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Abstract

Softwae fine-gmin distributed shaed memory
(FGDSM) providesa simplified shared-memoryprogram-
minginterfacewith minimalor no hardware support.Orig-
inally softwae FGDSMs targeted uniprocessomode
parallel madines.This paperpresentsSirocco,a family of
softwae FGDSMsimplementedn a networkof low-cost
SMPs Siroccotakesfull advantae of SMPnodesbyimple-
mentinginter-nodesharingdirectlyin hardware and over-
lapping computationwith protocol execution.To maintain
correct shaed-memorysemantics,however, SMP nodes
require mehanismgo guaranteeatomiccoheenceopena-
tions. Multiple SMP processos mayalso resultin conten-
tion for shawed resouces and reduceperformance SMP
nodesalsoimpactthe costtrade-of. While SMPstypically
charge higherprice-premiumsfor a givensystensizeSMP
nodessubstantiallyreducenetworkinghardware require-
ment as compad to unipocessor nodes.

In this paper we askthe questiont‘ar e SMPscost-efec-
tive building blocks for softwae FGDSM?” We present
experimental measuementson Sirocco implementations
rangingfroman all-softwale systento a systenwith mini-
mal hardware support. Together with simple cost models
we showthat low-costSMPnodes:(i) resultin competitive
performancewith uniprocessornodes, (i) substantially
reducehardwatre requirrmentand are mote cost-efective
than uniprocessornodes, (i) significantly benefit from
hardware supportfor coheenceopeiations, and (iv) are
especially beneficial for FGDSMs with high-overhead
coheence opeations.

1 Introduction

Clusters of small-scale symmetric multiprocessors
(SMPs)areemeqging asa promisingapproachto building
cost-efective large-scalearallelcomputersTherelatively
high volumes of small-scale SMP seners make them
extremely cost-efective asbuilding blocks.By connecting
theselow-cost nodes,systemdesignershopeto construct
large-scaleparallel machineswith bettercost-performance
thanhasbeenpreviously possiblg4].

To presere applicationcompatibility while maintaining
alow systemcost,mary designersmplementsoftwaredis-
tributed sharedmemory (DSM) over a network of SMPs.
Most software DSMs [7,15] use standardvirtual memory
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translationmechanismgo maintain coherenceat a page
granularity(or larger) acrossSMPs.Transparenpage-leel
coherence however, can resultin poor performancefor
applicationswith fine-grainsharing.

Alternatively, some systemsimplementfine-graindis-
tributedsharednemory(FGDSM)whichallowsfor sharing
dataacrossthe nodesat a cacheblock (e.g.,32-128byte)
granularity FGDSMsare particularly attractve for imple-
mentingDSM onanetwork of SMPsbecausé¢hey transpar-
ently (i.e., without the involvement of the application
programmer)extend the SMP fine-grain shared-memory
abstractioracrossll thenodes.

SMP nodesprovide an opportunityto improve perfor-
mancein software FGDSM[22]. By sharinga singlelarge
memorycachefor remotedataamongmultiple processors,
SMPs improve memory utilization. Processorswithin a
nodecandirectly sharememoryusingfast SMP hardware
mechanismsMultiple processorganoverlapcomputation
with protocol handling to reduce execution time. SMP
nodescanalsoreduceremotemissfrequeng by allowing
datafetchedby oneprocessoto beusedby others.

Sharinga nodes resourcesllsocomesat a cost.Shared-
memory semantics dictates that coherence operations
appeato executeatomically[22]. By overlappingprotocol
executionwith computationcoherencehecksn the appli-
cation(on oneprocessorjnay executesimultaneouslyvith
coherenceoperationsin a protocol handler(on another).
While some systemsdirectly support atomic coherence
operationsn hardware(e.g., Typhoon-020]), othersmple-
menttheseoperationsn anon-atomicsequencef software
instructions(e.g., Blizzard-S [25] or Shasta[23]). Non-
atomic coherenceperationgequireadditionalsynchroni-
zationandmayresultin low SMP-nodeperformance.

Contentiorfor resourcein anSMPnodemayalsolower
performanceCommoditynetwork interfacecardsaretypi-
cally placedfar from processor®n a slow peripheralbus
and do not provide supportfor multiple messagequeues
[6,8]. As such,frequentnetwork communicationusing a
single pair of messageueueson an SMP may resultin a
bottleneck[12]. Multiplexing computationand protocol
executionon processormayalsoleadto cachanterference,
lower cacheperformanceandresultin highermemorybus
contention.

Besidesperformance clustering processorsnto SMP
nodesalsoimpactsthecosttrade-of. SMPstypically chage
higher price premiumsthan uniprocessorsHowever, for a
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FIGURE 1. Anatomy of an FGDSM node: resources (left), application/protocol access breakdown (right).

systemwith a given aggrejate numberof processorand
amountof memory SMPssubstantiallyreducethenetwork-

ing hardwarerequiremenby reducingthe numberof nodes
in thesystemascomparedo uniprocessors.

In this paperwe presentSrocco, a family of software
FGDSMsderivedfrom WisconsinBlizzard[25] andimple-
mentedon network of SunSparcStatior20sinterconnected
by Myrinet [5]. Siroccosystemgangefrom anall-software
designto a designwith minimal customhardware support
for coherenceoperations.We identify and evaluate the
sourcef overheadn SMP-nodemplementation®f soft-
wareFGDSM.We compareSiroccos performancen SMP
nodesagainstuniprocessonodesfor systemswith a given
aggrgatenumberof processorandamountof memory We
useperformanceneasurementainningeightshared-mem-
ory applicationgogethemwith simplecostmodelsto askthe
guestionare SMPscost-efective building blocksfor soft-
wareFGDSM?”

Ourresultsindicatethat SMP nodes{(i) resultin perfor-
mancecompetitive with uniprocessonodes,(ii) substan-
tially reduce hardware requirementand are more cost-
effective thanuniprocessonodes(iii) significantlybenefit
from hardware supportfor coherenceand (iv) especially
benefitsystemswvith high-overheadcoherenceperations.

Our resultsalso indicate that SMP-nodeperformance
maybehighly sensitve to theprotocolschedulingoolicy. In
Sirocco,an idle processoon a node can handleprotocol
operationson behalfof another Schedulingone processor
to handle protocol messagedor anothermay result in
adwersecacheeffectsin applicationswith bursty communi-
cationpatterns.

The restof the paperis organizedasfollows. Section2
describeshow SiroccoimplementsFGDSM on an SMP
node.Section3 qualitatively analyzesthe impactof SMP
nodeson FGDSM performance Sectiord and Sectionb
evaluate the performanceand cost-efectivenessof the
Siroccosystemgespectiely. Finally, Section6 concludes
thepaper

2 Sirocco: FGDSM on an SMP Node

Figurel illustratesthe anatomyof a software FGDSM
node[25]. Thefiguredepictsthe protocol-onlyresourcesn
light gray, andresourcesisedby boththe protocolandthe
applicationin dark gray The protocol maintainsmemory
block sharinginformationin a directoryandusesa pair of
send/recaie messageajueuesto communicatewith other
nodes. A remote cache in memory temporarily stores
fetched remote data. Shareddata pagesare distributed
among designatechome nodes.A set of fine-grain tags
enforceaccessemanticgor sharedlatain theremotecache

andhomepagesUpona block accesgault (i.e., anaccess
violation on asharednemoryblock), the systeminsertsthe

relevantinformationinto a fault queue Processorgxecute
boththeapplicationandtheprotocolsoftware.

SiroccoextendsthesoftwareFGDSMin Blizzard[25] to
target small-scaleSMP rather than uniprocessomodes.
Unlike other SMP-nodesoftware FGDSMs (e.g., Shasta
[22]), Siroccofully sharesa nodes resourceamongSMP
processorsA singleremotecacheimprovesmemoryutili-
zation by eliminating redundantcopiesof sharedremote
data.SharingamemorycacheespeciallybenefitsF=GDSMs
becausememory cachestypically suffer from pagefrag-
mentation[11]. In Sirocco,SMP processorglirectly share
datain the remote cacheand home pagesusing shared-
memoryhardwareandobviatethe needfor intra-nodemes-
saging. Sharing memory also enablescombining request
messagedrom multiple processordor a single memory
block andallows a processoto usememoryblocksfetched
by others.Sharingprotocol resourceqe.g., the directory
messagegueueshllowsidle processorso executeprotocol
handlersvhile otherprocessorarebusycomputing12,7].

Sharing resources however, may violate the shared-
memory accesssemantics.Shared-memonydictates that
coherence®peration®n datain theremotecacheandhome
pagesmustappearto executeatomically[22,25]. Figure2
illustrates examples of atomic sequencesrequired in
FGDSMcoherenceperationsCoherenceperationgither
correspondo fine-graintaglookupsuponamemoryloador
storeoperatiorin theapplication or protocolactions(e.g.,a
writebackrequestor adirty block) whichrequireanatomic
pairof accesset thefine-graintagsandmemory

Uniprocessenodeimplementation®f FGDSM [25] or
SMP-nodemplementationshatdonotallow resourceshar-
ing [23] guaranteeatomicity of coherenceoperationsin
three ways. First, the resourcesare replicatedamongthe
processorandeachprocessorlwaysexecutests own pro-
tocol handlersAs such,an applicationanda protocolhan-
dler simultaneoushexecutingon multiple processorsever
accesghe sameresourcesSecond,protocol handlersare
only invokedif thereis anacceswiolation or throughpoll-
ing for message®nd always executeto completion. As
such,protocolactionsalwaysappeato executeatomically
with respecto theapplication.Third, FGDSM'sthatimple-
ment tag lookup in software (e.g., Blizzard-S [25] and
Shastg23]) carefullyinsertpolling codeto avoid handling
messageis themiddleof acoherencéookup.

In therestof thesectionwe describeSiroccos approach
to sharingresourceamongSMP processorsThe next sec-
tion describeshe protocol dispatchand executionmodel
and how Sirocco coordinatesaccessedo protocol-only



Memory Operation
in Application

Required Atomic
Sequence

Block Invalidation
in Protocol Handler

Required Atomic
Sequence

read tag[address]

if (access is alid given tag)
load data[address]

else ivoke an accessafilt

load data[address]

read data[address]
set tag[address] tovalid

read and ialidate
data[address]

FIGURE 2. Examples of atomic sequences required by FGDSM coherence operations.
Coherence check on application share-memory loads and stores (I&ft), coherent read and invalidate request in a protocol handler writing

back a dirty block to the home node.

resourcesndthefaultqueueSection2.2 presentshealter-
native mechanismsn various Siroccosystemsto support
atomiccoherenceperations.

2.1 Pratocol Dispatch and Execution Modd

The protocol-onlyresourcesnay requireaccessoordi-
nationif multiple processorsimultaneouslyxecuteproto-
col handlers.FGDSM protocol handlers,howvever, only
consistof codeto move asmalldatablock betweermemory
and the network, and updatethe correspondingprotocol
state As such,moving network datain/out of memoryoften
dominatesa handlers executiontime. Parallelhandlerexe-
cutionis only beneficialif the network interfacecard pro-
videsmechanismgo efficiently transferdatablocksin/out
of the network [17], andimplementseither multiple mes-
sagequeued6] or mechanismso efficiently dispatchmes-
sagesfrom a single queue to multiple handlers [8].
Unfortunately mary commodity network interface cards
fail to satisfy the above requirementsand hencepreclude
efficient simultaneousxecutionof multiple protocolhan-
dlers.

Unlike Shastg22], Siroccoobviatesthe needfor syn-
chronizationaroundthe protocol-onlyresourcegFigurel)
by serializing handler execution. In Sirocco, processors
contendor a(software)lock to assumeherole of theproto-
col processor uponanacceswiolation oramessagarrival,
or while waiting at a barriersynchronizationThe network
interfacecardsignalsa messagarrival by settingaflagin a
useraccessiblenemorylocation.We useexecutableaditing
[16] andinstrumentthe applicationcodeto poll theflag on
every loop-bacledge.Backedgepolling obviatesthe need
for userlevel messageénterruptswhich incur prohibitively
high overheadq~ 70us) in our commodityoperatingsys-
tem.A protocolprocessoalwaysgoesbackto computation
by releasinghelock whenit nolongerneedso wait—e.g.,
aremoteblockarrivesor all messagearereceved.

Siroccomultiplexes computationwith running protocol
handlerson all the processorsAlternatively, the system
coulddedicateoneprocessopn every nodeto executepro-
tocolhandlersA recentstudy[12], however, concludeghat
a dedicatedprocessoiis not advantageoudor slow com-
modity networking hardware and small-scaleSMP nodes.
While alternatve schedulingpoliciesarepossiblethey are
beyondthescopeof thispaper

Siroccousesan array of perprocessoffault recordsto
implementthe sharedfault queue Fault arrayaccesseare
of a producerconsumernaturein which the application
always insertsnew dataand the protocol simply removes
them.A simple perprocessosignalflag in the fault array
guaranteeghatfaultinformationis correctlyhanded-dfto
theprotocol.

2.2 Support for Atomic Coherence Operations

Supportfor atomiccoherenceperationglepend®nthe
fine-grain tag implementation.Much like Blizzard [25],
Siroccoprovidesaspectrunof tagimplementationgnclud-
ing customhardware tagsin a snoofy board[20], ECC-
basedtags managedby the memory-controller[25], and
table-basedagsmaintainedn software[23,25]. Hardware
tagsperform a lookup atomically with the memoryrefer-
ence and eliminate overheadeither entirely or for most
memory referencesSoftware tags perform a lookup in a
(non-atomic) sequenceof instrumentedinstructions and
requireexplicit software synchronizatiorto guaranteato-
micity. Tagimplementationsilsovary in the degreeof sup-
portfor atomiccoherenc@perationsn handlersin therest
of the section,we describein detail how various Sirocco
systemsupportatomiccoherenceperations.

Srrocco-TO: Custom Board SRAM Tags

Sirocco-TOusesthe Typhoon-0(T0) customboard[20]
to snoop memory bus transactions,perform fine-grain
accesgontrol teststhroughan SRAM lookup, andcoordi-
nate intra-node communication.TO enforces fine-grain
accesssemanticshy assertinga bus error in responseto
memory transactionsthat incur accessviolations—e.g.,
read/writeto aninvalid memoryblock or write to a read-
only block. An optimizedkerneltrap tabledeliversthe bus
error to the userlevel [26,18]. The userlevel codeinserts
the appropriatefault informationinto an array of perpro-
cessofaultrecordswvhichtheprotocolcodepollson.

Sirocco-TOsupportsatomic coherenceoperationsfrom
theprotocoldirectlyin hardware.By writing to a TO control
register handlersanatomicallyreadamemoryblockwhile
invalidating/davngrading the correspondingiag. Upon a
write to thecontrolregister TO updateshetagandreadshe
datainto a handleraccessibldlock buffer. Whenplacinga
fetchedblock into memory a handlermustatomicallyexe-
cute a sequencef memorywrites and a tag upgrade.TO
providesuncacheghage-mappingliaseso memory[25] to
allow bypassindhardwaretaglookupwhile writing thedata.
Becauséhandlersn Siroccoalwaysexecuteto completion
without interruption,the non-atomicsequencef memory
writes and tag upgradeappearto executeatomically with
respecto theapplication Any applicationacceswiolations
during handlerexecutionare caughtby the systemandare
resumedmmediatelyafterthetagupdate.

Srrocco-E: Error-Correcting Code (ECC)

Sirocco-E(a descendentf Blizzard-E[25]) usesdelib-
eratelyincorrecterrorcorrectingcode (ECC) bits to iden-
tify invalid from read-only/read-writblocks.To distinguish
read-onlyfrom read-write blocks, Sirocco-E usesvirtual



memorypageprotectionto mark a pagewith at leastone
read-onlyblock as a read-onlypage.Both bus errorsand
pageprotectiontrapsusethe samecustomtrap tableasin
Sirocco-T0.The kernelmaintainsread-writestatefor each
blockonaread-onlypage detectswvritesto writableblocks,
and directly executesthe writes [25]. Writes to read-only
blocksandbuserrorsaredeliveredto a userlevel trap han-
dlerasin Sirocco-TO.
Sirocco-Emanipulatepageprotectionandimplements
ECCinvalidates/deingradesn the OSusinga customsys-
tem call interface.Atomicity is guaranteedby suspending
memoryactiity on all but oneof a nodes processorsand
throughhandshaé&sin thekernel.ln Sirocco thereis amas-
ter processoion the memorybus capableof maskingbus
arbitration.A systemcall to invalidatea block issuedfrom
ary processorbut the masterwill sendan interprocessor
interruptto the master The mastermasksbus arbitration,
readsthe datainto a useraccessiblebuffer in memory
writes incorrectECC to memory andreleasesus arbitra-
tion. Downgradingthe tag (from read-writeto read-only)
mayinvolve changinghe pageprotectionandconsequently
aTLB shootdeovn. Sirocco-Eperformsatomictagupgrades
usinguncachegbage-mappingliasesasin Sirocco-TO.

Srrocco-S: Software Tags

Sirocco-Sstoreghetagsin memoryandusesexecutable
editing [16] to insert accesscontrol testsaroundshared-
memoryloadsandstoresUnlikeits predecessdslizzard-S
[25], Sirocco-Susestwo formsof teststo detectacceswio-
lations.Invalid memoryis markedwith asentineialuethat
hasalow probability of occurringin the program[24]. The
mostcommontestcaseusesa sequencef 3 instructions(3
cycles)to detectword and doublevord load operationsto
invalid memoryblocks.Whenthe testdetectsa sentinel,it
performsa completetable lookup in order to distinguish
accesyiolationsfrom innocentusesof the sentinelvalue.
Therestof thememoryoperationgi.e., all storesandsome
loads) use a sequencenf 5 testinstructions(6 cycles)to
index a tag table prior to the memoryreferenceto detect
accesyiolations.

Unlike hardware tags, software tag table lookups use
memoryinstructionsandarenotatomicwith respecto data
referencesSirocco-Sguaranteegtomicity througha soft-
ware handsha& betweenthe applicationand the protocol
handlersThehandsha&kaugmentsheinstrumentationvith
apair of storeandclearinstructionsto perprocessomem-
ory locations that protocol handlerspoll on (Figure3).
Upon invalidating/devngradinga block, the protocol han-
dler cansafelymodify thetagin advance but mustguaran-
tee that all writes to the datafrom the applicationhave
completed.

Unfortunately the handsha& overheadmay be high for
applicationswith a large numberof non-atomicnstrumen-
tations(i.e., all storesandsomeloads).Moreover, frequent
handshakingwith the protocolis unnecessaryn applica-
tions with lessfrequentprotocol actiity. Sirocco-SB(B
standdor bacledge)addressethis problemandonly usesa
singleclearinstructionin loop-bacledgesn theapplication
(Figure3). Uponatagupdate ahandlersetstheflagsfor all
processorsand simply verifies that all processorshave
reacheda loop bacledgeat leastonce beforereadingthe
block. Sirocco-SBreducesoverheadn applicationswith a

Application on Processor i |Protocol Handler on Processor |

store address into poll_flag]i Sirocco-S

read tag[address]
if (access is alid given tag) | UPdate tagaddress]
access data[address] | for all processors on the node
else wait until
insert access, address (poll_flag[proc] != address,
into fault queue

clear poll_flag]i]

i

read data[address]

top: Sirocco-SB
update tag[address]

if (access is alid given tag) for all processors on the node

access data[address] set poll_fiag[proc] = 1
else for all processors on the node
insert access, address wait until (poll_flag[proc] != 1)

into fault queue read data[address]

read tag[address]

clear poll_flag[i]
branch top

FIGURE 3. Handshake between application and
protocol handlers in Sirocco-S and Sirocco-SB.
The figure depicts the software handshake between the applica-
tion (left) and protocol (right). In Srocco-S synchronization
satements (shaded gray) consst of a store indicating the block
being accessed and a clear indicating there are no accessesin
progress. Srocco-B reduces the synchronization statementsin

the application to a single clear in every loop backedge.

low frequeng of protocolactivity while increasinghe pro-
tocolwaitingtimein communication-intengeapplications.

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
writesthe dataandthenupgradeshetag.Becausénandlers
executeto completionwithoutinterruptionssuchanopera-
tion appearso executeatomicallywith respecto theappli-
cation.

Our handsha& methodsin Sirocco assumea sequen-
tially consistenimemorysystem.Wealer memorymodels
requirefenceinstructionswhich mayincur high overheads.
Shastaeplicatesfine-graintagsamongthe processorand
usedntra-nodanessagingo obviatetheneedfor asoftware
handsha& andfenceinstructionson an Alpha Sener [22].
Modern microprocessorshowever, are using aggressie
speculatie techniquesto provide sequentiallyconsistent
systemswith performancecompetitve to wealer models
[14]. Sincethesetechniquesalso enhanceperformanceof
fenceinstructionsin processorswith wealer models,we
expect our handsha& methodsto remain low-overhead
alternatvesto intra-nodemessagingn futuresystems.

Srocco-ES: A Hybrid of ECC and Software Tags
Sirocco-ESs anattemptto take advantageof featuresn
both Sirocco-E and Sirocco-S. Sirocco-ESusesECC to
identify invalid memoryblocksandsoftwaretagsto distin-
guishread-writefrom read-onlyblocks. In comparisornto
Sirocco-S Sirocco-E&liminatesnstrumentatioroverhead
on load operationsaltogether but introducesthe cost of
maintaininge CCtags.Comparedo Sirocco-E Sirocco-ES
eliminategheuseof high-overheadhageprotectionmecha-



Tag L ookup (cycles) Backedge (cycles) Tag Update (us) Remote Miss (us)
Base +SMP Base +SMP Base +SMP Base +SMP
System Cost Overhead Cost Overhead Cost Overhead Cost Overhead
Sirocco-TO 0 0 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 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.
The table presentsthe cost of coherence operationsin uniprocessor nodes (Base) and the additional overheadsin SMP nodes. Tag lookup
correspondsto the lookup overhead for loads and stores (separated by a comma) respectively. Backedge correspondsto the poll overhead
in every loop-backedge. Tag update corresponds to the overhead of validating/invalidating, or upgrading/downgrading the tags. Remote
misstimes correspond to roundtrip time from an access violation until resuming the access.

nismsat the costof introducinginstrumentatioroverhead
for write operationsMuch like Sirocco-SB,Sirocco-ESB
implementsthe alternatve form of application-protocol
handsha&.

3 FactorsAffecting SM P-Node Perfor mance

An FGDSM’s performanceon a network of SMPs
dependson both application and systemcharacteristics.
Clusteringprocessorsnto SMP nodesis beneficialif the
applicatiorsharingpatterndavor fast(local) SMPhardware
shared-memorymechanismsover high-lateng (remote)
FGDSM mechanismsAn SMP node also provides the
opportunityfor anidle processoto overlaprunningproto-
col handlerswith computationon other processorsSMP
nodeshowever, introduceadditionaloverheadswhich may
resultin lower overall performanceln this sectionwe iden-
tify thesourceof overheadn SMP-nodemplementations,
andquantifyoverheador commonFGDSMoperations.

We classify overheadinto correctness and contention
overhead.Correctnesoverheadcorrespondgo the mini-
mumoverheadassociateavith SMP-nodeémplementations
in the absencef contentionamongprocessorsContention
overheadefersto additionaloverheaddueto resourceshar-
ing amongmultiple SMPprocessors.

Correctness Overhead

Tablel depictsthe costof commonFGDSM operations
in a basesystemwithout SMP-nodesupport,andthe addi-
tional overheadof supportingSMP nodes.Software hand-
shale incursbetweerD (for sentinel)to 2 (for tablelookup)
cycles of overheadupon tag lookup in Sirocco-S and
Sirocco-ESand1 cycle of overheaduponloop-bacledges
in Sirocco-SBandSirocco-ESBManipulatingtagsin ECC
implementationgmay require a systemcall which incurs
about30ps. SMPnodesmayrequireanadditionalinterpro-
cessointerrupt(Section2.2)for anoverheadf 30 usif the
systemcall originatesfrom a processoincapableof mask-
ing memorybus arbitration. The tag updateoverheadfor
softwaretagscorrespondso the handshak& costin the han-
dlers(Figure3).

Thetablealsopresentsemotemisstimesin Sirocco.The
measurementrrespondo minimumroundtripmisstimes
for a 128-block software protocol betweentwo machine

nodes.The rangeof misstimes correspondgo the three
typesof remotemisses:a readmiss, a write miss,andan
upgradgwrite to aread-onlyblock) miss.SMP nodesncur
the additionaloverheadf passinginformationthrougha
fault array and acquiring/relinquishinghe protocol lock
upon an accessviolation. In comparisona uniprocesseor
nodeimplementation(such as Blizzard) directly calls the
appropriateprotocol handler upon accessviolation and
passesthe fault information through processormegisters.
SMP nodeson averageincreaseroundtrip miss times by
about7-18%.

Contention Overhead

SMP nodes also incur contention overhead due to
resourcesharingamongmultiple processorsWhile conten-
tion for (local) memoryaccessesanleadto queuingdelays
on the memory bus, contention for (remote) memory
accessesanresultin queuingdelaysfor running protocol
handlers. Applications not benefiting from clustering
increasethe demandfor protocol executionby increasing
theaggrejatefrequeny of remotemisseonanode.Allow-
ing oneprocessoto executeprotocolhandlerson behalfof
othersmay alsopollute the protocolprocessos cacheand
increasdateny by requiring a cache-to-caché&ansferof
databetweera requestingorocessoandthereceving pro-
tocolprocessofl2].

4 Performance Evaluation

In thissectionwefirst presenarchitecturatietailsof our
network of SMPs.Next, we presentapplicationspeedups
for our base systems which areuniprocessenodeFGDSM
implementationgas in Blizzard) incurring no SMP-node
overhead We usethe basessystemdor performancecom-
parisonsagainstSiroccoin therestof thepaperWe proceed
by evaluating the correctnessoverheadin Sirocco and
finally measurethe impact of clustering processordnto
SMPnodesnapplicatiorperformance.

Our platform consistof 16 SunSFARCstation20srun-
ning Solaris2.4,eachwith up to four 66 MHz RossHyper-
SPARC processors[21], and 64 MB of memory The
processorgachhave aunified256KB cacheanda 50 MHz
memorybus (Sun MBus) that maintainsthe cachescoher-
ent. Thememorybuscontaingwo slots,eachaccommodat-
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FIGURE 4. Correctness overhead in Sirocco.
Thefigure presents application execution times on Srocco systems with 16 uniprocessor nodes normalized to our base systens.

Sirocco Speedup
Apps Input Data Set TO E S ES
em3d 128K nodes, 38| 22| 37| 27
40% remote edges
appbt 40x40x40 matrices| 6.2 | 28| 45| 4.8
barnes 16K particles 6.1| 38| 53| 47
tomcatv ||512x512 matrices|| 10.6 | 8.8 6.9 9.0

lu 512x512 matrix 100| 45| 58| 81

water 4096 molecules 12.0| 9.6 8.3 | 10.8
em3d-cs 17.2 | 16.4 | 12.2 | 15.7
appbt-cs 99| 98| 6.2 | 97

TABLE 2. Application data sets and speedups.
Thetable depicts application input data sets and speedups running
onour base systems. Em3d-csand appbt-cshave smilar input data
sets as their trangparent shared-memory counterparts (i.e., em3d
and appht). For hardware implementations, em3d-cs shows super-
linear speedups dueto cache effects.

ing adual-processanodule.TheTO customboardoccupies
oneof thebusslotsin Sirocco-TOandthereforeallows for
only dual-processonodes.The SMPsare interconnected
usingMyricom’s Myrinet [5] switch-basedhetwork. Myri-
netnetwork interfacecardsconnecto anodevia a25MHz
I/O bus.We usea 128-byteStachesoftwarecoherencero-
tocol[19] toimplementsharednemoryacrosgshenodes.

4.1 Base System Performance

Table2 presentspeedup$om shared-memorgpplica-
tions runningon our basesystemsWe alsotake advantage
of softwareDSM'sflexibility , andusecustomizegrotocols
thatbypassharednemoryandusedirectmessagingn two
of our applications,em3d and appbt [9]. Speedupsvary
dependingon an applications inherentparallelism,andits
interactionwith the FGDSM system. Sirocco-TOimple-
mentsthe fine-graintagsin hardware andalwaysachieses
the bestspeedupsSirocco-Salwaysincursinstrumentation
overheadand thereforefavors applicationswith frequent
accesyiolations (e.g.,em3d). In contrast,protocolcoher-
enceoperationsin Sirocco-Eare expensve and henceit
favors applicationswith less frequent(e.qg., tomcatv and
water) or no(e.g.,em3d-csandappbt-cs) acceswiolations.

Pageprotectionoverheadn Sirocco-Ecandegradeper-
formanceeven in the absencef sharingif an application
incursfrequentwritesto read-onlypageqi.e., pageswith at
leastoneread-onlyblock). For instance|u achievesreason-

able speedup®n Sirocco-TO,but exhibits a much lower
performancen Sirocco-E.Sirocco-ESaddressethis prob-
lem by performingtag lookupsfor storesin software and
ohviating the needfor pageprotection.Sirocco-ESoften
either outperformsboth Sirocco-Eand Sirocco-Sor per-
formscloseto thebestof thetwo.

4.2 Correctness Overhead in SV P Nodes

We measurecorrectnessoverheadby comparingthe
Siroccosystemgunningon uniprocessonodesagainstour
basesystemgincurring no SMP-nodeoverhead) Figure4
illustratesapplicationexecutiontimes on Siroccosystems
normalizedto thoseon the correspondindpasesystemsOn
average correctnessverheads nagligible (< 3%) in hard-
waretags.Thesoftwaretagsrequireanapplication-protocol
handshakandincurahigheroverheacdf upto 11%.

The performanceimpact of correctnessoverheadalso
variesacrossapplicationsIn Sirocco-TO,applicationswith
high sharingactvity (e.g.,em3d, appbt, barnes, andem3d-
cs) incurhighercorrectnessverheadCorrectnessverhead
in Sirocco-Shasa higherperformancampacton applica-
tionswith frequentnon-atomicinstrumentationge.g.,bar-
nes and Iu). The loop-bacledge handsha& on average
lowers the incurred correctnessoverheadin Sirocco-S
(Sirocco-EShy upto 4%.

4.3 Performancelmpact of Clugtering

In this section,we investigatetheimpactof clustering—
i.e., groupingprocessorsnto SMP nodes—onrapplication
performance. We evaluate clustering by comparing
Siroccos (SMP-nodeperformancegainstthatof our base
systemwhile keepingthe aggreate numberof processors
andamounif memoryin thesystenconstant.

Clusteringaffectsthe numberof accesse$o both local
andremotememory An SMP mustsatisfyall of the clus-
teredprocessorslocal memoryaccessesiVhile clustering
converts certain memory accessesamong neighboring
(clusteredprocessorfrom remoteto local, it aggre@atesall
of the clusteredorocessorstemoteaccessedBecauselus-
teredprocessorsharetheremotecacheandhomepagesn
memory aprocessofetchingremotedatamayalso(implic-
itly) prefetchandcornvertremoteaccesseby othersto local
cacheaccesses.

Clusteringaffectsperformancén applicationsvith dom-
inantlocal memoryaccesses threeways.First, clustered
implementationsat a minimum incur the SMP-nodecor-
rectnes®verheadSecondanincreasen localaccessesan
introducequeuingdelaysin the nodes memorybus. Third,
executingprotocolhandlerson one processonn behalf of
anothemay impactcacheperformanceandanincreasen
the numberof local accessed.ikewise, clusteringaffects
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FIGURE 5. Application sharing patterns.
Thefigureillustrates application sharing patterns running on our
base systems. The patternsalso correspond to thosein a clustered
configuration since data partitioning in these applications is
datic. The shades of gray indicate message traffic intensity from
senders (the x-axis) to the receivers (y-axis). Top left-most corner
indicatestraffic fromnode O to itsdlf.

performancen applicationsvith dominantremotememory
accesgpatternsin two ways. First, the aggrejate remote
memoryaccessesicreasahe demandor executingproto-
col handlers.Second,SMP-nodeprocessorsan improve
performanceby overlapping computationwith protocol
execution.

The pernodeaggreate numberof remoteaccessem a
clusteredconfigurationdepend®n anapplications sharing
patterngFigure5). Sharingpatternssary from strictly near-
est-neighbosharingin em3d andtomcatv, to mostly all-to-
all sharingn barnes. Nearest-neighba@haringresultsin the
samepernodeaggrgatenumberof remoteaccessei both
clusteredand uniprocessenode configurations;on every
node,thereareexactly two immediateneighboringremote
processorsn all configurationsln more complex sharing
patternsthe pernodeaggregatenumberof remoteaccesses
dependon the degreeof sharingin the remotecacheand
home pages.Whenthe network is the bottleneck,perfor-
manceimprovementswith clusteringare due to implicit
prefetchingof sharedmemoryblocks,which cannotoccur
in applicationswith nearest-neighbaharing.

Figure6 presentsapplicationexecutiontimeson sixteen
uniprocessomnodes,eight dual-processonodes,and four
guad-processanodesfor all SiroccosystemsThe results
are normalizedto the correspondingbase uniprocesser
nodesystemsTomcaty, lu, water, em3d-cs andappbt-cs are
computation-intenge and primarily accesslocal data,
em3d and appbt are communication-intenge and fre-
guentlyaccesgemotedata,andbarnes accessemoderate
amountsof remotedata. Em3d, tomcatv and em3d-cs alll
exhibit nearest-neighbosharing patterns (Figure5). As
such clusteringdoesnotaffectthepernodeaggregatenum-
ber of remoteaccessesn theseapplications.Appbt uses
shared-memoryspin-locks and incurs frequent remote
accessesn the critical path of execution.Clusteringsub-
stantiallyreducesheseremoteaccesseBy corvertingthem
to local spin-lockaccesses hepernodeaggr&atenumber
of remoteaccesse$iovever, increase all theotherappli-
cationgupto 50%in barnes).

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

increasexecutiontime onaverageby 13%in Sirocco-Sand

11%in Sirocco-SBQuad-processarodesalsoexhibit per-

formancecompetitie to uniprocessonodesandareespe-
cially beneficialfor Sirocco-E,cornverting high-overhead
FGDSM operationge.g., write to read-onlypages)to fast
SMPlocal accessesThis resultcorroboratepreviousfind-

ingsfor (high-overhead)DVSM implementation®n a net-

work of SMPs[28]. Quad-processonodesalso increase
synchronizationtime in the loop-bacledge handshak

becausaprotocolhandlemustwait for threeprocessoro

reacha loop-bacledge.This resultindicatesthat the loop-

bacledgehandshak& may be suitablefor small-scaleSMP

nodeswhile instrumentedynchronizatiormay be suitable
for largerSMPnodes.

Em3d-cs consistentlyexhibits the largest performance
degradationacrossall tag implementationsAt the end of
eachiterationin em3d-cs, the systemschedule®neproces-
sor (the first one to becomethe protocol processor)to
receveall theincomingdata.Becausethedataarereceved
in protocol processos cache,subsequenaccesseso the
data by the consuming(i.e., computing) processomiss.
Databelongingto otherprocessorslsopollutethe protocol
processos cache. The combined effect significantly
increasesomputationtime in em3d-cs (> 50% for quad-
processonodes).This resultsuggestshat systemsshould
allow customprotocolsto schedulgrotocolexecutionona
particular processorfor effective cache utilization. Our
transparentharednemoryprotocoldoesnotexhibit perfor-
mancesensitvity to theschedulingoolicy because (proto-
col) processoresumesomputatiorassoonasthe block it
is waitingfor arrives.

Appbt and em3d significantly benefit from clustering
acrosstag implementationsin appbt, clusteringimproves
performanceby reducingthe numberof remoteaccesses.
The performancempactis more pronouncedor systems
with high-overheadcoherenceperationsuchasSirocco-E
and Sirocco-ES. Appbt performs 89% and 32% better
respectiely on quad-processonodesthan uniprocessor
nodes.Em3d males effective use of the processorsidle
time to serviceremoterequestsBecauseof nearest-neigh-
bor sharing patterns, quad-processornodes eliminate
remoteaccessefr two of theprocessordn everyiteration,
theseprocessorgompletecomputationmore quickly than
othersand competeacting as the protocol processoron
behalf of the node, overlapping protocol execution with
computatiorandimproving performancdy upto 18%.

Lu exhibits irregular clustering trends on Sirocco-E.
Clusteredneighborsare locatedalong the y dimensionof
the 2-dimensionalinput matrix. Partitioning the matrix
amongsixteenprocessorsisinguniprocessoanddual-pro-
cessonodesesultsin alargenumberof writesto read-only
pages.Becauseprotocol executionis serialized,queueing
delaysat the protocol processolin dual-processonodes
degradeperformanceln quad-processarodesall the pro-
cessorsalong the y dimensionbelongto the samenode
eliminatingtheread-onlypagesAs such,performancesig-
nificantly improves by 96% since the high-overhead
FGDSMaccessearecorvertedto local SMPaccesses.

Not surprisingly the choice of a handsha& method
impactsthe clusteringperformancdor softwaretags.Fre-
quentaccesgiolationsin em3d (on dual-processonodes)
andbarnes, aswell aslarge loop bodieswith sparsdoop-
bacledgesin tomcatv increasehandsha& waiting time in
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FIGURE 6. Performance of clustering in Sirocco.

Thefigure depicts application execution times on Srocco-TO, Srocco-E, Srocco-S and Srocco-ESfor sixteen uniprocessor nodes (16x1),
eight dual-processor nodes (8x2), and four quad-processor nodes (4x4) each normalized to the corresponding base system. Srocco-TO sup-
ports only up to two processors per hode. Srocco-S and Srocco-ES graphs also present execution time on the alternative loop-backedge
handshake implementations, Srocco-B and Srocco-ESB. The execution times are broken down into three components: (a) computation
timeincluding polling and tag lookup instrumentation overhead, (b) protocol execution time including message and block access fault han-

dling and waiting for messages, and (c) lock/barrier waiting time.

theloop-bacledgemethod Thelatter, however, consistently
improves performancdor lu andwater becausef the low
frequeng of protocolactivity in theseapplications.

5 Cog-Effectiveness of SVIP Nodes

Althoughthemanufcturingcostof computeproductds
typically relatedto the costof componentsgostfrom the
perspectie of a customelis relatedto price, which is also
dictatedoy marketforces[13]. High-performancgroducts,
for instancetendto targetsmallemarketsandassuchcarry
largermanins,chaging higherpremiums.

A software FGDSM may either use uniprocessorsor
SMPsashuilding blocks.Dependingonthedegreeof multi-

processingSMP productscanbelongto eithera low-mar-
gin desktopor high-magin sener market. Whenclustering
processordnto SMP nodes,mary machinecomponents
such as the numberof processorsand memory modules
remainfixedacrosgplatforms A clusteredsystemhowever,
reducesthe number of nodesin the machine and thus
requiresfewer motherboardsnetwork interfacecards,and
network switches/routersBecauseSMPscan carry higher
price premiumsareductionin the numberof thesecompo-
nentsmaybeoffsetby anincreasen thecostof anode.

In thissectionwe askthequestionare SMPscost-efec-
tive building blocksfor software FGDSM?” We use cost-
performanceasthemetric[27,10],andour baseuniproces-



Equal Cost DEL L -based Cost Sun-based Cost
Application 16x1 8x2 ax4 16x1 8x2 ax4 16x1 8x2 ax4
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 1.00 111 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.

Thetable depictscost-performancé.e., costtimesexecutiontime)for clusteed confgurationsnormalizedo that of the basesystern{uni-
processomodeimplementationin Sirocco-SNumbes lower than 1 indicatea cost-efectiveclusteed confguration. Numbes appearing
in underlined bold indicate the most cost-effective configuration. The table compares cogt-performance for systems with equal cost—i.e,
when thee is no cost advarge, and for DELL- and Sun-based systems.

sornodeFGDSMsystemsasthereferenceoint. We sayan

SMP-nodesystenis cost-efective if it hasalowercost-per-
formancethan a uniprocessenode system.A systemis

mostcost-efective whenit achievesthe lowestcost-perfor-
manceof all comparedystems.

We compareand contrastuniprocessoand SMP prod-
uctsfrom two vendorgepresentinghelow andhigh endsof
the price spectrumrespectiely. Vendor prices vary over
time but thetrendssuggesthattherelative pricesremainthe
same.We evaluatecost-performance—i.ecostmultiplied
by executiontime—usingapplicationexecutiontimes(from
Section4.3) and cost estimatesfor samplesystemsbuilt
from DELL [1] and SunMicrosystemd3] productsrepre-
sentingtwo endsof the price spectrumfor desktopsand
seners.Ourplatformsconsistof atotal of 16 processorand
1 GB of memoryanduseMyrinet [2] for networking. DELL
productsare low-end uniprocessoDimension XPS PCs,
high-end dual-processorModel 400 workstations, and
guad-processoiflagship PoverEdge 6100 seners. Sun
Microsystemgproductsaresingleanddual-processodesk-
topsModel E1300,andlow-endquad-processdenterprise
450seners.

Table3 depicts the cost-performanceof Sirocco-Ss
clusteredconfigurationsnormalizedto that of its corre-
spondingbaseuniprocessenode system.Numberslower
than one indicate a cost-efective clusteredconfiguration.
Without a costadwantagg(i.e., in equal-cossystems)clus-
teringresultsn machineshatarenotcost-efective for most
of the applicationsclusteredmplementationsncur higher
overheadsindthereforelower performancekor all vendor
platformsand applications,quad-processanodesperform
bestexceptfor lu on DELL-basedsystems;lu exhibits a
large performancedegradationin a clusteredsystemand
thereforeresultsin lower cost-performanceSuns quad-
processorconfigurationsoffer a significant cost-perfor-
manceadwantageover their uniprocessoand dual-proces-
sor counterparts. SMP nodes also improve cost-
performancdor DELL-basedplatformsbut the high price
premiumof DELL's SMP productspreventthemfrom hav-
ing a highimpacton cost-performancel heseresults how-
ever, are based on a high-overhead clustered
implementation (Sirocco-S) and may be consenrative.

Implementationsvith hardware assistwill be morefavor-
abletowardsquad-processarodes.

6 Conclusons

In this paperwe presentedirocco,afamily of FGDSM
systemsmplementedon a network of SMP workstations.
Unlike previous implementation®f FGDSM, Siroccotar-
getslow-cost SMPsratherthan uniprocessorss building
blocks.SMP nodesprovide an opportunityto improve per-
formanceby allowing processordo communicatewithin
SMP using fast hardware shared-memorymechanisms.
Multiple SMP processorscan also overlap applications
executionwith protocolexecutiontherebyreducingexecu-
tion time. Simultaneousharingof nodes resourcege.g.,
memory) betweenthe applicationand protocol, however,
requires mechanismsfor guaranteeingatomic accesses.
Contentionfor sharedresourcesamong SMP processors
mayalsoresultin queueinglelaysandlowerperformance.

We measuredperformancefor various Siroccoimple-
mentationgangingfrom an all-software approachwith no
additional hardware to a mostly-software approachwith
customhardware supportfor atomiccoherenceperations.
We evaluatedthe impactof clustering—i.e.groupingpro-
cessorsnto SMPnodes—bycomparinghe performancef
clusteredimplementationsagainst that of a uniprocesser
nodeimplementationwhile keepingthe aggrejate number
of processorsand amountof memoryin the systemcon-
stant.Usingsimplecostmodelsfor desktop/sersrproducts,
we finally asled the question“are SMPs cost-efective
building blocksfor softwareFGDSM?”

Experimental results from running shared-memory
applicationsndicatedthatSMPnodes{i) resultin competi-
tive performancevith uniprocessonodes(ii) substantially
reducehardware requirementand are more cost-efective
than uniprocessomodes, (iii) significantly benefit from
hardware supportfor coherenceoperations,and (iv) are
especially beneficial for FGDSMs with high-overhead
coherenceperations.
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