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Abstract

Shaed MemorySystemsvith a globally consistentnem-
ory abstractionare currently very successfulThemainrea-
sonfor this can be seenin their ease—of—-usand the con-
venientprogrammingmodel which is closeto the sequen-
tial one Especiallythe memorycoheencymedanismscon-
tributeto this, asthe programmerdoesnot haveto take care
of anydataconflictsor memoryupdateopermations. Thiscon-
veniencehowerer, comeswith the price of a restrictedscal-
ability of sud systemssince consistencyenforcing medta-
nismsare of global nature andtherefore infer macineglobal
data traffic. Thisis true for both UMA architectures with
their snoopingprotocolsand NUMA systemsyhich mostly
deploysomekind of directoryscheme Onewayto solvethis
scalability problem,while maintainingthe abstmaction of a
global memory is to omit any hardware coheency med-
anismand to replaceit with appropriate softwae medta-
nisms. This can be donein a way that the impact on the
programmingmodelis minimizedby relyingon a formalized
relaxedconsistencymodel,a formalismwell establishedn
SW-DSMsystems.Theresultare architectueswith similar
programmabilitypropertiescompaedto their coheentcoun-
terparts,but with significantlyhigher scalability properties.

1 Motivation

Currently a trend towardssharedmemory systemswith
a globally consistentmemory abstractioncan be obsened;
in recentyears several of such systemshave been built
andsuccessfullymarketedusingboth Uniform Memory Ac-
cess(UMA) architecturesl|ike the SUN Enterpriseseners
[33] or the HP Superdomesystemg[31], or Non Uniform
Memory Access(NUMA) architectureslike the SGI Origin
2000/300014]. In addition,severalnew systemf thisclass
areplannedor announcedor the nearfuture.

Thesesystemamaintainthe cohereng betweenthe indi-
vidual processorandcachesn hardwareusinga cacheco-
hereng protocolwhichguaranteeaconsistentnemoryview
atary time on ary processarWhile thisis avery corvenient
abstractionfor the userof suchsystems,it often provides
a consisteng which is too strongwith respectto the actual

applicationrequirementandhenceinfersunnecessargver
head. In addition,thesecachecohereng mechanismarea
major sourceof the scalability limitations of currentshared
memorymultiprocessorsThey all rely, independentf their
internalorganizationpnthe automatidnvalidationof shared
cachelinesin the caseof updatesrom a remoteprocessor
andhenceinvolve somekind of global communicatiorpro-
cedureon every sharedwrite operation. The necessarpard-
waremechanismsilsoaddcompleity to the overall system
designand mostly rely on complex proprietaryor custom
hardwarecomponentsn orderto supporta competitive sys-
temsize.

Sharedmemorysystemsbasedon HardWare Distributed
SharedMemory (HW-DSM) mechanismsbput without co-
hereng mechanismgntheotherhand,aresimplerandmore
straightforward to build. They canbe basedon commaodity
processor/cachmoduleswhich do not needto be aware of
thefactthatthey areusedin a multiprocessosystemandon
simplifiedinterconnectioriabricswithouttheneedto support
specialcohereng mechanismsThisleadsto a significantre-
ductionin systemdevelopmentandproductioncost,andad-
ditionally to performancémprovementsiueto reduceccom-
munication/updatéraffic. This forms the basefor a higher
systemscalability

The main disadwantageof this approactis the lossof the
consistentziew on the memory which needsto be compen-
satedin orderto reacha stableandreliableernvironmentfor
theuser This, hawever, canbe easilyaccomplishedy ap-
plying the formalism of relaxed consisteng models,which
arewell known from the SW-DSM domain[16, 18, 5], and
researchn thisarea(e.g.[13, 10, 21]) hasshovn thatrelaxed
consisteng modelsonly leadto aminimalimpactonthepro-
grammability Hence,the ease-of-usés maintaineddespite
themissinghardwarecohereng mechanismsiNon—coherent
systems,in coordinationwith an appropriatehardware co-
hereny managementare thereforecompetitive alternatves
to their coherentounterpartendhave the potentialto break
the scalabilitybarrierfor this classof machines.

This paperinvestigateghe architecturalbenefitsgained
from dropping hardware consisteng mechanismsand de-
scribesthe necessarysoftware consisteng techniquesre-
quiredto establisha reliable programmingplatform on top
of them. This alsoincludesa detaileddescriptionon how



to implementReleaseand ScopeConsistencyn suchanen-
vironment. In addition, the paperpresentsa setof simula-
tion resultsvalidating the claim for increasedperformance
andscalabilityon suchsystemsThey shav thattheseareca-
pableof outperformingtheir hardwarecoherentounterparts
in mostcasesandespeciallyin largersystemconfigurations.

Theremainderof this paperis structuredasfollows. Sec-
tion 2 featuresa brief introductioninto currentconsisteng
mechanismdor both UMA andNUMA machines.In Sec-
tion 3 the relaxationof memoryconsisteng andits impact
on both the architectureand the programmingof suchsys-
temsis discussedfollowed by a detaileddescriptionon how
toimplementwo samplerelaxedconsisteng modelsonsuch
a platformin Section4. In Section5, the resultsof a study
is shavn comparinghe performancef non—cache—coherent
sharedmemory machineswith their coherentcounterparts.
The paperis roundedup by someconclusionsand a brief
outlookon futurework in Section6.

2 Consistencyin Shared Memory Systems

Currentsharednemorysystemsare mostly implemented
in a hardware coherentfashion. This meansthat the co-
hereng betweertheindividual cacheswhich aredistributed
in the system,s maintainedautomaticallyandtransparently
by the system.Dependingon the basearchitecturetwo prin-
ciple approachegor this can be distinguished:passie ap-
proachedasedn snoopingprotocolsandactive approaches
basedon somekind of directoryinformationaboutthe con-
tentsof remotecaches.

Thebestknown representatiesof theformergroupis the
MESsI or lllinois protocol[19]. It is typically appliedin bus—
basedSMP systemsasit depend®on all processorsr cache
controllerslisteningto all memorytraffic on the bus. Based
onthis snoopednformationthe statusof thelocal cachetags
is accordinglyadjustedusinga simple statemachine.By re-
lying onthiskind of broadcaspropertyof a bus, however, it
alsoinheritsthe scalabilitylimitations of bus systemsin ad-
dition, it requiresthatall traffic is globally propagatedvithin
abuscyclelimiting thebusclock frequeng andthe physical
systensize.

Thesecondyroup,theactive cohereng protocols,aimsat
avoiding the necessityof relying on the obsenation of co-
hereng eventsonacommonbusandhenceenablenon—hus—
basedsharedmemory multiprocessors.They maintaindis-
tributedinformation aboutsharedreplicateddataon remote
processors Several differentways have beenproposedand
implementedo managethis information,including directo-
riesasit is donein the StanfordDASH [15] or the SGI Ori-
gin 02000/300414], or hardwaremaintainedinkedlists as
it is donein the ScalableCoherentnterface(SCI) [9]. How-
ever, alsohereall updateseedo bepropagatedio processors
holdingreplicasof thatdata,againleadingto globalcommu-
nication. In addition, the maintenancef either directories
or linked-listsrequirescomplex customhardwarewith direct
accesgo the processor/memorlus. In mostcaseshis pro-
hibits the useof low—costcommoditycomponents.

3 RelaxedConsistencyand its Implications

As discusse@bove, the presencef animplementatiorof
coherensharednemoryin hardwarelimits the scalabilityof
theunderlyingsystem.In addition,it increaseshe hardware
compleity of suchsystemsand preventstheir implementa-
tion from commoditycomponentsTo avoid theseproblems,
this work thereforeinvestigateshe use of sharedmemory
architecturesvithout hardwaresupportfor cohereng andil-
lustrateshoththe benefitsandchallenge€ncountereéh this
classof systems.

The modificationsexaminedin this work are, however,
solelydirectedto thecohereng mechanismsf sharedmem-
ory systems.The basearchitectureproviding a global mem-
ory abstractiorin hardwareat eithera physicalor virtual ad-
dressspaceis always maintained. This hasto be seenin
contrastto the well examineddistributed memoryarchitec-
turesin combinationwith SoftWare DSM (SW-DSM) sys-
tems, which establisha global memoryabstractionin soft-
ware. Theseareableto work on ary parallelarchitectureas
they canbe basedon top of any communicatiorsubsystem,
but have to copewith anincreasedoftwarecompleity. By
assuminga hardware DSM system,asit is donehere,these
overheadsareavoided[25]. In addition,thiskind of hardware
supportis easyandstraightforwardto achieve, doesinvolve
only minimal hardwarecomplexity, andprovidesanefficient
supportfor both messageassingand sharedmemory[12].
Therefore this kind of support,eitherin a coherentor non—
coherenfashionjs ontherisewith moreandmoreUMA and
NUMA beingintroducedby the major systemssendorsand
canthereforebe assumedo be presenin alarge percentage
of future parallelarchitectures.

3.1 Architectural Advantages

The mostsignificantadvantageof hon—coherenarchitec-
tures,comparedo their coherentcounterpartsis that they
canrely onfully independenprocessor/cachmodules.The
needfor ary global componentor infrastructureaswell as
ary systemwide dependengis removed. Theonly hardware
requirements aninterconnectioriabriccapableof establish-
ing a global memoryabstractionwhich can be reducedto
theability to performremotememoryaccessedirectly from
the local processar As this doesnot imposea significant
hardwarecompleity, it leadsto a straightforvardsystende-
signwith similarly goodscalability propertiesasdistributed
memorymachinesbut with theadvantageof a systenglobal
memoryabstraction.

In addition,the requirementdor the interconnectiorfab-
ric within themultiprocessowill besignificantlyreducedas
globalcohereng with its complex multi— or broadcasstruc-
turescanbe avoided. In addition, the interconnectiorfabric
nolongerneedgo beintegratednto acoherenyg controlleror
connectedlirectly to the systenmbus. Altogether they enable
theuseof commoditySystemAreaNetwork (SAN) technol-
ogy known from clusteringinsteadof having to rely oncom-
plex custominterconnectiorfabrics.



In summarythe useof non—coherensharednemorysys-
temswill leadto simplerandlessspecializedsystemslt will
alsoopenthe doorto develop state-of-the-artNUMA archi-
tecturesbasedon commodity clusteringtechniquedeading
to a significantreductionin both hardwareanddevelopment
costandto a highersystemscalability In addition,it will be
possibleto leverageon higherbusclock speedstthevarious
levels of the memorysubsystemasglobal dependencieare
removed.

3.2 Control Consistencyin Software

Thepricefor thisreducechardwarecomplexity is a miss-
ing consisteng controlfor the overall system.This will lead
to inconsistentachecontentandstaledatabeingreturnedon
readaccesse® sharednemoryareas A samplescenaridor
this situationis shavn in Figure 1. While all cachesarecon-
sistentat time ¢, , the storeoperationattime ¢ only appears
in the memoryhierarchyof theissuingprocessoteaving the
old valuein thesecondcache.

Sincein the modeldiscussedn this paperall communi-
cationis solely handledin hardware, thesekind of consis-
tenciescan not be avoided. In orderto still ensurea safe
andreliableexecutionenvironment,adequatsoftwaremech-
anismsneedto be deployed which are capableof handling
the consequencelsy directly controlling the variousbuffers
which canpotentiallycontainstaledata. Thesecanbe found
in any componenif the memoryhierarchy including pro-
cessormwrite buffers, streamingbuffersin the network card,
andprefetchbuffersfor boththe network andthe processar
but the main sourceof potentialproblemsis foundin the ac-
tual processorachessincethesehave the largestcapacities.
The problemsandissuesfound in all of thesecomponents,
however, is the same. Hence,without a loss of generality
they can be combinedinto two blocks: (1) buffersin the
readpipelinekeepingdataduplicatesncluding all hardware
cachesand(2) buffersin the write pipelineusedto optimize
stores.In thefollowing, theformerwill simply bereferredto
ascacheswhile thelatterwill be denotedaswrite buffers.

Eachof thesetwo componentganbe controlledby a sep-
arateoperation.Cachescanbeinvalidateddeletingall data,
includingary stalecopy; write bufferscanbeflushedandthe
datatherebypropagatedhroughthe completestorepipeline
The former enablesthe deletion of staledatafrom the lo-
cal cache,guaranteeindhat the next accesswill producea
missandthenleadto a fetch of the mostcurrentdatafrom
main memory while the latter represent& memorybarrier
which ensuresthat the current statusof the local proces-
sor is guaranteedo have propagatedo main memoryand
henceis available to other processors. Within this work,
both operationsare therebyassumedo work globally, i.e.
all cachesor write buffers on the local nodeare invalidated
or flushedwithout ary restrictionswith respectto address
ranges. This is doneto realistically model currentproces-
sorarchitecturesywhich mostlydo not provide the possibility
for partial cacheinvalidations;this includesintel’s x86 ar-
chitecturg[11], whichis usedasthe basearchitecturen this
study

It shouldbe notedthat the invalidation operationghem-
selesare of purely local effect, asthey only affect the lo-
cally cacheddata. They arenormally implementecby call-
ing the cacheflushinstructionof the underlyingarchitecture
andhencedo not includeany communication.Write propa-
gations,ontheotherhand,causecommunicatiorby flushing
datato otherprocessorsHowever, only thedatacontainedn
currentwrite buffersis affected. As this datais of very lim-
ited size,alsothewrite flushhasonly aninsignificantglobal
impact.

Programsntendedior non—cohererdrchitecturegsanuse
thesetwo operationsat thosepointsin the programin which
consistentlatais requiredandtherebyensurea correctpro-
gram execution. As a consequenceypdatesare only per
formedwhennecessarjor the application enablinganopti-
mizeduseof the memorysystemcustomizedo the specific
cohereng requirement®f therespectie application.

3.3 RelaxedConsistencyModels

This needto controlthe consisteng behaior in software
andthe possibility of inconsistentdatabetweenflushes(ob-
viously) hasa directimpacton the programmingmodel. The
useris (in principle) responsibléo markthe shareddataand
toidentify whenaconsistentiew onthedatais required— a
difficult, errorprone andtedioustaskwhich would seriously
restricttheacceptancef non—coherenmachines.

Fortunately this taskcanbe hiddenfrom the userby ap-
plying the conceptof relaxed consisteng models. They for-
malize the use of inconsistentmemory and hencegive the
usera safeabstraction. They are combinedwith synchro-
nization operationsjik e locks and barriers,which are con-
tainedin ary sharedmemorycode. As accesseso shared
datanormally needsto be synchronizecanyway in orderto
preventraces,it therebyintroducesa naturalway to enforce
a consistentaccesgo shareddata. This ensuresa level of
programmabilityon such systemswhich is closeto that of
hardwarecoherentarchitectures.

This claim hasbeensufiiciently shavn to be true in the
context of so called Software Distributed SharedMemory
systemgSW-DSM)[16, 18, 5]. Thesesystemsaredesigned
to provide a global memoryabstractionn distributedmem-
ory systemswithout any hardwaresupportfor remotemem-
ory accessesHere,it wasnecessaryo purposelyintroduce
memoryinconsisteng in orderto be able to delay update
propagatioraslong as possibleuntil the datais actuallyre-
questedn orderto reducethecommunicatioroverhead.The
consequencefr applications however, arethe sameasin
the context of non-coherensharednemorymachinesywhere
the inconsistenciestemfrom uncoordinateccaches;hence
the sameformalismcanbeused.

This similarity, however, is restrictecto the actualconsis-
tengy modelwith the effect that, given ary particularcon-
sistengy model,ary systemadheringto it providesthe same
ervironmentin termsof memorybehavior to theapplication.
The implementationhowever, variessignificantly between
SW-DSM implementationandthe hardwarebasedsystems
with softwareconsisteng control discussedhere. While the
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former rely on sophisticatecand complex memory update
protocolswhich areresponsiblefor the actualdatatransfer
betweennodes,the approachdiscussedererelieson hard-
wareto performthe actualdatatransfersandonly provides
meando insertthe necessarylush and/orinvalidationoper

ationsinto the applicationcodes.Unlike in traditional SW-

DSM systemsno further protocolsarerequiredtherebysig-

nificantly reducingthe systemsoftwarecomplexity.

Thisis alsotrue comparedo existing systemswhich im-
plementa global memoryabstractiorusinga DSM system
relyingonmodesthardwaresupportfor efficientupdateprop-
agation. Examplesfor suchsystemsare Shrimp[3] with its
automaticupdatesupportenablinglocal writes to be prop-
agatedto a secondremotenodeand Cashmerg27], which
is built on top of a remotewrite network. In both cases,
though,the underlyinginterconnectiorfiabricmissessupport
for readsfrom remotememaory Therefore they still have to
rely on additionalsoftware protocolsto requestandretrieve
remotedata,an operationunnecessaryn the approachdis-
cussedn this paperdueto the assumedHW-DSM capabili-
ties.

4 Implementing RelaxedConsistencyModels

Thework on SW-DSM systemshasleadto the definition
andimplementationof several differentconsisteng models
(e.g.[13, 10, 4]). Almostall of them,mostprominentlyRe-
leaseConsistencyl3], canbeimplementednnon—coherent
hardwareby combiningtheuseof synchronizatiomperations
in userapplications like locks and barriers,with cachein-
validationsandwrite buffer flushesasintroducedabove. In
the following, this will be demonstratedisingboth Release
ConsistencyandScopeConsistencyl0], followedby a brief
outlookon how to dealwith otherconsisteng models.

4.1 Example 1: ReleaseConsistency(RC)

ReleaseConsistencyasdefinedin [13], is oneof themost
commonlyusedrelaxed consisteng models. Especiallyin
therealmof SW-DSM approachesnary systemsave been
built on top of this memory model, including TreadMarks
[1], HLRC [20], Quarks[28], DSM-PM2[2], and Shasta
[22]. Eventhough theirimplementatiordifferssignificantly

aseachsystemis built on top of a differentmemoryupdate
protocol, they all provide the sameconsisteng model, i.e.
provide the samememoryguaranteeto the applicatior.

ConsistencyConditions and Inter pretation

WhenusingReleaseConsistencyall memoryoperationsare
divided into synchronizingand non synchronizingopera-
tions. Thefirst groupis further split into so called Acquire
and Releaseconstructs.The formeris usedto gain permis-
sion to accessshareddata, while the latter is usedto grant
accesgo shareddatato otherprocesses.

Basedon this division, ReleaseéConsistencys definedus-
ing thefollowing threeconsisteng conditions[13]:

1. Beforeareador write accesss allowedto performwith
respecto ary otherprocessaqrall previousAcquire pro-
cessesnustbe performed.

2. Beforea Releasaés allowedto performwith respecto
ary otherprocessall previous readandwrite accesses
mustbe performed.

3. AcquirrandReleasaccessearesequentiallyconsistent
with respecto oneanother

Informally, the two operationsAcquire and Releasere-
sembleroutinescontrolling the visibility of dataon remote
nodes defining a window of safe accessto shareddata.
They are thereforeenhancedwith synchronizationseman-
tics, which areusedto controlthetaskstructureasonly this
groupingenablesa combinationof dataandtaskcontrol as
requiredby applicationcodes.

With regardsto locks, an Acquire is typically combined
with a lock operation,while a Releases combinedwith a
correspondingunlock operation. This ensureghat the data
accesseduringthecritical sectionalwaysrepresentthecur-
rentglobal state(dueto the Acquire) andthatany modifica-
tion is madeavailable after the critical section(due to the
Releasg

1The literature, especially[13], describesninor differencesin Release
Consisteng models(Eagervs. Lazy RC). This is, however, of nagligible
importancefor the application,andratheran importantclassificationcrite-
rion for theactualRC protocolimplementationThisis thereforenot further
consideredn this work.



Implementation

Basedon this informal description,it is clearly visible that
the Acquire operationcorrespondso the cacheinvalidation
describedabove, asin both caseghe dataon thelocal nodes
needgo beupdatedi.e. old dataneedso beinvalidated.On
the other side, the Releaseoperationscan be implemented
with awrite flush,asin bothoperationghe locally modified
datais pushedacrossthe network andthereforemadeavail-
able.
More precisely theimplementations asfollows:

e Aquire

— Performlock operation
— Performcachenvalidation

e Release

— Flushwrite buffers
— Performunlockoperation

This implementationapproachsatisfiesall three condi-
tions statedabove: by combiningthe consisteng enforcing
operationsvith therespectie synchronizatiomperationghe
sequentiatonsisteng of Acquire and Releaseoperationss
enforced,as demandedn (3). In addition, ary accessto
shareddatais assumedo take place within the region of
mutualexclusion,ensuringthatis preceededyy an Acquire,
which itself is preceededby ary previous Release This en-
sureghatall memoryaccesset thesharedegionhave been
completedandtheir resultsarefully visible. The resultsis,
thereforea fully compliantReleaseConsistencymplemen-
tation.

4.2 Example2: ScopeConsistency(ScC)

The ReleaseConsistencynodel describedabove creates
an implicit relation betweenReleaseand the following Ac-
quire, asary datawritten beforethe Releaseamustbe made
visible afterthefollowing Acquire. Thisrelationcanbeloos-
enedby introducingan explicit relationshipbetweengroups
of Acquire and Releaseoperationsandrestrictthe visibility
of dataafter an Acquire to the datawritten beforea Release
within the samegroup. This createsso called Consisteng
Scopesfirst introducedby [10] andimplementedn systems
like Brazog[26] andJiaJia[7].

ConsistencyConditions

As this conceptof ScopeConsisteng is just a straightfor

ward extensionor generalizatiorof the ReleaseConsisteng

alreadydiscussedibove, alsoits consisteng conditionsare
very closelyrelated. The key differenceis the introduction
of consisteng scopeswhich canbe openedand closedby

applications.Any reador write operationis thenperformed
with respectto any openscopeandwrite operationsare as-
sumedto be completedwith respectto a scopeon closing
this scope.Usingtheseconceptsthe consisteng conditions
of ScopeConsisteng canbedefinedasin [10]:

1. Beforea new sessiorof a consisteng scopeis allowed
to openat a processP, ary write previously performed
with respectto that consisteng scope must be per
formedwith respecto P.

2. A memoryaccesss allowedto performwith respecto
aproces$ only afterall consisteng scopesessiongre-
viously enteredby P (in programorder)have beensuc-
cessfullyopened.

Informally, this definition leadsto the memorybehaior
thatmemoryaccessemadeduring a scopeareonly guaran-
teedto be visible after the scopehasbeenclosedand also
only within the samescopeopenedby anothemprocess Any
otheraccesss not guaranteedo be visible. The important
consisteng enforcingmechanismsn this conceptsare the
openingandclosing of scopesastheserepresenthe points
during a programs executionin which the visibility of data
changesContrastedo ReleaseConsisteng, openingascope
is the sameasan Acquire (only restrictedto the scope)and
closinga scopeis the sameasa Releasdagainrestrictedto
thescope).

As ReleaseConsisteny, alsothis concepthasto be used
in conjunctionwith synchronizatiormechanismén orderto
allow applicationsa usefulassumptioraboutthe underlying
memorybehaior. In orderto exploit the scopeconceptto
a maximum, normally eachlock is associatedvith its own
scope,asit is assumedhat eachlock is responsibldor the
managemenof a distinct part of the overall dataset. Dur-
ing thelock operatiortherespectie scopeis openedi.e. the
scopedAcquire is performed,and during the unlock oper
ation the scopeis closedagain,i.e. the scopedReleasds
performed.

Using this inherent connection,the usability of Scope
Consisteng is drastically increased,as an explicit scope
managementvould significantly increasethe coding com-
plexity of applications. Experiments[10] have actually
shavn that mostcodeswritten for ReleaseConsisteng can
directly be usedwith ScopeConsisteng without any code
modification,but atimprovedperformance.

Implementation

The basicschemeof the ScopeConsistencymplementation
on top of HW-DSM architecturess the sameas for the
ReleaseConsistencymplementationdescribedabove. The
only differencelies in the executionof the write buffer flush
andcacheinvalidationoperations.Theseareenhancedy a
mechanisimo detect,whethera cacheinvalidationis neces-
saryin relationto its scopej.e. if awrite buffer flushhasbeen
donewith respecto thesamescopesincethelastcachanval-
idation on the local node. Unnecessargacheinvalidations
canthenbe omitted, which not only resultsin reducingthe
executiontime by the costof thisinvalidation,but evenmore
importantavoidsthenegativeimpactof invalidatedcache®n
thefurtherapplicationexecution.

To implementthis schemeit is necessaryto provide a
globaltime stampidentifying the temporalrelationbetween
cacheinvalidationsand write buffer flushes. Sucha time



stampmechanismsaneasilyimplementedasednaglobal
counterin thefollowing denotedasGlobal Activity Counter
(GAC). Eachcacheanvalidationor write buffer flushis tagged
with sucha time stampby readingthis counterfollowed
by an atomicincrement. Before a cacheinvalidation,these
time stampsarechecledto detectunnecessarinvalidations,
which arethenomitted.
Usingthis extendedschemethe write buffer flushis per

formedasfollows:

e Performactualwrite buffer flush
e Getnew time stampfrom the GAC

e Save thetime stampin the global variableLast Global
Flush, whichis distinctfor eachscope(LGF-scopejl

A scopedcacheinvalidation usesthis informationin the
following manner:

e Checkwhethertherehasbeena write buffer flushsince
the last invalidationsby comparingthe time stampsin
LGF-scopedandLastLocal Invalidation(LLI), anode—
local variablecontainingthe time stampof the lastin-
validationperformedon thelocal node

e If LGF-scopechasan earliertime stampthanLLlI, the
invalidationis unnecessargndcanbe omitted

e Getnew time stampfrom the GAC andstoreit in LLI

e Performactualcacheinvalidation

Again, this implementatiorsatisfiesthe consisteng con-
straintsstatedabove,dueto thesameargumentatiorasabove,
and henceguaranteeshe global visibility of datawithin its
scope.

Impact in Comparisonto RC

In orderto make afirst attemptto quantifythe differencebe-
tweenReleasendScopeConsistencytwo applicationdrom
the SPLASH-2suite[32], namelythe RADIX sortingkernel
andthe WATER N-Squaed moleculardynamicscode, have
beenchosenThesetwo codeshothusearatherdargenumber
of locks andthereforeprovide a usefulbasisfor an analysis
of thesetwo consisteng models.

Both codeshave beenexecutedusing the HAMSTER
ervironment[24]?, a frameawork for sharedmemory pro-
grammingon top of loosely coupledNUMA architectures.
Its currentimplementatioris targetedtowardsnon—coherent
NUMA cluster basedon the ScalableCoherentinterface
(SCI) [6, 9] and implementsthe two relaxed consisteng
modelsasdescribedbove. It thereforealsoprovesthefeasi-
bility andusability of the proposecapproachin arealworld
scenario.

Tablel summerizeshe resultsof this setof experiments.
It includesdatafor bothcodeggatheredluringtwo runseach:
oneusingReleasendoneusingScopeConsistencyln both

2For moreinformation,seealsohttp://hamstein.tum.de/.

caseghe numberof lock, barrier andconsisteng operations
have beencollectedusing HAMSTER’s performancemon-
itoring interfaceand are presentedor two areas: the total
code(including ary operationneededby the NUMA-DSM
framework for its own setupandinitialization), andthe com-
putationalcore.

In bothcodesthe useof Scopeconsisteng enablesa sig-
nificantreductionof thenumberof Acquire operationgluring
the execution,mainly during the core phase.Up to 68 % of
all Acquireswere avoided and with themthe relatedcache
invalidationoperations.

4.3 Capabilities and Limitations

It is importantto notethat the conceptgpresentedn this
work arenotboundto animplementatiorof Releas@r Scope
Consistencyalone. By using the samebasic mechanisms
also other known consisteng modelscan be implemented
for non—coherersharednemoryarchitectureselyingonthe
invalidationand flush primitivesintroducedabore. An im-
portantexamplefor thisis WeakConsistencyWC)[8], aless
relaxed modelwhich featuresonly onetype of synchroniz-
ing accesgin contrastto two in RC) andis usede.g. in the
POSIXthreadstandard30], In addition,it is alsopossibleto
customizememoryconsisteng modelsto specificneedsand
applicationrequirement$eadingto thewide field of applica-
tion or applicationdomainspecificconsisteng models.

However, givencertainrestrictionsof theunderlyinghard-
warearchitecturejt may not alwayspossibleto fully exploit
the advantage®f specificmemorymodels,dueto deficitsin
certainarchitecturegbothwithin the processoandor thein-
terconnectiorfabric). Onetypical exampleis animplemen-
tation of Entry ConsistencyEC). This modelis alsoderived
from RC, but allows the userto explicitly specifythe mem-
ory regions on which to apply synchronizatiorroutine. In
orderto make useof this additionalapplicationspecificin-
formation,a correspondinghon—coherensystemimplemen-
tation would have to be ableto only invalidatethis specific
memoryregion. As statedabove, however, mary architec-
tures,including ary x86 architecturg11], areonly capable
of invalidatingthe completecache ,missingout on the per
formancechancesffered by suchmodels. In the future it
might beaninterestingapproactto furtherinvestigatan this
andto exploretheperformancedvantageshatcanbeexpect
by architecturexapableof executingpartial cacheinvalida-
tions.

5 First Experimental Results

As alreadymentionedabove, the technicalfeasibility of
the proposedconceptshasbeenshavn beforeusing a sam-
ple NCC-NUMA systembasedon a cluster of PCs con-
nectedvia SCI [6, 9] (using SCI-PCIbridgeswithout co-
hereng support)andwith a comprehensie softwareframe-
work called HAMSTER [24] capableof supportinga large
rangeof sharedmemory programmingmodelson top of a
singlecore. On top of this architectureboth numericalker-



RADIX WATER (N-Squared)
ReleaseC. | ScopeC. || ReleaseC. | ScopeC.
Datasetsize 262144keys 1331molecules
Locks (total) 158 158 663 663
Locks(core) 12 12 89 89
Barriers(total) 330 330 1095 1095
Barriers(core) 24 24 24 24
Acquire (total) 621 615 2295 2183
Acquire (core) 24 18 113 36
Releasdtotal) 621 621 2295 2295
Releasdcore) 24 24 113 113
Opssaved(total) 6/0.97% 112/ 4.88%
Opssaved(core) 6/25% 77/68.14%

Table 1. Properties of two applications running with both

nels[25] andlargescaleapplicationgrom theareaof medical
imaging[23] have beenexecutedsuccessfullyandefficiently.

In orderto shaw the scalabilityadvantageshowever, and
to discussvarioustradeofs associatedvith moving from a
hardwarecoherenplatformto a software—enforcedoherent
sharedmemoryervironment,it is necessaryo deploy simu-
lation. Only this will allow a fair comparisorbetweensoft-
ware and hardware consisteng mechanismsvhile keeping
all other parametersdentical. So far, however, this study
doesnot accountfor additional architecturalbenefitsthat
could be appliedin the caseof non—coherenarchitectures,
which includeincreasedrocessospeedand enhancedet-
worksthroughsimplified designrequirementsThis studyis
thereforea consenative first attemptto characterizeéhe ad-
vantage®f non—coherenarchitectures.

5.1 Simulation Setupand TargetApplications

Thesimulationsin thefollowing sectionshave beendone
using the SIMT framework [29], a detailed simulator for
sharedmemory multiprocessorswhich itself is basedon
Augmint [17]. This systemallows the simulationof archi-
tectureswith anarbitrarynumberof processorsgachwith its
own multilevel cachehierarchy The coherencéetweenthe
cachescan be varied betweena hardware coherentscheme
(HCC) similar to MESI and a relaxed schemebasedon the
conceptsof ReleaseConsistencyNCC). The concretepa-
rametersusedin the following simulationsare summarized
in Table2.

For this paperfour applicationdrom the SPLASH-2suite
[32], namelyRADIX, WATER, OCEAN, andLU, aswell as
a self—codedSuccessie Over-Relaxation(SOR) have been
used. Eachcodehasbeenexecutedwith a working setsize
suitablefor the simulationsystem. In addition,the LU de-
compositionhasbeenexecutedusingthreedifferentworking
setsizesin orderto alsobe ableto studythe impactof the
working setsize. The concreteworking setsizesfor each
applicationis givenin Table3.

3The rathersmall cachesizeshave beenchosento matchthe relatively
smallworking setsizesof thetestapplicationsavhich arenecessaryo allow
thesimulation.

Release and Scope Consistenc y (on 4 nodes).

Numberof Processors 2-32
Levelsin CacheHierarchy 2
Sizeof L1 cache 8KB?
L1 cachdine size 32Bytes
L1 associatiity 2—way
L1 accesdateng 1lcycle
Sizeof L2 cache 64 KB3
L2 cachdine size 32Bytes
L2 associatiity 2—way
L2 accesdateng 10cycles
Main memoryaccessateng 100cycles
Remoteaccesdateny (NUMA) || 100-200Ccycles
NUMA memorydistribution Round—Robin

Table 2. Simulation parameter s.

5.2 Application Scalability

Thefirst setof experimentgakesa look at the scalability
of codesrunningon the two differentsharedmemoryarchi-
tectures. For this purposethe executionof the benchmark
suite describedabove was simulatedwith a varying number
of processorsangingfrom 2 to 32. In additionthe basear-
chitecturewasvariedwith respecto the assumedateng of
remotememoryaccessesBoth a UMA scenariowith equal
accesgimes for local and remotememoriesand a loosely
coupledNUMA environmentwereinvestigated.In the lat-
ter casea differencein lateng of afactorof 20is assumed,
which correspond$o theactualdifferencen looselycoupled
NUMA ervironmentsasit is e.g. givenin SCl-basedlus-
ters.

In orderto investigatehedifferencebetweertheHCC and
the NCC case Figure 2 shavs the resultsof the experiments
asa ratio betweenthe executiontimes of the HCC andthe
NCC case.Valueslower than1 shov a performancebenefit
for HCC, while valueshigherthan1 indicatea fasterexecu-
tion in anNCC ervironment.

As ageneratrend,thegraphsshaw arising advantagefor
the NCC schemewith increasingsystemsizes. Especially



| Application | Working set
SOR 512x512densematrix
RADIX 262144keys
WATER 512molecules
WATER 66x660ceansggments
LU-SM (small) 128x128matrix
LU-MD (medium) | 256x256matrix
LU-LG (large) 512x512matrix

Table 3. Simulated applications and their work-
ing set sizes.

the SORcodeis ableto benefitfrom the NCC ervironment
with a performancémprovementof morethana factorof 2
on 32 processorin boththe UMA andthe NUMA scenario.
This canbe attributedto its regularmemoryacces$ehaior
andlow consisteng requirementsln this case the hardware
schemadriggersa significantamountof unnecessarypdates
andinvalidationswhich areavoidedin the NCC scheme.
Comparingthe UMA andthe NUMA results,it canbe
seenthat the resultsin the latter scenarioseemlessregular
thanin the UMA system. This is especiallyobvious when
looking at resultsfor RADIX andLU, which do not provide
a cleartrendacrossall numbersof processors.This canbe
mostlikely attributedto the factthatin this casethe global
memoryis distributedtransparentlwithoutary NUMA data
locality optimizations. The inducedmemoryaccesgattern
andwith it the performanceharacteristiceanthereforesig-
nificantly vary betweendifferent processconfigurations. It
is expectedthatthis behavior will changeafterapplyingdata
layoutoptimizationson all codes.
Despitetheseirregularities,though,NCC outperformsts
HCC counterpartin all of thesecasesIn addition,theresults
of LU shaow thatthebenefitincrease$or largerdatasetsizes,
mostlikely dueto increasegressureon the memoryhierar
chy, whichcanbemoreeasilyhandledby theNCC approach.

5.3 SystemScalability

Besideghescalingpropertiesof applicationsontopthese
architecturesit is alsousefulto look at the scalingproper
tiesof thearchitectureshemseles.A goodindicatorfor this
is the latengy usedfor remotememoryaccesses a NUMA
scenarioasthis lateny depend®nthe physicaldistancebe-
tweenprocessorsand on the requirementsset forth for the
interconnectiorfabric.

In orderto investigatethis, the numberof processorsias
beenrfixed,while varyingtheremoteaccessateng from 100
cycles(which is againproviding the propertiesof an UMA
architecture)to 2000 cycles, a value which is typical for
SAN-basectlusterinterconnects.

As expectedwith arising remotememoryaccessateng,
the absoluteaxecutiontime increasesn all casesalmostlin-
early. Interesting,however, is againthe ratio betweenthe
HCC andNCC executiontimes,which is depictedin Figure
3 for botha2 anda 32 processosystem.For mostcodesthe
ratio increaseswith rising remoteaccesdatenciesand has

therebyshiftedin favor of the NCC architectures.

Theonly notableexceptionscanbeobsenedin the32 pro-
cessorsystemfor RADIX, which slightly degradesin larger
systemdglespitealargeincreaseof theratio HCC:NCCin the
two CPUscenarioandtheLU decompositiorwith thesmall
working setsize. However, in the former case the decrease
is only very slightly andthe resultsstill shov a significant
adwantageof NCC over HCC, andin the caseof LU, thebe-
havior is revertedfor thelargerdatasetsizesindicatingbene-
fits for NCC in large scaleervironmentswith respecto both
systemanddatasizes.

5.4 Performance Summary

In summary it can be noted that the NCC schemeis
clearly beneficialin larger systemsandin the by itself more
scalableNUMA scenariowhile it is mostly outperformedy
the hardwarecoherenschemean smallUMA systems.This
shaws thathardwarecohereng mechanismsasthey arede-
ployed in currentsystemsvery well supportmodestsized
SMPs,but hinderthe scalabilitybothin termsof numberof
CPUsandwith respecto increasingNUMA latenciesHere,
the NCC approachcan provide an efficient alternatve and
canextendthe scalabilityof the underlyingarchitecture.

6 Conclusionsand Future Work

Oneof the mainfactorslimiting the scalabilityof current
sharedmemoryarchitecturess their supportfor a globalco-
herentmemoryabstraction.This featureis motivatedby the
usersdemandor aprogrammingnodelwhichis closeto the
traditional sequentiabneandhenceallows an easyconcep-
tualtransferof existing codego thesharednemoryplatform.
It can,however, easilybe substitutedoy relaxed consisteng
modelswhich areknown to have only aminorimpactonthe
programmability This hasbeenshovn by numerousprojects
in the SW-DSM area. As aresult,it is possibleto drop the
hardwarecohereng mechanismsyhich limit thescalability
resultingin morescalableandeasy—to—hild systems.

This claimhasbeenvalidatedin thiswork usinga detailed
simulationframewnork. Comparedo their hardwarecoherent
counterpartsnon—coherensystems,combinedwith an ap-
propriatesoftware implementationof a relaxed consisteng
modelbasedn cacheanvalidationsandwrite buffer propaga-
tions,showv a performancéenefitin mostcasesThis advan-
tageincreasebothwith largersystemnsizeandwith increased
NUMA latengy andhencepotentiallylargersystemconfigu-
rations. This indicatesthe excellentapplicationand system
scalabilitypropertiesof non—cache—coheresystems.

Basedon theseencouragingesults,further researctwill
be directedtowardsthe investigationof architecturaproper
tieswhich allow a moreefficientimplementatiorof relaxed
consisteng modelsin such environments. Especiallythe
supportfor partial cacheinvalidationsis of interestin this
respectasthis would allow to further reducethe impactof
the necessargacheflushes. This would also openthe door
for furtherconsisteng enhancementsik e they aree.g.done
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in Entry Consistency4]. In addition,futurework will focus
ontheimpactof droppingconsisteng mechanismé$rom the
overall systemdesign Jik e the possibilityfor increasedlock
frequenciedor processor/cachileussesascacheupdatesno
longerneedto be propagatedystemwide. An assessmeraf
the concreteémpact, however, requiresa moredetailedsim-
ulation of theimplementatiorof the correspondindpus sys-
tems.
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