrunningon our basesystems.We alsotake advantage
of softwareDSM’sflexibility , andusecustomizedprotocols
thatbypasssharedmemoryandusedirectmessagingin two
of our applications,em3dand appbt [9]. Speedupsvary
dependingon anapplication’s inherentparallelism,andits
interactionwith the FGDSM system.Sirocco-T0 imple-
mentsthe fine-graintagsin hardwareandalwaysachieves
thebestspeedups.Sirocco-Salwaysincursinstrumentation
overheadand thereforefavors applicationswith frequent
accessviolations(e.g.,em3d). In contrast,protocolcoher-
enceoperationsin Sirocco-Eare expensive and henceit
favors applicationswith less frequent (e.g., tomcatvand
water)orno(e.g.,em3d-csandappbt-cs) accessviolations.

Pageprotectionoverheadin Sirocco-Ecandegradeper-
formanceeven in the absenceof sharingif an application
incursfrequentwritesto read-onlypages(i.e.,pageswith at
leastoneread-onlyblock).For instance,lu achievesreason-

able speedupson Sirocco-T0,but exhibits a much lower
performanceonSirocco-E.Sirocco-ESaddressesthisprob-
lem by performingtag lookupsfor storesin softwareand
obviating the needfor pageprotection.Sirocco-ESoften
either outperformsboth Sirocco-Eand Sirocco-Sor per-
formscloseto thebestof thetwo.

4.2  Correctness Overhead in SMP Nodes
We measurecorrectnessoverheadby comparing the

Siroccosystemsrunningonuniprocessornodesagainstour
basesystems(incurring no SMP-nodeoverhead).Figure4
illustratesapplicationexecutiontimeson Siroccosystems
normalizedto thoseon thecorrespondingbasesystems.On
average,correctnessoverheadis negligible (< 3%) in hard-
waretags.Thesoftwaretagsrequireanapplication-protocol
handshakeandincurahigheroverheadof upto11%.

The performanceimpact of correctnessoverheadalso
variesacrossapplications.In Sirocco-T0,applicationswith
high sharingactivity (e.g.,em3d, appbt, barnes, andem3d-
cs)incurhighercorrectnessoverhead.Correctnessoverhead
in Sirocco-Shasa higherperformanceimpacton applica-
tionswith frequentnon-atomicinstrumentations(e.g.,bar-
nes and lu). The loop-backedge handshake on average
lowers the incurred correctnessoverhead in Sirocco-S
(Sirocco-ES)byupto4%.

4.3  Performance Impact of Clustering
In thissection,we investigatetheimpactof clustering—

i.e., groupingprocessorsinto SMP nodes—onapplication
performance. We evaluate clustering by comparing
Sirocco’s (SMP-node)performanceagainstthatof ourbase
system,while keepingtheaggregatenumberof processors
andamountof memoryin thesystemconstant.

Clusteringaffects the numberof accessesto both local
andremotememory. An SMP mustsatisfyall of the clus-
teredprocessors’local memoryaccesses.While clustering
converts certain memory accessesamong neighboring
(clustered)processorsfrom remoteto local,it aggregatesall
of theclusteredprocessors’remoteaccesses.Becauseclus-
teredprocessorssharetheremotecacheandhomepagesin
memory, aprocessorfetchingremotedatamayalso(implic-
itly) prefetchandconvert remoteaccessesby othersto local
cacheaccesses.

Clusteringaffectsperformancein applicationswith dom-
inant local memoryaccessesin threeways.First, clustered
implementationsat a minimum incur the SMP-nodecor-
rectnessoverhead.Second,anincreasein localaccessescan
introducequeuingdelaysin thenode’s memorybus.Third,
executingprotocolhandlerson oneprocessoron behalfof
anothermay impactcacheperformanceandan increasein
the numberof local accesses.Likewise, clusteringaffects

Apps Input Data Set

Sirocco Speedup

T0 E S ES

em3d 128K nodes,
40% remote edges

3.8 2.2 3.7 2.7

appbt 40x40x40 matrices 6.2 2.8 4.5 4.8

barnes 16K particles 6.1 3.8 5.3 4.7

tomcatv 512x512 matrices 10.6 8.8 6.9 9.0

lu 512x512 matrix 10.0 4.5 5.8 8.1

water 4096 molecules 12.0 9.6 8.3 10.8

em3d-cs 17.2 16.4 12.2 15.7

appbt-cs 9.9 9.8 6.2 9.7

TABLE 2. Application data sets and speedups.
Thetabledepictsapplicationinputdatasetsandspeedupsrunning
onourbasesystems.Em3d-csandappbt-cshavesimilar inputdata
setsas their transparent shared-memory counterparts (i.e., em3d
andappbt).For hardwareimplementations,em3d-csshowssuper-
linear speedups due to cache effects.

FIGURE 4. Correctness overhead in Sirocco.
The figure presents application execution times on Sirocco systems with 16 uniprocessor nodes normalized to our base systems.
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performancein applicationswith dominantremotememory
accesspatternsin two ways. First, the aggregate remote
memoryaccessesincreasethedemandfor executingproto-
col handlers.Second,SMP-nodeprocessorscan improve
performanceby overlapping computationwith protocol
execution.

Theper-nodeaggregatenumberof remoteaccessesin a
clusteredconfigurationdependsonanapplication’ssharing
patterns(Figure5).Sharingpatternsvaryfrom strictly near-
est-neighborsharingin em3dandtomcatv, to mostlyall-to-
all sharingin barnes. Nearest-neighborsharingresultsin the
sameper-nodeaggregatenumberof remoteaccessesin both
clusteredand uniprocessor-nodeconfigurations;on every
node,thereareexactly two immediateneighboringremote
processorsin all configurations.In morecomplex sharing
patterns,theper-nodeaggregatenumberof remoteaccesses
dependson the degreeof sharingin the remotecacheand
homepages.When the network is the bottleneck,perfor-
manceimprovementswith clusteringare due to implicit
prefetchingof sharedmemoryblocks,which cannotoccur
in applicationswith nearest-neighborsharing.

Figure6 presentsapplicationexecutiontimeson sixteen
uniprocessornodes,eight dual-processornodes,and four
quad-processornodesfor all Siroccosystems.The results
are normalizedto the correspondingbaseuniprocessor-
nodesystems.Tomcatv, lu, water, em3d-csandappbt-csare
computation-intensive and primarily accesslocal data,
em3d and appbt are communication-intensive and fre-
quentlyaccessremotedata,andbarnesaccessesmoderate
amountsof remotedata.Em3d, tomcatvand em3d-csall
exhibit nearest-neighborsharing patterns(Figure5). As
such,clusteringdoesnotaffecttheper-nodeaggregatenum-
ber of remoteaccessesin theseapplications.Appbt uses
shared-memoryspin-locks and incurs frequent remote
accesseson the critical pathof execution.Clusteringsub-
stantiallyreducestheseremoteaccessesby convertingthem
to localspin-lockaccesses.Theper-nodeaggregatenumber
of remoteaccesses,however, increasesin all theotherappli-
cations(upto50%in barnes).

Ouroverallresultsindicatethatclusteringofferscompet-
itive performancespeciallyfor hardware tag implementa-
tions. Dual-processor nodes perform very close to
uniprocessornodes for Sirocco-T0 and Sirocco-E and

increaseexecutiontimeonaverageby13%in Sirocco-Sand
11%in Sirocco-SB.Quad-processornodesalsoexhibit per-
formancecompetitive to uniprocessornodes,andareespe-
cially beneficial for Sirocco-E,converting high-overhead
FGDSM operations(e.g.,write to read-onlypages)to fast
SMPlocal accesses.This resultcorroboratespreviousfind-
ingsfor (high-overhead)DVSM implementationson a net-
work of SMPs [28]. Quad-processornodesalso increase
synchronization time in the loop-backedge handshake
becauseaprotocolhandlermustwait for threeprocessorsto
reacha loop-backedge.This result indicatesthat the loop-
backedgehandshake may be suitablefor small-scaleSMP
nodeswhile instrumentedsynchronizationmaybesuitable
for largerSMPnodes.

Em3d-csconsistentlyexhibits the largest performance
degradationacrossall tag implementations.At the endof
eachiterationin em3d-cs, thesystemschedulesoneproces-
sor (the first one to becomethe protocol processor)to
receiveall theincomingdata.Because,thedataarereceived
in protocol processor’s cache,subsequentaccessesto the
data by the consuming(i.e., computing)processormiss.
Databelongingto otherprocessorsalsopollutetheprotocol
processor’s cache. The combined effect significantly
increasescomputationtime in em3d-cs(> 50% for quad-
processornodes).This resultsuggeststhat systemsshould
allow customprotocolsto scheduleprotocolexecutionona
particular processorfor effective cache utilization. Our
transparentsharedmemoryprotocoldoesnotexhibit perfor-
mancesensitivity to theschedulingpolicy becausea(proto-
col) processorresumescomputationassoonastheblock it
iswaitingfor arrives.

Appbt and em3d significantly benefit from clustering
acrosstag implementations.In appbt,clusteringimproves
performanceby reducingthe numberof remoteaccesses.
The performanceimpact is more pronouncedfor systems
with high-overheadcoherenceoperationssuchasSirocco-E
and Sirocco-ES.Appbt performs 89% and 32% better
respectively on quad-processornodes than uniprocessor
nodes.Em3d makes effective use of the processors’idle
time to serviceremoterequests.Becauseof nearest-neigh-
bor sharing patterns, quad-processornodes eliminate
remoteaccessesfor twoof theprocessors.In everyiteration,
theseprocessorscompletecomputationmorequickly than
othersand competeacting as the protocol processoron
behalf of the node, overlappingprotocol execution with
computationandimprovingperformancebyupto18%.

Lu exhibits irregular clustering trends on Sirocco-E.
Clusteredneighborsare locatedalong the y dimensionof
the 2-dimensionalinput matrix. Partitioning the matrix
amongsixteenprocessorsusinguniprocessoranddual-pro-
cessornodesresultsin alargenumberof writesto read-only
pages.Becauseprotocol executionis serialized,queueing
delaysat the protocol processorin dual-processornodes
degradeperformance.In quad-processornodes,all thepro-
cessorsalong the y dimensionbelong to the samenode
eliminatingtheread-onlypages.As such,performancesig-
nificantly improves by 96% since the high-overhead
FGDSMaccessesareconvertedto localSMPaccesses.

Not surprisingly, the choice of a handshake method
impactsthe clusteringperformancefor softwaretags.Fre-
quentaccessviolationsin em3d(on dual-processornodes)
andbarnes,aswell aslarge loop bodieswith sparseloop-
backedgesin tomcatvincreasehandshake waiting time in

em3d appbt barnes tomcatv

FIGURE 5. Application sharing patterns.
Thefigureillustratesapplicationsharingpatternsrunningonour
basesystems.Thepatternsalsocorrespondtothosein aclustered
configuration since data partitioning in these applications is
static. Theshadesof gray indicatemessage traffic intensity from
senders(thex-axis)to thereceivers(y-axis).Topleft-mostcorner
indicates traffic from node 0 to itself.
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theloop-backedgemethod.Thelatter, however, consistently
improvesperformancefor lu andwaterbecauseof the low
frequency of protocolactivity in theseapplications.

5  Cost-Effectiveness of SMP Nodes
Althoughthemanufacturingcostof computerproductsis

typically relatedto the costof components,cost from the
perspective of a customeris relatedto price,which is also
dictatedby market forces[13]. High-performanceproducts,
for instance,tendto targetsmallermarketsandassuchcarry
largermargins,charginghigherpremiums.

A software FGDSM may either use uniprocessorsor
SMPsasbuildingblocks.Dependingonthedegreeof multi-

processing,SMPproductscanbelongto eithera low-mar-
gin desktopor high-margin server market.Whenclustering
processorsinto SMP nodes,many machinecomponents
such as the numberof processorsand memory modules
remainfixedacrossplatforms.A clusteredsystem,however,
reducesthe number of nodes in the machineand thus
requiresfewer motherboards,network interfacecards,and
network switches/routers.BecauseSMPscancarry higher
pricepremiums,a reductionin thenumberof thesecompo-
nentsmaybeoffsetbyanincreasein thecostof anode.

In thissectionweaskthequestion:“areSMPscost-effec-
tive building blocks for softwareFGDSM?” We usecost-
performanceasthemetric[27,10],andour baseuniproces-

FIGURE 6. Performance of clustering in Sirocco.
ThefiguredepictsapplicationexecutiontimesonSirocco-T0,Sirocco-E,Sirocco-S,andSirocco-ESfor sixteenuniprocessornodes(16x1),
eightdual-processornodes(8x2),andfourquad-processornodes(4x4)eachnormalizedtothecorrespondingbasesystem.Sirocco-T0sup-
portsonlyupto twoprocessorspernode. Sirocco-SandSirocco-ESgraphsalsopresentexecutiontimeonthealternativeloop-backedge
handshake implementations,Sirocco-SBandSirocco-ESB.Theexecutiontimesarebrokendowninto threecomponents:(a) computation
timeincludingpollingandtag lookupinstrumentationoverhead,(b)protocolexecutiontimeincludingmessageandblockaccessfaulthan-
dling and waiting for messages, and (c) lock/barrier waiting time.
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sor-nodeFGDSMsystemsasthereferencepoint.Wesayan
SMP-nodesystemiscost-effective, if it hasalowercost-per-
formancethan a uniprocessor-node system.A systemis
mostcost-effectivewhenit achievesthelowestcost-perfor-
manceof all comparedsystems.

We compareandcontrastuniprocessorandSMP prod-
uctsfrom two vendorsrepresentingthelow andhighendsof
the price spectrumrespectively. Vendor prices vary over
timebut thetrendssuggestthattherelativepricesremainthe
same.We evaluatecost-performance—i.e.,costmultiplied
byexecutiontime—usingapplicationexecutiontimes(from
Section4.3) and cost estimatesfor samplesystemsbuilt
from DELL [1] andSunMicrosystems[3] productsrepre-
sentingtwo endsof the price spectrumfor desktopsand
servers.Ourplatformsconsistof atotalof 16processorsand
1 GB of memoryanduseMyrinet [2] for networking.DELL
productsare low-end uniprocessorDimensionXPS PCs,
high-end dual-processorModel 400 workstations, and
quad-processorflagship PowerEdge 6100 servers. Sun
Microsystemsproductsaresingleanddual-processordesk-
topsModel E1300,andlow-endquad-processorEnterprise
450servers.

Table3 depicts the cost-performanceof Sirocco-S’s
clusteredconfigurationsnormalizedto that of its corre-
spondingbaseuniprocessor-nodesystem.Numberslower
than one indicatea cost-effective clusteredconfiguration.
Withoutacostadvantage(i.e., in equal-costsystems),clus-
teringresultsin machinesthatarenotcost-effectivefor most
of theapplications;clusteredimplementationsincur higher
overheadsandthereforelower performance.For all vendor
platformsandapplications,quad-processornodesperform
bestexcept for lu on DELL-basedsystems;lu exhibits a
large performancedegradationin a clusteredsystemand
thereforeresults in lower cost-performance.Sun’s quad-
processorconfigurationsoffer a significant cost-perfor-
manceadvantageover their uniprocessoranddual-proces-
sor counterparts. SMP nodes also improve cost-
performancefor DELL-basedplatformsbut the high price
premiumof DELL’s SMPproductspreventthemfrom hav-
ing ahigh impactoncost-performance.Theseresults,how-
ever, are based on a high-overhead clustered
implementation (Sirocco-S) and may be conservative.

Implementationswith hardwareassistwill be morefavor-
abletowardsquad-processornodes.

6  Conclusions
In thispaper, wepresentedSirocco,a family of FGDSM

systemsimplementedon a network of SMP workstations.
Unlike previous implementationsof FGDSM,Siroccotar-
getslow-cost SMPsratherthan uniprocessorsas building
blocks.SMPnodesprovide anopportunityto improve per-
formanceby allowing processorsto communicatewithin
SMP using fast hardware shared-memorymechanisms.
Multiple SMP processorscan also overlap application’s
executionwith protocolexecutiontherebyreducingexecu-
tion time. Simultaneoussharingof node’s resources(e.g.,
memory)betweenthe applicationand protocol, however,
requires mechanismsfor guaranteeingatomic accesses.
Contentionfor sharedresourcesamongSMP processors
mayalsoresultin queueingdelaysandlowerperformance.

We measuredperformancefor various Sirocco imple-
mentationsrangingfrom an all-softwareapproachwith no
additional hardware to a mostly-software approachwith
customhardwaresupportfor atomiccoherenceoperations.
We evaluatedthe impactof clustering—i.e.,groupingpro-
cessorsinto SMPnodes—bycomparingtheperformanceof
clusteredimplementationsagainst that of a uniprocessor-
nodeimplementationwhile keepingthe aggregatenumber
of processorsand amountof memory in the systemcon-
stant.Usingsimplecostmodelsfor desktop/serverproducts,
we finally asked the question “are SMPs cost-effective
buildingblocksfor softwareFGDSM?”

Experimental results from running shared-memory
applicationsindicatedthatSMPnodes:(i) resultin competi-
tiveperformancewith uniprocessornodes,(ii) substantially
reducehardware requirementand are more cost-effective
than uniprocessornodes,(iii) significantly benefit from
hardware support for coherenceoperations,and (iv) are
especially beneficial for FGDSMs with high-overhead
coherenceoperations.

.

Application

Equal Cost DELL-based Cost Sun-based Cost

16x1 8x2 4x4 16x1 8x2 4x4 16x1 8x2 4x4

em3d 1.00 1.08 0.89 1.00 0.92 0.73 1.00 0.78 0.48

appbt 1.00 1.03 0.88 1.00 0.88 0.72 1.00 0.75 0.48

barnes 1.00 1.11 1.04 1.00 0.95 0.91 1.00 0.81 0.56

tomcatv 1.00 1.02 1.07 1.00 0.87 0.84 1.00 0.74 0.58

lu 1.00 1.25 1.27 1.00 1.07 1.03 1.00 0.91 0.69

water 1.00 1.16 1.12 1.00 0.99 0.96 1.00 0.84 0.61

em3d-cs 1.00 1.17 1.37 1.00 1.00 0.96 1.00 0.85 0.74

appbt-cs 1.00 1.19 1.19 1.00 1.01 0.98 1.00 0.86 0.64

TABLE 3. Cost-effectiveness of clustering in Sirocco-S.
Thetabledepictscost-performance(i.e., costtimesexecutiontime)for clusteredconfigurationsnormalizedto thatof thebasesystem(uni-
processor-nodeimplementation)in Sirocco-S.Numbers lowerthan1 indicatea cost-effectiveclusteredconfiguration.Numbersappearing
in underlined bold indicate themost cost-effectiveconfiguration. The tablecomparescost-performance for systemswith equal cost—i.e.,
when there is no cost advantage, and for DELL- and Sun-based systems.
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